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Descriptive Inorganic, Coordination, and Solid-State Chemistry is the third edition
of a brief and streamlined presentation of these three important areas of inorganic
chemistry. The first edition (1994) was also available in a Spanish translation (1995).
The second edition (2002) was also available in a Korean translation (2008) and
as an “India edition” (Inorganic and Solid-State Chemistry, first reprinted in 2009).
'The book is designed for the student who has completed a standard introductory
course. It actively relies on the material mastered through the great efforts of teach-
ers and students alike in the lectures, recitations, small-group activities, laboratory
periods, review sessions, late-night study groups, in- and out-of-office discussions,
and textbooks typically encountered in such introductory courses.

Goals of the Book

'The primary goal of this book is not to lay out the latest results in inorganic chem-
istry but rather to present a significant portion of this subdiscipline to new stu-
dents in new ways. Designed and written for sfudents rather than faculty (who, after
all, already know most of this material), this book includes detailed physical and
chemical explanations tailored specifically for the sophomore-student audience of
the type that I enjoyed teaching for 35 years. I hope that these readers, like most of
my own students, will find the conversational prose easy and enjoyable to read and
understand. I further hope that these readers will soon come to realize that behind
these paragraphs and chapters is a live human being who loves the challenge, lore,
and relevance of this discipline called inorganic chemistry and who has tried, with
some degree of success, to demonstrate to his readers why it is that he finds his
chosen discipline so fascinating.

While making a significant portion of inorganic chemistry accessible, the
booK’s second goal is to encourage students to construct and organize ideas, thought
patterns, and concepts in their minds and not merely memorize groups of facts or
trends. To the extent that this goal is reached, students will start to integrate the
ideas presented here with the concepts established in their introductory courses in
chemistry. One way to foster this integration is to ask questions within the body of
the text. In this way, students are encouraged to become involved in thinking their
way through the material. Another way to foster this integration and mastery is to
present a number of end-of-chapter problems of varying difficulty. Many of the
over 1,000 problems included in the third edition of this text are modeled after the
questions I asked on my own quizzes and examinations. As such, they attempt to
challenge students to apply what they have learned to new situations and thereby
build a better and deeper understanding of the material. In addition, a significant
number of the problems ask for short explanatory paragraphs, thereby emphasiz-
ing the importance of writing in the discipline of chemistry. A Student’s Solutions
Manual containing detailed answers to the odd-numbered problems is available, as
is an Instructor’s Manual that contains answers to all of the problems.

A third goal of the book is to bring an appropriate historical perspective to the
material. American students, more so than those of other nations, seem to lack
an appreciation of the centuries of human endeavor that have led to our present

xwvi
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Preface *xvii

understanding of the chemical world around us. This book tries, in a modest way, to
give an appreciation of how inorganic chemistry developed and who developed it.
Moreover, the historical content is not presented as merely an afterthought but is
quite often used as a foundation for content later in a chapter and in the problems.
Reviewers and students alike have commented favorably on the presentation of the
historical information in the first and second editions.

A fourth goal of the text is to describe numerous appropriate and attractive ap-
plications of inorganic chemistry. This practical perspective to the material leads
to discussions of such diverse subjects as heavy metal poisoning and antidotes,
antitumor chelating agents, the hydrogen economy, nuclear fusion, radiochemical
chronometric techniques, the greenhouse effect and global warming, the threat to
the stratospheric ozone layer, hard water, fireworks, ion-exchange materials, battery
technology, fluoridation, and radon as a carcinogen. These application sections have

been expanded and thoroughly updated in the third edition.

The Intended Audience

As stated earlier, this book is intended for students who have completed only an
introductory college chemistry course. Specifically, the material presented here
does not rely on any knowledge obtained in standard organic or physical chemistry
courses and therefore is appropriate for students who are taking their first inorganic
course before taking these traditional courses. Naturally, it is hoped that students
who have taken these courses will find this book even more enlightening as they
relate the material to that which they have worked so hard to master. Sometimes
students who have had, for example, organic chemistry, report that the material
presented here is easier to understand given their additional background. However,
many other students also report that organic is easier to comprehend having had
the benefit of studying the material presented here.

The “Less Is Better than More” Approach

Inorganic chemistry is characterized by its staggering diversity. It follows that one
of the biggest challenges to a textbook author is to decide what to include in a book
that introduces this wide-ranging subdiscipline to students. I have, in almost all
cases, decided that, when it comes to the material to be included in these pages,
“less is better than more.”I hope that this philosophy will not discourage the adop-
tion of the book but rather will be seen as an opportunity to build and present
concepts and applications that the instructor finds particularly important and fasci-
nating. Indeed, many students reading this book should probably expect that many
instructors will want to amplify and build upon the material presented here. Inter-
estingly, students in my classes also came to anticipate this type of approach.

Consistent with the philosophy that less is better than more, this book does not
contain the traditional chapters reviewing or expanding on atomic and molecular
structure and other topics. Rather, it takes the view that these topics are developed
adequately in most introductory courses and textbooks and need not be dwelt upon
here. As a result, the book jumps directly into presentations of topics central to
inorganic chemistry.

Also consistent with a second-year text, this book does not contain all the
common pedagogical devices found in introductory books. Chapter objectives,
however, are set out in the accompanying Student’s Solutions Manual and the In-
structor’s Manual. Fairly detailed end-of-chapter summaries are provided, but in a
narrative rather than outline format. These summaries, as designed and as many
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xviii Preface

students report, also serve as comprehensive chapter introductions and/or over-
views. Instructors may want to point out the advantages of treating the summaries
in this manner.

The Three Self-Standing Sections of the Book

An important organizational feature of this book is that the three main topic ar-
eas (coordination, solid-state, and descriptive inorganic chemistry) are presented in
stand-alone sections (Part I: Chapters 2 to 6, Part II: Chapters 7 and 8, and Part III:
Chapters 9 to 19, respectively), written specifically so that a student can open the
book to the beginning of any one of them and read without becoming frustrated at
references to prior material. This feature also gives the instructor the opportunity
to determine in what order the subjects will be presented or to cover only one or
two of the topics rather than all three. Indeed, the author has used the book from
start to finish but also has started with either Chapter 7 or, more commonly, with
Chapter 9 and then returned to the coordination chemistry section toward the end
of his course.

'The five-chapter section on coordination chemistry covers history and nomen-
clature, structure, bonding theories (but not molecular orbital), rates and mecha-
nisms, and applications. The two-chapter section on solid-state chemistry is divided
into structures and energetics. Descriptive inorganic chemistry, on a group-by-
group basis, is treated in the latter half of the book.

Descriptive Inorganic Chemistry and “the Network
of Interconnected Ideas”

The eleven-chapter section on descriptive chemistry (Part III, Chapters 9 to 19)
systematically constructs and applies a “network of interconnected ideas” for
understanding the periodic table. Gradually developed on an as-needed basis, the
network consists of eight ideas. As we develop and apply these network components,
each is represented by a distinctive icon that appears in the left-hand margin of
the page to alert the student to that idea’s application to the topic at hand. The
first five ideas (the periodic law, the uniqueness principle, the diagonal effect,
the inert-pair effect, and the metal-nonmetal line) are developed in Chapter 9
(“Building a Network of Ideas to Make Sense of the Periodic Table”). In Chapter 10
(“Hydrogen and Hydrides”) the fledgling network is used to discuss the hydrides.
The sixth idea (the acid—base character of metal and nonmetal oxides in aqueous
solution) is developed in Chapter 11 (“Oxygen, Aqueous Solution, and the Acid-
Base Character of Oxides and Hydroxides”). At this point, we are ready to embark
on the chapters describing the eight principal groups of the periodic table. The
seventh idea (trends in reduction potentials) is introduced in Chapter 12 (“Group
1A:The Alkali Metals”). After the chapters on Groups 2A and 3A, the last idea
(dm-pm bonding involving elements of the second and third periods) is developed
in Chapter 15 (“The Group 4A Elements”). As the network is developed, its growth
is monitored in a series of special black-and-white figures that locate each compo-
nent on the periodic table. At the beginning of each main-group chapter, the group
under discussion is located relative to the network as it stands at that point. Each
of the eight chapters on Groups 1A to 8A has a section entitled “Fundamental
Properties and the Network” that lays out how the network applies to that group.
'The gradual construction and development of the network encourages students to
think their way through a great deal of descriptive chemistry without undue mem-
orization of facts about individual elements.
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Each of the eight organizing ideas, its icon, the section where it is introduced,
and the figure that locates it in the periodic table is listed below.

physical and chemical properties occurs when the elements are arranged in order
of increasing atomic number.

=)
t PL * 'The periodic law (Section 9.1, Figure 9.10, page 236): A periodic repetition of
(TTTY

) * 'The uniqueness principle (Section 9.2, Figure 9.14, page 241): The chemistry of
Unique the second-period elements (Li, Be, B, C, N, O, F, and Ne) is quite often signifi-

cantly different from that of their heavier congeners.

* 'The diagonal effect (Section 9.3, Figure 9.16, page 242): A diagonal relationship
exists between the chemistry of the first member of a group and that of the sec-
ond member of the next group. Applies only to Groups 1A, 2A, and 3A.

Diagonal

" * The inert-pair effect (Section 9.4, Figure 9.18, page 244): The valence ns*
ns electrons of the metallic elements, particularly those 5s5*and 65 pairs that follow
the second- and third-row transition metals, are less reactive than expected.

* The metal-nonmetal line (Section 9.5, Figure 9.19, page 244): The division

NM between the metals and nonmetals is a stepwise diagonal line. Metals are found
to the left of the line, nonmetals to the right of the line, and semimetals along
M| the line.
'The first five network ideas are summarized in Figure 9.20 on page 246 near
the end of Chapter 9.
e * The acid-base character of metal and nonmetal oxides in aqueous solution
o (Section 11.3, Figure 11.16, page 301): Metal oxides produce metal hydroxides
and hydroxide ions in aqueous solution. Nonmetal oxides produce oxoacids and
hydronium ions in aqueous solution.
* Trends in reduction potentials (Section 12.3, Figure 12.6, page 338): Standard
ﬁ reduction potentials provide information about the relative oxidizing and reduc-
e’ ing properties of elements and their compounds.
— * dmr-pm bonding involving elements of the second and third periods (Section 15.3,
dr - prt Figure 15.5, page 427): dir-pm bonding between elements of the second and
Y third periods becomes more important going from left to right in the periodic
) table.

'The network is also prominently featured in a series of colored figures found on

—_— the front and back inside covers of the book. The front inside cover shows colored
%ﬁ% versions of Figures 9.10, 9.14, 9.16, 9.18, and 9.19 that locate the first five ideas on
U - e the periodic table. Also on the front inside cover is a colored version of Figure 9.20
that summarizes the first five components and shows them together on the periodic

FRONT COVER table. Figures 11.16, 12.6, and 15.5 that show the addition of the last three com-
ponents are reproduced in color on the back inside cover. The completed network

%: (Figure 15.5) is also shown on the pull-out card that accompanies the text. A pull-
' % out bookmark defines each component on one side and shows colored versions of

U N the corresponding icons on the reverse side. The reader is alerted to the availability

RACK COVFR of the colored version of a given figure by the special icons shown at left.

'The eight chapters on the representative groups each include sections on (1) the
history and discovery of the elements, (2) their fundamental properties as they re-
late to the growing network of ideas (including an overview of the hydrides, oxides,
hydroxides and/or oxoacids, and halides of the group), (3) reactions and compounds
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of practical importance, and (4) topics of particular interest in a given group. Each
of these eight chapters ends with a “Selected Topic in Depth” section that provides
an opportunity to look at one topic in somewhat greater depth than normal.

Changes for the Third Edition

The third edition represents a complete review and revision of the book. Global
changes include revisions to improve the student-friendly language and style, to
update the end-of-chapter problem sets, to improve the art, and to bring the appli-
cations up to date. New material includes ruthenium antitumor agents in Chapter 6,
a new section on “Bone and Teeth Structure” in Chapter 13, new detail in the
argument that the n#' and nf"* subshells are not particularly good at shielding
succeeding electrons from the nuclear charge, and a discussion on Boron Neutron

Capture Therapy in Chapter 14.

Revisions to each chapter include:

Chapter 1
* 'The brief history of inorganic chemistry brought up to date

Chapter 2

* A new example added on naming transition metal compounds

* New problems on chain theory, Werner and modern representations of
tetrahedral and square planar platinum complexes, providing modern name of
Erdmann’s salt, and naming bridged complexes

Chapter 3

* Addition of the name of the chiral no-carbon complex and a specific example of
chiral tetrahedral complex

* A new figure (Figure 3.17) with a specific example of chiral tetrahedral complex

* New problems on structure of cisplatin from number of known isomers, reso-
nance structures of acetylacetonate and glycinate, structures of glycinato com-
plexes, complexes of the ambidentate thiocyanato complexes, structure of a trien
complex, and names of the Figure 3.18 complexes

Chapter 4

* More detailed explanations of the splitting of d-orbitals in octahedral fields

* Referred the reader to additional tools for approaching the nature of the M-L
interactions and the related topic of the overall stability of coordination com-
pounds found in Chapter 6

* Second example of calculating CFSE (high-spin and low-spin &° cases)

* Improved explanation of the invisible ink application

* Enhanced explanation of steric hindrance including a new figure

* Clarified the principle reason for a noncorrespondence between the crystal field
splitting energy and the frequencies absorbed by transition metal atoms and
ions with various d" configurations as due to interelectronic repulsions involving
d-electrons

* New problems on labeling Z-orbital lobes in various crystal fields and explaining
colors of complexes by referring to a color wheel
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Chapter 5

* New problems on converting A, from cm ™! to kJ/mol and calculating ACFSE in
a d°ion, [Fe(CN)4]*", when it loses a cyanide ligand to form a square pyramidal
intermediate

Chapter 6

* Section on the development of syndets rewritten

* Enhanced material on blueprinting or cyanotype process with two new
problems

* Extensive updating of therapeutic chelating agents effective against lead, arsenic,
and mercury poisoning, as well as Wilson’s disease

* Extensive updates to section on platinum antitumor agents to include cisplatin,
carboplatin, oxaliplatin, satraplatin, and triplatin

Chapter 7

* Revisions to improve understanding of the source of ionic radii

* Clarification of the description of the wurtzite structure

* Expanded section on defect structures giving some examples of Schottky and
Frenkel defects, relating malleability to the presence of edge dislocations, and
citing the hammering of copper wire and horseshoes to strengthen the metal

* Revisions to Figure 7.21 clarify what proportion of each ion occupies the unit cell

Chapter 8

* Revised the milestones in solid-state energetics

* New example of calculating a thermochemical radius from lattice energy using
the Kapustinskii equation

* New problems on contributions of Max Born to physics and the calculation of
the lattice energy of fluorite

Chapter 9

* Rewrote section on pseudonoble gas electron configurations

* New icons introduced for the interconnected network of ideas for understanding
the periodic table

* New section on how knowledge of quantum mechanics and electron configura-
tions of elements relates to the network components

* New problems on the “left step” periodic table, the “fence post error,” the search
for element 117, the shape of the periodic table, and the significance of the com-
ponent icons

Chapter 10

* Big bang theory material now includes quarks, inflation, dark matter, and dark
energy

* More history for coal gasification and modernized the context for its recent use

* New example of tritium in self-luminous exit signs

* Additions in the section “Hydrides and the Network” to better connect to the
five network components already developed
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* Additions on how the M—NM line helps make sense of formal oxidation states
of binary hydrides (includes a new figure)

* New material on the knowledge of charge density explains why nonmetal
hydrides are always covalent

* Updated and expanded section on palladium hydride to include its uses in storing
hydrogen and preparing finely divided metals

 Updated the latest developments on nuclear fusion

 Updated the section on the hydrogen economy, including Figure 10.7

* New problems on a nuclear equation for the production and alpha decay of un-
unoctium-294, determining hydrogen oxidation states using Lewis structures
and electronegativities, and using the concept of charge density

Chapter 11

* New historical details on Priestley, Lord Shelburne, and Lavoisier

* Section 11.3 revised to provide a specific reference to the network of intercon-
nected ideas

* Formal charges added to Figure 11.21 in the ozone section; coverage updated
on the Chapman Equations; wavelengths absorbed made more specific in Equa-
tions 11.16a and 11.17; explained why these wavelengths vary as they do accord-
ing to O—O bond strength

* Section on the greenhouse effect and global warming updated; new explanation
as to why H,O and CO, are greenhouse gases but N, and O, are not using the
criterion that a change in dipole moment upon vibration is necessary for infrared
absorption (includes a new figure)

* New problems on various aspects of ozone including the cyclic form, and on
determining when vibrational modes of CH,, CF,Cl,, and N,O are infrared-active

Chapter 12
* Significantly revised the section on Humphry Davy

* Updated applications of peroxides including their use in antiseptics, blood stain
removers, bone whiteners, a variety of bleaches, and as a propellant for rockets
and personal backpack rockets

* Updated sections on “rebreather” (closed-circuit scuba) system, lithium batteries,
and Lucy (and also Selam, “Lucy’s daughter”) and how long ago they lived

* More detail on beta emissions resulting from the K-40 in the average human
body

* Increased coverage of alkalides including sodide, potasside, rubidide, and ceside

* More detail on Chernobyl as today’s students are less familiar with it

* Increased coverage of the role of lithium in treating bipolar disorders and in
early lemon-lime sodas (includes new figure)

* New problems on the old names for sodium and potassium compounds, the
voltaic pile, and balanced equations for the reactions of the 1A elements with

oxygen

Chapter 13

* New details on the radium fad
* Updated coverage of the Yucca Mountain repository to reflect its discontinuance
* Carbon sequestration added to Section 13.4 (Selected Topic in Depth)
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* New problems on “curietherapy,” old names for magnesium compounds, the ini-
tial source of neutrons in atomic bombs, and the balanced equation for reaction
of strontium with oxygen

Chapter 14

* New figure (Figure 14.4) showing a schematic representation of the electron
densities (radial distribution functions, RDFs) of the 4f, 54, and 6s orbitals

+ Updated material on the boranes with more reliance on the closo B,H2™ struc-
tures as primary structural starting points; includes new Figures 14.22, 14.23,
and 14.24

* Further details added on the Halls’role in the production of aluminum

* Updated material on the use of electricity to produce aluminum and acid rain’s
mobilization of metals including aluminum

* Added more specifics on the Valkyrie XB-70A “Chemical Bomber” and more
information on the alanes and the aluminum hydride clusters

* New problems on explaining trends in electron affinities on the basis of radial
distribution functions, the reaction between aqueous copper chloride solution
and aluminum metal, assigning structural classes to simple boranes, isomers of
carboranes, and semitopological diagrams for alanes

Chapter 15

* New discussion of tin disease and the Scott Antarctic expedition

* Revised sections on zeolites (particularly their uses including as hemostatic
agents) and glasses

* Rewrote section on fullerenes, nanotubes, and other graphenes

* Section on lead toxicity now includes dangers to older adults and clarifying the
danger of lead dust

* Added hemimorphite, chrysotile, and substituted tremolite with amosite in
Table 15.2; revised material on asbestos

* New problems on fluorine bonds to carbon and silicon and the role of dr—pm
bonds, the definition of a molecule as applied to He;@Cg, and K;Cy, and iron
oxidation states in crocidolite

Chapter 16

* Updated history of arsenic to mention early medicinal and criminal applications

* New material on the uses of phosphazene polymers as elastomers and in vivo
therapeutic drug-delivery systems and bone-regeneration therapies

* Added discussion of the debate on the fate of Fritz Haber: war criminal or Nobel
Prize winner?

* Discuss the use of PETN by the 2009 Christmas bomber and its function as a
vasodilator

 Updated coverage of nitrates (especially as meat preservatives) and sodium azide
in automobile air bags

* Revised material on matches to distinguish clearly between safety and strike-
anywhere

* Revised material on baking powders

* New problems on the explanation of expected trends and irregularities in electron
affinities, the ammonium dichromate volcano demonstration, identifying what
is oxidized and reduced in the decomposition of sodium azide, the extremely
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sensitive explosive Si-PETN, surveying baking powders in the food market, and
drawing Lewis structures for radicals OH and CHj

Chapter 17

* Recognize that the structure of bisulfite is controversial (evidence indicates one
hydrogen atom is attached to the sulfur atom rather than to one of the oxygen
atoms)

* Expanded material on sulfur hexafluoride gas mentioning its past use as an insu-
lator in giant X-ray equipment and its current use in sports equipment

* Updated material on the polycations of sulfur and the other chalcogens

* New discussion on hydrogen sulfide gas as necessary to human life

+ Significantly updated sections on sodium-sulfur (NaS) batteries and acid rain

* New problems on resonance structures of bisulfite and sulfite, the sulfuric acid/
sugar demonstration, the effect of sulfur hexasulfide on the shelf-life of tennis
balls, analyzing the redox properties of new Equation 17.37 on reaction in dry
scrubbers, and the average pH of sites in New England

Chapter 18

+ Updated material on the chlor-alkali process, the uses of ammonium perchlo-
rate, and the uses of chlorine trifluoride

* Updated Table 18.3 and the angles and bond distances in Figure 18.3

* Updated Table 18.4 (binary interhalogen and polyatomic monohalogen ions)

* New material on sodium percarbonate’s use to bleach colored materials and
noted that this is just a perhydrate

* Extensively revised material on fluoridation including the reason for stannous
fluoride replacement by sodium fluoride, statistics on use of fluoridation, and the
growing concern that children and the elderly receive more fluoride than they
should

 Updated the material on CFCs’threat to the ozone layer

* New problems on identifying the four network components most appropriate
to halogen chemistry, the bonding in chlorine oxides, dichlorine trioxide and
dichlorine heptoxide, and the bonding in chloric and chlorous acid

Chapter 19

* New material on the stepwise hydrolysis of xenon hexafluoride to xenon oxide

* Updated structure of solid xenon hexafluoride

* Added color of radon difluoride

+ Updated history of the discovery of radon to reflect new conclusions about
Rutherford’s group

* Added material on the use of xenon in stop-motion photography, IMAX movie
projection, full-spectrum lamps, microscopes, spectrometers, gun sights, lasers,
medical imaging and treatments, and geology

+ Updated material on radon including carcinogen concerns, statistics on lung
cancer deaths attributed to radon, and the latest EPA limits on exposure

* New problems on comparing/contrasting the suffixes for the names of the noble
gases, making a case for the name helon or helion for the lightest gas, the rela-
tionships of thoron, actinon, and niton to radon, the “thorium series,” the succes-
sion of radioactive processes that produce the radon isotope, and what happens
when xenon hexafluoride reacts with an excess of water
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Supplemental Materials
Student Solutions Manual eBook by Glen E. Rodgers (ISBN 9781111675264)

'The Student Solutions manual contains chapter objectives and detailed answers to
all odd-numbered, end-of-chapter problems. Available for purchase as an eBook at
www.cengagebrain.com.

Instructor’s Manual by Glen E. Rodgers

Available for download at the faculty companion website, the instructor’s manual
contains notes on the chapter, chapter objectives, and detailed answers to all end-of-
chapter problems. Qualified adopters can download this manual at login.cengage.
com by searching for this book using the ISBN on the back cover.

Image Library

Digital files for most text art is available for download by qualified instructors from
the faculty companion website. These files can be used to print transparencies,
create your own PowerPoint slides, and supplement your lectures. Go to login.
cengage.com and search for this book using the ISBN on the back cover for details
on downloading these files.
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the second edition.

A textbook written specifically for students requires constant student input.
I cannot adequately express my appreciation to the many students who carried
around the mammoth early versions of the book and put up with the errors, unclear
points, and other numerous vagaries inherent in using a textbook “in progress.”
Students at both Allegheny and Westminster Colleges class-tested the second edi-
tion and offered many comments that improved the final result. Many of these
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numerous requests for feed-back on both the first- and second-edition manuscripts
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are absolutely central to any success this book has enjoyed.
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for her careful and thorough reading and commentary on many chapters of the first
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for the first edition; Doug Semian for “translating” the complete first edition to an
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with no reimbursement from the author); and Audria Stubna and Rebecca Rodgers,
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I have greatly enjoyed my communications with him. In particular, his many stimu-
lating ideas for improving the layout of the third edition have greatly improved the
final product. Other folks at Cengage who made significant contributions include:

* Mary Finch, publisher

» Lisa Lockwood, executive editor

* Laura Bowen, editorial assistant

* Barb Bartoszek, senior marketing manager

* Julie Stefani, marketing coordinator

¢ Teresa Trego, senior content project manager
* Stephanie VanCamp, media editor

Thanks also go out to Carly Bergey, photo researcher, and especially to Mary
Stone, project manager at PreMediaGlobal. Mary’s constant attention to detail and
unswerving dedication to excellence improved each and every page of this book.

A special thank you to Jon J. Barnett, Concordia University Wisconsin, for
reviewing page proofs for accuracy.
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I would also like to thank the following reviewers who commented freely on
various selected chapters or the entire text. Having been a reviewer myself for many
years, I know how much time and effort it takes to write a well-balanced, honest,
and useful review. I would particularly like to thank those who went beyond the
basic requirements of reviewing to painstakingly note small points that made for
clarity and precision in the writing.

For the third edition:

Ferman Chavez, Oakland University
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Michael Lufaso, University of North Florida
Michael Masingale, Le Moyne College
Jacob Morris, Saint Mary’s College
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¢ Josef Takats, University of Denver

Also for the second edition, particular thanks go to Gareth R. Eaton of the
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contributing to the improvement of the text.

For the first edition:
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'The writing of the third edition has been characterized by the exquisite feeling
of being back in touch with the hundreds of students who took inorganic chem-
istry courses from me at both Muskingum and Allegheny Colleges. Working now
on the shores of a wooded New Hampshire pond, writing this edition has felt very
much like being in front of these students all over again and relating to their que-
ries and frustrations, but also their curiosity, hard work, enthusiasm, and sheer de-
light in understanding the concepts and the amazing number of applications of
inorganic chemistry.

I am also indebted in advance to those who I hope will comment freely
about the book and make suggestions for its improvement. I have always enjoyed
corresponding with the variety of folks who take the time to make these comments.
Student and faculty readers alike are encouraged to continue to send their comments
to me at P.O. Box 7075, Loudon, NH 03307 or by e-mail at glen.rodgers@allegheny.
edu. Please feel absolutely free to do so. Perhaps your efforts will pay off in further
improved subsequent editions.
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tributed immensely to the writing of the first edition by protecting their dad by
answering the phone, being quiet around the house, solving some problems by
themselves, and putting up with endless hours of “Daddy up in his study.” During
the preparation of the second edition, they offered encouragement and consultation
and knew just when to coax Dad away from his summertime study-porch over-
looking the pond in New Hampshire. During the writing of the third edition, they
have been out in the world establishing their own careers in music, the ministry,
and medicine and making their father very proud of them, indeed. However, they
and their husbands have always had time to offer words of encouragement and in-
sight when I try out new ideas on them.

To my wife Kitty, I am indebted for the majority of good things that have
happened to me during the last nearly 50 years. In this endeavor, she has always
had time for seemingly countless conversations about the uncertainties, frustra-
tions, challenges, joys, and rewards of academic life in general, and book writing
in particular. I could not have even attempted such a lifelong project without her
encouragement, praise, love, and support.

From the shores of a wooded, New Hampshire pond,
Glen E. Rodgers
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N CHAPTER

The Evolving Realm of
Inorganic Chemistry

To the layperson interested in science, chemistry appears to present a united and
somewhat forbidding front. In fact, to the uninitiated, all chemists seem to be alike.
To paraphrase Gertrude Stein, a chemist is a chemist is a chemist. Yet shortly into
a study of this wide-ranging and diverse science, it quickly becomes apparent that
people who call themselves chemists are engaged in a mind-boggling variety of
activities, many of which do not fit the usual stereotypes held by the public. Some
chemists might spend their careers isolating, identifying, and characterizing the
huge macromolecules of life, while others construct, test, and fine-tune intricate
mathematical theories that describe the movements and energies of the smallest
atoms and molecules. Some chemists do work in laboratories with the traditional
scientific glassware and equipment; they are in fact surrounded by the sights,
sounds, and smells often associated with chemistry. Others, however, work in quite
different laboratories equipped with complicated instruments often interfaced with
powerful computers. Still others, also classified well within the realm of chemistry,
hardly ever step into a laboratory of any kind, except perhaps as a place to meet and
engage their colleagues.

In the process of trying to make some sense of this proud and storied science,
one quickly learns that it is commonly divided into subdisciplines such as biologi-
cal, physical, analytical, organic, and inorganic. These divisions, although recognized
to be arbitrary and still evolving, nevertheless significantly shape the way in which
informed laypersons, students, and even professional chemists think about the
science of chemistry. Indeed, chemists are often classified and labeled by the subdis-
cipline they practice and the corresponding relatively small subsets of courses they
have taken and perhaps teach; academic journals they read, referee, and publish in;
and books they read, edit, write, and teach and/or learn from.

Although serving some useful functions, the division of chemistry into five
major subdisciplines is not as simplifying as it might appear. Principally, this is
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2 Chapter 1: The Evolving Realm of Inorganic Chemistry

because each of the major subdivisions still encompasses huge areas of knowl-
edge. Even organic chemistry, which essentially restricts itself to the study of the
compounds of oze element, carbon, is difficult to describe and takes many years to
master. Imagine then the challenge of describing and mastering inorganic chemistry,
which is the study of the structures, properties, and reactions of all elements and
their compounds with the exception of the hydrocarbons and their immediate
derivatives. All ozher elements, all 117 of them at this writing, come under the realm
of inorganic chemistry! This makes inorganic chemistry a huge umbrella label cov-
ering a vast and diverse field of study. Yet it may be the very diversity of inorganic
chemistry that makes it so fascinating and attractive. Think of an aspect of why and
how the world works the way it does, and it quite likely can be better understood
with a knowledge of inorganic chemistry.

To appreciate the present and future realm of inorganic chemistry better, it may
be instructive to investigate briefly its past. Who were the first inorganic chemists?
What did they study? How did the realm of inorganic chemistry evolve into what
it is today? How would a knowledge of inorganic chemistry better inform everyone
about how the world works the way it does?

Before chemistry was a separate discipline, indeed before the scientific revolu-
tion when the sciences began to be recognizable as separate areas of study, people
were investigating chemical phenomena. The use of fire and the art of cooking, the
smelting of ores into metals, the production of alloys such as bronze and brass, the
preparation of glasses, cements, and explosives were all areas of chemical investiga-
tion before chemistry was recognized as a separate discipline.

During what period of time can we say that chemistry became a separate
academic discipline? While opinions about establishing such a period of time and
what constitutes an independent academic discipline would certainly vary, one
convenient time span might be the lifetime of Antoine Lavoisier (1743-1794).
In 1743, the year of Lavoisier’s birth in Paris, there were only 13 known elements—
more than 700 fewer than are currently known! During his lifetime, that number
roughly doubled (to about 28). More important, in great part through Lavoisier’s
efforts, accurate and reliable balances that allowed reproducible mass measurements
were developed. With the aid of this advance in technology, the laws of conserva-
tion of mass and definite proportion were devised. The definite compositions of
chemical compounds could then be accurately determined. The foundation of the
science of chemistry had been laid. Lavoisier also established the newly discovered
oxygen as the basis of combustion and proposed new methods of chemical nomen-
clature that redefined the language of chemistry forever. By 1794, the year Lavoisier
was beheaded in the aftermath of the French Revolution, it could be argued that
chemistry had been established as a separate academic discipline. An individual
chemist of that day, like Lavoisier himself, could describe and master most, if not all,
of the known chemical knowledge. It was unnecessary to divide this knowledge
into separate subdisciplines.

When was inorganic chemistry established? What was its realm at the outset?
What types of problems did the first inorganic chemists address? Again, establish-
ing such dates is arbitrary, but a convenient benchmark would be the year 1860,
when the first International Chemical Congress took place in Karlsruhe, Germany.
Given the availability of accurate mass measurements, the quantitative analysis
of various minerals and ores had yielded 11 new elements during the time from
Lavoisier’s death to the convening of the Congress in Karlsruhe. The electrolysis
of various salts had accounted for 6 more new elements and reactions with reduc-
ing agents (such as carbon and potassium) and acids for another 11. By the time
chemists sat down together at Karlsruhe, there were about 60 known elements.
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Over the 66 years since Lavoisier’s death, the number had roughly doubled again,
and now more than half the elements were known.

As further background to the importance of this Congress, the English chemist
John Dalton had, at the start of the nineteenth century, established the first gener-
ally well-accepted atomic theory. His great accomplishment was marred, however,
by his refusal to accept the new ideas of Amedeo Avogadro about the existence of
diatomic molecular gases. This Dalton—Avogadro controversy went unresolved for
about a half century (1811-1860) and resulted in great confusion among chemists.
Then there were the awkward “pictograph” symbols for the elements that were
another source of inefficiency and confusion. Jons Jakob Berzelius of Sweden solved
the problem of representation by proposing the system of chemical symbols for the
elements that we use today. Berzelius also went on to suggest that all compounds be
divided into either organic or inorganic. The very alphabet of inorganic chemistry,
the elements and their compounds, was being identified and analyzed. Yet, the lack
of a reliable set of atomic weights stood in the way. It was this problem that led to
the first International Congress. Here, the ideas of Avogadro were revived by his
tellow Italian, Stanislao Cannizzaro, and the first truly accurate tables of atomic
weights were established.

On the more empirical front, industrial inorganic chemistry flowered. Some
examples include the development of Portland cement in 1824, the patenting in
1831 of the contact process that was to revolutionize the production of sulfuric acid,
the origin of the phosphate fertilizer industry in England in 1843, and the develop-
ment of the diaphragm cell for the electrolytic generation of chlorine in 1851.

By 1860 chemistry was certainly too large a body of knowledge for one person
to master. Inorganic and organic chemistry had been established as separate sub-
disciplines, and organic chemistry was indeed flourishing. Those in the inorganic
area were still occupied with expanding the list of elements and determining the
composition and nature of their compounds. The new technique of spectroscopy,
established by the Germans Robert Bunsen and Gustav Kirchhoff in 1859, yielded
6 new elements within the next 15 years. Mineral analysis established 8 lanthanides
between 1879 and 1886. Also in 1886, the extremely reactive fluorine was isolated
by Ferdinand Moissan. In the 1890s, William Ramsay and his fellow workers
isolated most of the “inert” gases (now called the noble gases), and Pierre and
Marie Curie started their seminal work in radioactivity (isolating polonium and
radium). This growing list of elements numbered approximately 83 by the turn of
the twentieth century.

Although the number of known elements steadily increased during this time,
there was little order to the list, despite some early attempts by Johann Dobereiner
and then John Newlands. First proposed in the early part of the nineteenth century,
Dobereiner’s “triads” were groups of three elements (calcium, strontium, and
barium, for example) in which the middle element had an atomic mass very close
to the average of the other two. Newlands’s “law of octaves,” proposed in 1866,
suggested that the elements might be arranged in groups of seven, with the eighth
being much like the first in a manner similar to musical octaves. In 1869 Russian
chemist Dmitri Mendeleev brought significant order out of chaos by establishing
his first periodic table and predicting the existence and properties of several still
undiscovered elements. Over the next 15 years, the subsequent discoveries of these
elements (gallium by Paul Lecoq de Boisbaudran, scandium by Lars Nilson, and
germanium by Clemens Winkler) established the periodic law as the great organiz-
ing principle for the rapidly expanding realm of inorganic chemistry.

'The progress in inorganic industrial chemistry continued during the period
from 1860 to the turn of the century. New advances included the Solvay process for
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producing sodium carbonate and new economical ways of (1) producing steel (the
Bessemer and open-hearth processes) and aluminum (the Hall-Héroult process),
(2) recovering sulfur (the Frasch process) for use in making sulfuric acid, and
(3) producing nitric acid from ammonia (the Ostwald process). The latter (patented
in 1902) was one of the earliest great examples of the use of catalysis in industrial
chemistry. (The contact process used a catalyst as well.)

The turn of the century also marked the beginning of a series of great new
developments in physical chemistry. Late in the year 1900, Max Planck proposed
that energy was quantized (E = hv), and this was soon followed by the revolutionary
work of Einstein, Thomson, Rutherford, de Broglie, Pauli, and Schrédinger, among
others. Along with these advances in atomic quantum theory, new ways of looking
at chemical bonding were developed. Lewis structures (1923), valence-bond theory
(1931), molecular orbital theory (early 1930s), and crystal field theory (1933) all
quickly followed in succession. These new bonding theories were just the impetus
that inorganic chemistry needed to move forward. The new theories helped orga-
nize and explain the myriad numbers of compounds displayed by the 90 elements
that were known by the 1920s.

From 1900 to 1950, the realm of inorganic chemistry continued to expand. In
one of the most productive avenues of research, Alfred Werner worked through the
first two decades of the new century to bring order to the mysterious set of cobalt
ammonates and related compounds that had been painstakingly synthesized during
the nineteenth century. His coordination theory gave us new ways to think about
the structures, properties, and reactions of this new class of what he called “coor-
dination compounds.” Coordination chemistry, one of the primary components of
inorganic chemistry to this day, is the subject of Part I (Chapters 2—6) of this book.

In 1912 Max von Laue found that the recently discovered X rays were
diffracted by the regularly spaced layers of atoms in crystals. These experiments
not only verified that X rays were a high-frequency part of the electromagnetic
spectrum, but also provided physicists and chemists with a powerful tool to
investigate the structure of a variety of solid-state compounds. The father-and-
son team of William Henry and William Lawrence Bragg soon worked out the
details of the structures of simple crystals like sodium chloride and coined such
terms as ionic radii. (Henry Moseley also showed that X rays could be related to
the atomic number of an element. In so doing, he verified Mendeleev’s periodic
table and set it on an unchallengeable footing.) Starting about 1915, Max Born
worked out a general expression for the lattice energy of a crystalline substance.
From here the study of the structures and energetics of solid-state inorganic
substances was pursued with great vigor. It is the subject of Part II (Chapters
7 and 8) of this book.

With the electronic basis of the periodic table firmly in place by the late 1930s,
the mighty challenge to inorganic chemists became apparent. First, they had to
continue to detail the properties, structures, and reactions of the growing list of
elements and their compounds. Furthermore, they had to rationalize the existing
known chemistry with the new atomic and bonding theories. Finally, they had to
make the periodic table a predictive tool for the organization of the chemistry of the
elements. The compilation of the periodic chemistry of the elements had become
the major province in the realm of inorganic chemistry. Part III (Chapters 9-19)
is devoted to (1) a fairly detailed introduction to the chemistry of the representa-
tive, or main-group, elements and their compounds and (2) the ways in which this
chemistry can be understood in the light of the modern periodic table.

Other progress in inorganic chemistry that took place in the period 1900-1950
was derived from the work of Frederick Soddy who, in 1913, formulated the idea

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 1: The Evolving Realm of Inorganic Chemistry 5

of isotopes. Within the next decade, principally through the work of Francis Aston
and his series of spectrographs, the naturally occurring isotopes of most of the
elements were investigated and categorized. The neutron was discovered in 1932,
and shortly afterward Harold Urey discovered the isotopes of hydrogen. In the late
1930s and continuing on through World War II, nuclear fission was discovered and
thoroughly investigated. Radioisotopes (isotopes of the normally stable elements)
were synthesized and began to find uses in medicine and research. All these
advances posed great new opportunities for inorganic chemists. For example, in the
1940s, carbon-14 dating was perfected by Willard Libby. The developments in
nuclear chemistry required new ways for separating elements, as well as new mate-
rials able to withstand the ravages of corrosion and high temperatures. The addition
of the new artificial elements brought the number of elements over the 100 mark.

Little did we know that other new areas of study uncovered in the first 50 years
of the twentieth century would turn out to be of such great significance in the second
50 years. These areas include (1) Svante Arrhenius’s warning that we should be con-
cerned about the warming of the atmosphere through the greenhouse effect (1908);
(2) Alfred Stock’s defining research on the hydrides of silicon and boron (starting
in 1912); (3) the construction of the first Haber—-Bosch ammonia synthesis plant
(1913); (4) the discovery of ozone in the atmosphere by Charles Fabry (1913);
(5) the synthesis and testing by Thomas Midgley of chlorofluorocarbons (CFCs)
as ideal refrigerant gases (1928); (6) the investigation by H.T. Dean of the benefits
of fluoridating public water supplies (1930s); (7) the development of xerography, or
the photocopying process, by C. F. Carlson (starting in 1934); and (8) the chance
discovery of the germanium transistor at the Bell Telephone Laboratories (1947).

Some have called the last half of the twentieth century the “renaissance of
inorganic chemistry,” but, in fact, all of chemistry greatly flourished during this
time. Certainly, much of this chemistry should be placed at least partially in the
realm of inorganic, but the lines between the various subdisciplines have become so
blurred that it is impossible and indeed probably counterproductive to assign many
developments to a given subdiscipline. One of the first events to take place during
this period is representative of this blurring and/or crossing of subdisciplinary lines.
In 1951 ferrocene was synthesized. This compound has an iron atom sandwiched
between and bound to two planar cyclopentadienyl rings (CsHs) and was one of
the most significant and important examples of an organometallic compound. Orga-
nometallic chemistry, characterized by the presence of metal-carbon bonds, bridges
the organic and inorganic subdisciplines and has gone on to become one of the
new and still-growing subdisciplines of chemistry. In 1960 Max Perutz determined
the structure of hemoglobin by X-ray diffraction. This discovery was a key to the
development of the still-growing field of bioinorganic chemistry.

During the 1960s some unique developments in inorganic chemistry included
(1) Neil Bartlett’sannouncement that he had synthesized the first compound of Ramsay’s
“inert” gases, (2) William Lipscomb and his group’s work on the novel multicenter
bonding in Stock’s borohydrides, and (3) the chance discovery, by Barnett Rosenberg,
that one of the simpler coordination compounds, ¢is-diamminedichloroplatinum(I1),
or “cisplatin,” had significant activity as an antitumor agent.

Starting in the late 1950s and growing rapidly in the succeeding decades, the
environmental movement fueled research in inorganic chemistry closely allied
with physical and analytical chemistry. In the 1950s photochemical smog was first
explained as a series of reactions driven by the action of sunlight. The effects of
phosphates and other nutrients were carefully studied in the 1960s and early 1970s.
Also during this time, the concerns over heavy-metal pollution mounted. In the
1970s the energy crisis came to a head and with it the search for alternative fuels
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6 Chapter 1: The Evolving Realm of Inorganic Chemistry

and means of transportation. As if all that were not enough, F. Sherwood Rowland
and Mario Molina announced in 1974 that they had evidence that Midgley’s
chlorofluorocarbons were most likely threatening the ozone layer of the strato-
sphere. The 1980s brought concerns over the origin and action of acid rain, and in
1985 the ozone hole over Antarctica was discovered. These are all problems that
will involve a great deal of inorganic chemistry to define fully and to solve. Most of
them are treated at appropriate junctures in Part III (Chapters 9-19).

As we move into the second decade of the twenty-first century, we find inorganic
chemists working on a wide variety of research fronts related to the three sections of
this book. For example, coordination chemistry (Part I) is the basis of the synthesis
and application of a wide variety of catalysts and new bioinorganic anticancer and
antiarthritis compounds. Inorganic solid-state chemistry (Part II) provides the foun-
dation for a new generation of electrolytes, semiconductors, super conductors, glasses,
and rechargeable batteries. Descriptive inorganic chemistry (Part III) is the basis of a
new generation of boranes (borohydrides), graphenes (variations of graphite referred
to as “fullerenes” and “nanotubes”), hydrides, nitrides, fluorides, oxides, aluminosili-
cates, and sulfides, just to name a few, that have a wide variety of useful properties.

SUMMARY

The realm of inorganic chemistry has steadily evolved over the years. During the
middle of the nineteenth century, inorganic chemistry was defined as one of the
major subdisciplines of chemistry. In the latter part of the nineteenth century,
inorganic chemists were primarily occupied organizing and filling in the blanks in
the periodic table. Others concerned themselves primarily with developing a steady
stream of improvements in inorganic industrial processes.

The first half of the twentieth century saw the realm of inorganic chemistry
expand to include coordination compounds, radioisotopes, solid-state structures,
and energetics, as well as research related to the advent and development of nuclear
fission. Initial and defining work on the greenhouse effect, borohydrides, ammonia
synthesis, atmospheric ozone, chlorofluorocarbons, fluoridation, the photocopying
process, and transistors were reported. Also in the first half of the twentieth century,
the principal challenge to inorganic chemists seemed to be defined: to investigate,
tully understand, and predict the chemistry of the elements and their compounds
in the light of the electronic basis of the periodic table.

In the second half of the twentieth century, new avenues of research led to
the new fields of organometallic and bioinorganic chemistry. In addition, the new
compounds of the “inert” (now called noble) gases, the expansion of bonding
theories to account for the structure and reactions of the borohydrides and related
compounds, the flowering of the environmental movement, and the energy crisis,
have expanded the realm of inorganic chemistry still further. In fact, this realm
is now so pervasive that it may best be described using a quote from John Muir,
the great nineteenth-century naturalist and conservationist who said that “When
we try to pick out anything by itself, we find it hitched to everything else in the
universe.” Inorganic chemistry is one of those “anythings,” intimately tied to an
understanding of how and why the universe works as it does. As we stand at the
beginning of the twenty-first century, the century of today’s generation of students,
inorganic chemistry promises to continue to be diverse, challenging, important,
and, above all, truly fascinating. With all this as a prologue, let us start to explore
the great evolving realm of inorganic chemistry.
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I PA RT

COORDINATION
CHEMISTRY

In this stand-alone section, coordination chemistry is introduced over the
course of five chapters:

cHAPTER 2  An Introduction to Coordination Chemistry

CHAPTER 3  Structures of Coordination Compounds

CHAPTER 4 Bonding Theories for Coordination Compounds

CcHAPTER 5 Rates and Mechanisms of Reactions of Coordination
Compounds

CcHAPTER 6 Applications of Coordination Compounds
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N CHAPTER

An Introduction to
Coordination Chemistry

As noted in Chapter 1, one of the most productive areas of research in the twen-
tieth century was Alfred Werner’s development of coordination chemistry. It is a
measure of Werner’s impact on the realm of inorganic chemistry that the number,
variety, and complexity of coordination compounds continue to grow even as we
pass the centennial anniversary of his original work. Before we launch into a histor-
ical perspective on the development of this vital subsection of inorganic chemistry,
we need to set the stage with a few important definitions.

Coordination chemistry concerns compounds in which a small number of mole-
cules or ions called /igands surround a central metal atom or ion. Each ligand (from the
Latin Zigare, meaning “to bind”) shares a pair of its electrons with the metal. The metal
ligand bond, often represented as M <——:L, is an example of a coordinate-covalent
bond in which both the electrons come from one atom. The coordination number is
the number of ligands around a given metal atom or ion. The integers 4 and 6 (or
occasionally other small integers) are typical values for these numbers. Collectively, the
ligands are often referred to as the coordination sphere and, with the metal, are enclosed
in brackets when writing molecular formulas. For example, a typical formula might be
[MLg]X,, or M,[ML,], where the M is a simple metal cation and X might be any of a
variety of anions. Note that in the first formula the coordination sphere and the metal
M constitute a cation, whereas in the second they make an anion. Such coordinated
metal jons are sometimes referred to as complex cations or anions.

Typically, coordination compounds are characterized by a wide range of bright
colors. Varying the number and types of the ligands often significantly changes the color
and also the magnetic characteristics of the compound. Some examples of coordinated
(or complex) ions you may have encountered in earlier courses include the colorless
[Ag(NH3)2]Jr cation (often discussed in connection with the Group I qualitative
analysis scheme), the dark blue [Cu(NH3)4]2+ ion (a good test for the presence of
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10 Part I: Coordination Chemistry

copper ions in solution), the deep red FeSCN?" (a sensitive test for the presence of
iron[III] 1ons) and typical aqueous cations—for example [Ca(H20)6] 2% and
[FC(H20)6] * which are more often abbreviated as Ca? *(ag) and Fe** (ag), respectively.

Perhaps you have previously encountered coordination compounds (sometimes
referred to as fransition metal complexes) as part of a general chemistry course. Due
to time considerations, this subject is usually covered only briefly, if at all, in such
courses. In Part I (Chapters 2—6) of this book, however, coordination chemistry
will be the sole focus of our attention. Accordingly, we will be able to discuss
systematically the history, nomenclature, structures, bonding theories, reactions,
and applications of such compounds. (After a physical chemistry course, more of
the mathematical and abstract theoretical details are usually developed.) In this
chapter we cover the historical perspective regarding such compounds, introduce
some typical ligands, and start to develop a system of nomenclature.

BFIN  THE HISTORICAL PERSPECTIVE

In earlier courses, the basics of atomic structure, the periodic table, and chemical
bonding are investigated. The first two columns of Figure 2.1 are a chronological
display of some of the concepts often discussed.

Starting at the top of the first column, recall how some early laws had firmly
established that chemical compounds are always made up of the same definite
composition by mass (Proust) and that this mass is always conserved in vari-
ous reactions (Lavoisier). These empirical (from experiment) facts led to the first
concrete atomic theory, developed at the outset of the nineteenth century by the
English chemist John Dalton. Dalton assumed that atoms were hard, impenetrable
spheres much like miniature billiard balls. He had no occasion (at least in writing)
to speculate about their inner structures.

More than 40 elements were discovered and characterized during the nine-
teenth century. With the number of known elements increasing decade by decade
(see Figure 9.2, for example), there were a variety of attempts to organize them in
some coherent way. Dmitri Mendeleev, building on the work of others, noted that
the properties of this growing list of elements seemed to vary in a periodic way and
published his first periodic table in 1869. (For more on Mendeleev and his table,
see pp. 225-226.) Although more was becoming known about the properties of
these elements, the inner structure of the constituent atoms remained a mystery.

Toward the end of the nineteenth century, a number of discoveries were made
that began to reveal what might lie within the atom. Johann Balmer devised a formula,
based on a series of allowed integers, that organized (but did not explain) the vis-
ible spectrum of hydrogen. Wilhelm Roentgen and Antoine-Henri Becquerel discov-
ered X rays and radioactivity, respectively. J. J. Thomson discovered that electrons are
a fundamental component of all matter. Ernest Rutherford, after seeing the results
when alpha particles (emitted from radioactive atoms) were allowed to slam into thin
gold foils, proposed that atoms were made up of very tiny, massive, positive nuclei sur-
rounded by electrons. It did not take long for Neils Bohr to suggest correctly that the
energies of these electrons were quantized and, incorrectly, that they might be pictured
as orbiting the nucleus like planets orbit the Sun. Rutherford’s concept of the nucleus
caught on rapidly, but the picture in which quantized electronic energies correspond
to orbiting electrons was soon replaced by electron “clouds” confined to an area about
the nucleus by electrostatic forces. Atomic orbitals are a mental image or model still
employed by chemists in the modern Schrédinger (quantum-mechanical) model of
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Atomic structure and the periodic table

Molecular structure and bonding

Coordination chemistry

1808: Dalton's atomic theory published
in New System of Chemical
Philosophy

1859: Spectroscope developed: Bunsen
and Kirchhoft

1869: Mendeleev's first periodic table
organizes 63 known elements

1885: Balmer formula for visible
H spectrum
1894: First "inert gas" discovered
1895: X rays discovered: Roentgen
1896: Radioactivity discovered: Becquerel

1830: The radical theory of structure:
Liebig, Wohler, Berzelius, Dumas
(organic compounds composed of
methyl, ethyl, etc., radicals)

1852: Concept of valence: Frankland
(all atoms have a fixed valence)

1854: Tetravalent carbon atom: Kekulé

1874: Tetrahedral carbon atom: Le Bel
and van't Hoff

1884: Dissociation theory of
electrolytes: Arrhenius

1750
1774: Law of conservation of matter: 1798: First cobalt
Lavoisier ammonates observed:
1799: Law of definite composition: Tassaert
Proust
1800

1822: Cobalt ammonate
oxalates prepared:
Gmelin

1851: CoCly - 6NH;,

CoCl;y - 5NH;, and other

cobalt ammonates prepared:

Genth, Claudet, Fremy

1869: Chain theory of

ammonates: Blomstrand

1884: Amendments to chain
theory: Jorgensen

1892: Werner's dream about
coordination compounds

1900

1902: Discovery of the electron: Thomson

1905: Wave-particle duality of light:
Einstein

1911: o-particle/gold foil experiment;
nuclear model of the atom:
Rutherford

1913: Bohr model of the atom
(quantization of electron energy)

1923: Wave-particle duality of electrons:
de Broglie

1926: Schrodinger quantum-mechanical

among orbitals)

Modern periodic table including trends
in periodic properties

1923: Electron-dot diagrams: Lewis
1931: Valence-bond theory: Pauling,
Heitler, London, Slater

repulsion (VSEPR) theory:
Sidgwick

Modern concepts of chemical bonding

1902: Three postulates of
coordination theory
proposed: Werner

1911: Optical isomers of
cis-[CoCI(NHj3)(en),1X,
resolved: Werner

1914: Non-carbon-containing
optical isomers resolved:
Werner

1927: Lewis ideas applied to

coordination compounds:

atom (electrons in orbitals about Early 1930s: Molecular orbital theory: Sidgwick
nucleus; electron spectroscopy Hund, Bloch, Mulliken, Hiickel 1933: Crystal field theory:
explained as transitions 1940: Valence-shell electron-pair Bethe and Van Vleck

Modern coordination theory

FIGURE 2.1

The historical setting of coordination chemistry.

the atom. This model nicely accounts for the necessity of using integers (quantum
numbers) to describe line spectra and the periodic table.

The second column of Figure 2.1 is a time line of some of the ideas concern-
ing molecular structure and bonding. In Dalton’s day, not all chemists would admit
that atoms existed. Those who did (and undoubtedly a few of those who did not)
could only speculate on how these fundamental particles might associate with or

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



12 Part I: Coordination Chemistry

bond to each other. (It was even suggested at one point that each atom might have
a characteristic number of embedded hooks that somehow held them tightly to
other atoms.) As noted in Figure 2.1, organic chemists led the way in conceiv-
ing new ideas concerning the basic structural units of carbon-based compounds.
There seemed to be groups of atoms (for example, the methyl group, CH3z—, or
the ethyl group, CH;CH,—) sometimes called radicals, that were present in a large
number of compounds and stayed intact throughout various chemical reactions. By
mid-nineteenth century, the concept of a fixed valence associated with each atom
had been adopted in the effort to account for the nature of organic compounds and
their constituent fragments. As Sir Edward Frankland stated it, “No matter what
the character of the uniting atoms may be, the combining power of the attracting
element is always satisfied by the same number of atoms.” So it was thought that
carbon always had a fixed valence of 4; oxygen, 2; hydrogen, 1; and so forth.

By the end of the nineteenth century, experiments with electricity had indicated
that it likely played a significant role in molecular bonding. After the discovery of the
electron, G. N. Lewis proposed that these small negative particles might be the glue
that holds atoms together. The number of electrons in the recently discovered “inert
gases” seemed to be especially stable. The octer rule became the guide to chemical
bonding. Various more sophisticated theories followed in the 1930s. Nevil Sidgwick
proposed that electron pairs might repel each other and play a significant role in
determining the shape of a molecule. Linus Pauling and others proposed that the overlap
of atomic orbitals or special hybrid orbitals would result in a bond connecting one atom
to another. Also developed during this time was the theory that molecules might be a
group of nuclei held together by electronic confined waves appropriately called molecular
(as opposed to atomic) orbitals. All of these ideas—from electron-dot diagrams to
the valence-shell electron-pair repulsion (VSEPR) theory to valence-bond (VB) and
molecular orbital (MO) theories—still aid modern chemists in picturing the structure
and bonding of compounds.

It is assumed that the preceding ideas are more or less familiar to you. (Some
brief review will be provided as appropriate, but you might want to consult your
general chemistry notes and book as needed.) Coordination compounds, however,
outlined in the third column of Figure 2.1, are likely to be less familiar. How and
by whom were these compounds discovered? What was the chain theory? Why did
it lose out to Werner’s coordination theory? Could these comparatively new and
different compounds be accounted for using the ideas that had worked so well for
organic chemists? How did the ideas concerning atomic and molecular structure
ultimately contribute to an understanding of these compounds? We take up the
answers to such questions in the next section.

BEFI8 THE HISTORY OF COORDINATION COMPOUNDS

Early Compounds

At the very end of the eighteenth century, Tassaert—a French chemist so obscure
in the history of chemistry that his first name remains unknown—observed that
ammonia combined with a cobalt ore to yield a reddish-brown product. This was
most likely the first known coordination compound. Throughout the first half
of the nineteenth century, many other, often beautifully crystalline examples of
various cobalt ammonates were prepared. These compounds were strikingly colored,
and the names given to them—for example, roseo-, luteo- (from the Latin Zuzeus,
meaning “deep yellow”), and purpureocobaltic chlorides—reflected these colors.

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 2: An Introduction to Coordination Chemistry 13

TABLE 2.1

The Cobalt Ammonate Chlorides (Data
Available to Blomstrand, Jorgensen,
and Werner)

No. of C1 ™ ions
Formula Conductivity precipitated
CoCl;-6NH, High 3
CoCl;-5NH; Medium 2
CoCl;-4NH; Low 1
IrCl,-3NH, Zero 0

In the second half of the century, other ammonates, particularly those of chromium
and platinum, were prepared. Despite various attempts, however, no theoretical basis
was developed to account satisfactorily for these wondrous compounds.

Given the success of organic chemists in describing the structural units and
fixed atomic valences found in carbon-based compounds, it was natural that these
ideas be applied to the ammonates. The results, however, were disappointing; for
example, consider the typical data for the cobalt ammonate chlorides listed in
Table 2.1. The formulas used in the last few decades of the nineteenth century
indicated the ammonia-to-cobalt mole ratio but left the nature of the bonding
between them to the imagination. This uncertainty (or lack of knowledge about
the bonding) was reflected in the dot used in the formula to connect, for exam-
ple, CoClj to the appropriate number of ammonias. (The compound with a 3:1
ammonia-to-cobalt ratio proved difficult to prepare. The corresponding iridium
compound was used instead.) Conductivities measured when these compounds
were dissolved in water are given qualitatively. Conductivity was just then starting
to be taken as a measure of the number of ions produced in solution. The “number
of chloride ions precipitated” was determined by the addition of aqueous silver
nitrate, as represented in Equation (2.1):

AgNOs(ag) + Cl™(ag) —> AgCl(s) + NO3 (aq) EXE

Now how might you explain such data? More important, from a historical
point of view, how did the chemists of the late 1860s, who had been schooled in the
relatively new but extraordinarily successful ideas of organic chemistry, explain such
data? As shown in Figure 2.1, it seemed to have been fairly well established by then
that each element has a valence, sometimes called a combining capacity, which is a
single fixed value. Furthermore, many workers had found that organic compounds
could be pictured as vast chains of carbon atoms composed of radicals and groups
of various types that also appeared to have fixed valences. For example, hexane,
CH;-CH,-CH,—CH,—CH,—CHj3;, with its chain of six carbon atoms, could be
pictured as containing monovalent methyl (CH3z—) groups on the ends with four
divalent methylene (-CHj—) groups in the middle. Ordinary grain alcohol, of
overall composition C,H¢O, was composed of ethyl (C,;Hs—) and hydroxyl (-OH)
groups to yield a structural formula of C,Hs—OH. Wood alcohol, CH4O, was
similarly displayed as CH;—OH, composed of methyl and hydroxyl groups.

The Blomstrand-Jergensen Chain Theory

In 1869 Christian Wilhelm Blomstrand first formulated his chain theory to account
for the cobalt ammonate chlorides and other series of ammonates. Blomstrand,
knowing that the fixed valence of cobalt was established at 3, chained together cobalt
atoms, divalent ammonia groups, and monovalent chlorides to produce a picture of
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14 Part I: Coordination Chemistry

FIGURE 2.2

Representations of the
cobalt ammonate chlo-

rides by Blomstrand and
Jorgensen: (a) Blomstrand's
representation of CoCls - 6NH5;;
(b) Jorgensen’s representations
of four members of the series
with the iridium substituted
for the intended cobalt in

compound (4). (Adapted from

F. Basolo and R. C. Johnson, Coordination
Chemistry, 2nd edition, p.6. Copyright ©
1986. Reprinted by permission of Science
Reviews 2000 Ltd., www.sciencereviews2000
.co.uk.)

NH,—NH,—Cl
Col-NH;—NH,—Cl
NH,—NH,—Cl

(a) CoCl, - 6NH,

(b)
NH,—Cl
(1) CoCly* 6NH;  Co~NH;—NH;—NH,—NH,—Cl
NH,—Cl
a
(2) CoCly- SNH;  Co-NH;—NH;—NH,—NH,—Cl
NH,—Cl
a
(3) CoCly - 4NH;  Co-NH;—NH,—NH,—NH,—Cl
a
a
(4) IrCl, - 3NH, Ir{-NH;—NH,—NH,—Cl
a

CoCl;3 - 6NHj3, something like that shown in Figure 2.2a. (Actually, on the basis of
some vapor density measurements, Blomstrand originally pictured the compound
as dimeric.) Based on the prevailing ideas of the time, this was a perfectly reason-
able structure. The divalent ammonia he proposed was consistent with a view of
ammonium chloride written as H-NH3—Cl. The valence of 3 for cobalt was satisfied,
nitrogen atoms were chained together much like carbon was in organic compounds,
and the three monovalent chlorides were far enough removed from the cobalt atom
to be available to be precipitated by aqueous silver nitrate.

In 1884 Sophus Mads Jergensen, a student of Blomstrand’s, proposed some
amendments to his mentor’s picture. First, he had new evidence that correctly indi-
cated that these compounds were monomeric. Second, he adjusted the distance of
the chloride groups from the cobalt to account for the rates at which various chlo-
rides were precipitated. The first chloride is precipitated much more rapidly than
the others and so was put farther away and therefore less under the influence of the
cobalt atom. His diagrams for the first three cobalt ammonate chlorides are shown
in Figure 2.2b. Note that, in the second compound, one chloride is now directly
attached to the cobalt and therefore, Jorgensen assumed, unavailable to be precipi-
tated by silver nitrate. In the third compound, two chlorides are similarly pictured.
These changes significantly improved the chain theory, but a number of unanswered
questions remained. For example, why are there only 6 ammonia molecules? Why
not 8 or 107 Why do we not see ammonia molecules that are chemically different
depending on their positions in the chain? On balance, however, it appeared that the
Blomstrand-Jergensen theory of the cobalt ammonates was on the right track.

But was there a compound with only three ammonias? As shown in Figure 2.2b(4),
the chain theory predicted that it should exist and, furthermore, should have one
ionizable chloride. But this critical compound was not available. Jorgensen
set out to prepare it to test his version of the chain theory. Try as he might, this
excellent synthetic chemist could not come up with the desired cobalt compound.
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Chapter 2: An Introduction to Coordination Chemistry 15

He did, however, manage to prepare, after considerable time and effort, the analogous
iridium ammonate chloride. Alas, it was found to be a neutral compound with no ioniz-
able chlorides. With no small amount of irony, the chain theory was in trouble—thanks
to the considerable efforts of one of its principal proponents.

The Werner Coordination Theory

Alfred Werner, a German—Swiss chemist, was torn between organic and inorganic
chemistry. His first contributions (the stereochemistry, or spatial arrangements, of
atoms in nitrogen compounds) were in the organic field, but so many intriguing
inorganic questions were being raised in those days that he decided that this was
the area in which he would work. He observed the difficulties that inorganic chem-
ists were having in explaining coordination compounds, and he was aware that the
established ideas of organic chemistry seemed to lead only into blind alleys and dead
ends. In 1892, when Werner was only 26 years old, his coordination theory came to
him in a dream. He woke up and started to write it down, and by five oclock in the
morning it was essentially complete. But his new theory broke with the earlier tradi-
tions, and he had essentially no experimental proof to support his ideas. Jorgensen,
Blomstrand, and others considered Werner to be an impulsive young man and his
theory to be audacious fiction. Werner spent the rest of his life directing a systematic
and thorough research program to prove that his intuition was correct.

Werner decided that the idea of a single fixed valence could not apply to cobalt
and other similar metals. Working with the cobalt ammonates and other related
series involving chromium and platinum, he proposed instead that these metals
have two types of valence, a primary valence (hauptvalenz) and a secondary valence
(nebenvalenz). The primary, or ionizable, valence corresponded to what we call to-
day the oxidation state; for cobalt, it is the 3+ state. The secondary valence is more
commonly called the coordination number; for cobalt, it is 6. Werner maintained
that this secondary valence was directed toward fixed geometric positions in space.

Figure 2.3 shows Werner’s early proposals for the bonding in the cobalt ammonates.
He said that the cobalt must simultaneously satisfy both its primary and secondary
valences. The solid lines show the groups that satisfy the primary valence, and the dashed
lines, always directed toward the same fixed positions in space, show how the secondary
valence was satisfied. In compound (1), all three chlorides satisfy only the primary
valence, and the six ammonias satisfy only the secondary. In compound (2), one
chloride must do double duty and help satisfy both valences. The chloride that satisfies
the secondary valence (and is directly bound to the Co®* ion) was concluded to be
unavailable for precipitation by silver nitrate. Compound (3) has two chlorides doing
double duty and only one available for precipitation. Compound (4), according to
Werner, should be a neutral compound with no ionizable chlorides. This was exactly
what Jergensen had found with the iridium compound.

Werner next turned to the geometry of the secondary valence (or coordination
number). As shown in Table 2.2, six ammonias about a central metal atom or ion
might assume one of several different common geometries, including hexago-
nal planar, trigonal prismatic, and octahedral. The table compares some informa-
tion about the predicted and actual number of isomers for a variety of substituted
coordination compounds.

We need to make a few comments about the information in this table before
discussing the significance of the data. Note first that the symbols for the compounds
use M for the central metal and A’s and B’s for the various ligands. The numbers in
parentheses for each isomer refer to the relative positions of the B ligands. Isomers are
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FIGURE 2.3 cl NH,
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defined here as compounds that have the same numbers and types of chemical bonds
but differ in the spatial arrangements of those bonds. (A more detailed discussion of
isomers is presented in Chapter 3.) The number of predicted isomers refers to the
number of theoretically possible geometric arrangements in space. For example, for
the octahedral MA;B case, there is only one possible geometry, even though there
are numerous ways to draw it. Figure 2.4a shows three equivalent ways to draw such
an isomer. In each case, the same configuration has simply been oriented differently
in space so that the one B ligand is either up in the axial position or in a different
equatorial position. In other words, all six octahedral positions are equivalent, and it
does not matter which position is occupied by the one B ligand. (The same argument
can be made for the hexagonal planar and trigonal prismatic forms of MA;B. All six
positions of these geometries are also equivalent.) Figure 2.4b shows three equiva-
lent configurations possible for the first MA4B, isomer, and Figure 2.4c shows a like
number for the second. (To better understand these three-dimensional structures, you
might build some models and satisfy yourself that the statements in this paragraph
are true. These models do not have to be particularly sophisticated. Toothpicks and
gumdrops or Playdoh will do the trick quite nicely!)

Now we can analyze the data in Table 2.2. For the MAsB case, only one isomer
could actually be prepared experimentally, a result consistent with all three of the
proposed geometries. For the MA4B, case, however, Werner could prepare only two
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TABLE 2.2
The Number of Actual versus Predicted Isomers for Three Different
Geometries of Coordination Number 6

Hexagonal Trigonal
planar prism Octahedral
1 ' 2 1
6 2 &
s 5— M —3
5
" e
4 6 6
No. of predicted isomers (numbers in No. of
parentheses indicate position of the actual
Formula B ligands) isomers
MA ;B One One One One
MA B, Three Three Two Two
(1,2) (1,2) (1,2)
1.3 (1,4) (1,6)
(1,4) (1,6)
MA B, Three Three Two Two
(1,2,3) (1,2,3) (1,2,3)
(1,2,4) (1,2,4) (1,2,6)
6 Mz e (1,2,6)

Source: From Bodie Douglas, Darl H. McDaniel, and John J. Alexander, Concepts and Models of Inorganic Chemistry,
2nd ed. Copyright © 1983. Reprinted by permission of John Wiley & Sons, Inc.

FIGURE 2.4 (a) MAB
Equivalent configurations for
some octahedral isomers. ]la A I?/A ‘?/A
A;MﬁAsA;M—AEA;M—B
A7 | B” | A7 |
A A A
(b) MA B, (Isomer 1)
B A A
| B | B | A
A;MiA = A;M{—B = A;M—A
A" | A” | B” |
A A B
(1,2) (2,3) (4, 6)
(¢) MA B, (Isomer 2)
B A A
| A | A | B
A;MiA = B;MiB = A;Méi\
A" | A" | B” |
B A A
(1,6) 3,5 (2,4)

isomers. For the octahedral case, this actual number matched the possible number, but
for the hexagonal planar and trigonal prism cases, there were three possible isomers.
Assuming that Werner had not missed the preparation of an isomer someplace along
the line, the data indicated that the “fixed positions in space” for six ligands is octa-
hedral. The same type of analysis for the MA3B; case gives a similar result. Only the

octahedral configuration gives the same number of isomers as were actually prepared.
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18 Part I: Coordination Chemistry

Given these results (obtained by analyzing a large number of series of coor-
dination compounds), Werner could predict that two isomers would be found for
the CoCl; - 4NHj case. These proved somewhat difficult to prepare, but in 1907
Werner was finally successful. He found two isomers, one a bright green and the
other a vivid violet. Now although all this would be considered “negative” evidence
(as opposed to conclusive proof) by a philosopher of science (it was the absence
of an isomer that constituted the evidence), the case for the coordination theory
was growing stronger. Werner’s positive proof will be discussed in the next chapter
(pp- 41-43) when we consider the optical activity of coordination compounds.
'The “negative” proof, however, was enough for Jergensen. In 1907 he dropped his
opposition to Werner’s “audacious” coordination theory.

All of this goes to demonstrate, as so often is the case in science, that some-
times we need to take risks. We must occasionally follow our intuitions (or, in
Werner’s case, his dream) and advocate a new and sometimes poorly supported way
of thinking about a phenomenon in order to make a truly revolutionary advance.
Blomstrand and Jergensen tried to extend the established ideas of organic chemis-
try to account for the newer coordination compounds. In doing so, one could argue,
they actually impaired progress in the understanding of this branch of chemistry.
'The trick, of course, is to know when to stick to the established ideas and when to
break away from them. Werner chose the latter course and, 20 years later in 1913,
received the Nobel Prize in chemistry.

BFP= THE MODERN VIEW OF COORDINATION COMPOUNDS

Today, the molecular formulas of coordination compounds are represented in a
manner that makes it clearer which groups are part of the coordination sphere and
which are not. As indicated in the introduction to this chapter, the metal atom or
ion and the ligands coordinated to it are enclosed in brackets. It follows that the
cobalt ammonate chlorides can be represented as

(1) COCI3 ) 6NH3 [CO(NH3)6]C13
(2) COCI3 ) 5NH3 [CO(NH3)5C1]C12
(3) COCI3 ) 4NH3 [CO(NH3)4C12]C1
(4) COCI3 ) 3NH3 [CO(NH3)3CI3]

The ammonia molecules and chloride ions inside the brackets satisfy
the coordination number of cobalt. The chlorides in the coordination sphere
do double duty, also helping to satisfy the 3+ oxidation state of the cobalt.
'The chlorides outside the brackets, sometimes called counterions, help satisfy only the
oxidation state. They are the only ionic chlorides available to be precipitated by silver
nitrate. For example, if compound (2) is placed in water and treated with aqueous
silver ions, the resulting reaction would be that represented by Equation (2.2):

[Co(NHj;)sClICL(s5) +2Ag " (ag) —> 2AgCl(s) + [Co(NH,;)sC1P* (ag) IEEN

Although cobalt compounds were the most prevalent subject of his research
program, Werner and his collaborators worked with other metals as well. As an
example, consider the following series of platinum compounds presented in their
modern format. Note that in this case the series is extended to include anionic
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complex ions. The counterions in these latter cases, compounds (6) and (7), are
potassium cations:

(1) [Pt(NHj3)6]Cly
(2) [Pt(NH3)sCl]Cl3
(3) [Pt(NH3)4,CL]Cl,
(5) [Pt(NH3),Cly]
(6) K[Pt(NH;3)Cls]
(7) Ky[PtClg]

Chromium complexes were also investigated. In 1901 Werner used the results
of molecular weight determinations and conductivities to propose that the two
known compounds of formula CrCl;-6H,0O should be represented as the violet
[Cr(H,0)]Cl3 and the emerald green [Cr(H,0),Cl,]Cl-2H,0.

Ammonia was certainly one of the most famous ligands to be investigated by
Werner. It is referred to as a monodentate ligand, defined as one that shares only a
single pair of electrons with a metal atom or ion. The word monodentate comes from
the Greek monos and the Latin dentis and, not unexpectedly, literally means “one
tooth.” A monodentate ligand, then, has only one pair of electrons with which to
“bite” the metal. Some other common monodentate ligands are shown in Table 2.3.
(The nomenclature for these ligands is discussed in the next section.) Not surpris-
ingly, there are bidentate, tridentate, and, in general, multidentate ligands as well.
In general, the denticity of a ligand is defined as the number of pairs of electrons it
shares with a metal atom or ion. A few of the other common multidentate ligands
are also given in Table 2.3.The denticities of these ligands are given in parentheses.
For example, the denticity of ethylenediamine is 2.

Ethylenediamine, shown in Figure 2.5, was a bidentate ligand of particular
importance in the work of both Werner and Jergensen. Notice that both of the
nitrogen atoms in this compound have a lone pair of electrons that can be shared
with a metal. Notice also that when both electron pairs interact with the same metal,
the resulting configuration rather resembles a crab clutching at its prey. Multidentate
ligands that form one or more rings with a metal atom in this manner are called che-
lates or chelating agents, terms derived from the Greek chele, meaning “claw.” Inciden-
tally, if you have had any exposure to organic chemistry, you may be a little surprised
at the name ethylenediamine. Modern organic chemists would call this compound
1,2-diaminoethane, but the older term using ethylene as the —C,H 4~ radical seems
to be a permanent fixture in the nomenclature of coordination chemistry.

"Two other general types of ligands are represented in Table 2.3 and should be
briefly mentioned here. The first are the common bridging ligands, defined as those
containing #wo pairs of electrons shared with two metal atoms simultaneously. The
interaction of such ligands with metal atoms can be represented as M «——:L: ——> M.
Ligands of the bridging type include amide (NH ), carbonyl (CO), chloride (C17),
cyanide (CN7), hydroxide (OH™), nitrite (NO; ), oxide (O*”), peroxide (O37),
sulfate (SO3™), and thiocyanate (SCN™). Werner was very active in preparing a
number of cobalt ammonia or cobalt ethylenediamine compounds containing
ligands of this type. The second type of ligand to include at this point is the
ambidentate ligand. These are ligands that, depending on the experimental conditions
and the metals involved, can use one of two different atoms to share a pair of elec-
trons with a metal. If we represent this type of ligand as :AB:, then it can form one of
two possible coordinate-covalent bonds, either M «—— :AB: or :AB: ——> M, with a
metal atom. Common ambidentate ligands include cyanide, thiocyanate, and nitrite.
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20 Part I: Coordination Chemistry

TABLE 2.3
Common Monodentate, Multidentate, Bridging, and Ambidentate
Ligands
Usually monodentate ligands
| O fluoro
Br bromo
= iodo
co3- carbonato
NOy nitrato
SO;~ sulfito
S,03" thiosulfato
SO;~ sulfato
CcO carbonyl
Cl chloro
0% oX0 Common
o§— peroxo bridging
OH™ hydroxo ligands
NH; amido
CN™ cyano/isocyano
SCN™ thiocyanato/isothiocyanato Ambidentate
NO, nitro/nitrito ligands
H,0 agua
NH; ammine
CH;NH, methylamine
P(C4H ), triphenylphosphine
As(C4Hs), triphenylarsine
N, dinitrogen
0, dioxygen
NO nitrosyl
C,H, ethylene
CsH3N pyridine
Multidentate ligands
NH,CH,CH,NH, ethylenediamine (en) (2}
(=)
CH 3?|3CH?|3CH3 acetylacetonato (acac) (2)
0O O
C,0} oxalato (ox) (2)
NH,CH,COO0~ glycinato (gly) (2)
NH,CH,CH,NHCH,CH,NH, diethylenetriamine (dien) (3)
N(CH,CO0)3 - nitrilotriacetato (NTA) (4)
(OOCCH,),NCH,CH ,N(CH,COO);~ ethylenediamine- (6)
tetraacetato (EDTA)
FIGURE 2.5 H H
The bidentate ethylenedi- HO {H
amine ligand. Theyarrows H,N—CH,—CH,—NH, H .:C—C\/ H
indicate that the pair of N / N N/
electrons are shared with H/ R g™ ~H
a metal atom or ion. M
(a) (b)
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W3S AN INTRODUCTION TO THE NOMENCLATURE
OF COORDINATION COMPOUNDS

'The nomenclature of coordination compounds is introduced in two sections. Here
we consider the basics of naming ligands (including multidentate, ambidentate, and
bridging) that occur in simple neutral as well as ionic coordination compounds. In
Chapter 3, we will concentrate on the nomenclature for compounds for which a
variety of isomers are possible.

Table 2.4 gives some rules for naming ligands and simple coordination com-
pounds. Note that the name of anionic ligands is modified by removing the -ide
suffix of halides, oxides, hydroxides, and so forth, or the last -¢ of an -aze or -ite
ending and replacing these with -o. Accordingly, fluoride becomes fluoro, nitrate
becomes nitrato, sulfite becomes sulfito, and so forth. (As usual in nomenclature,
there are a few exceptions; for example, amide becomes amido and the N-bonding
form of the ambidentate nitrite becomes nitro.) The very few positive ligands are
modified by adding an -ium suffix to the root name. The names of neutral ligands
are usually not modified, but a few common neutral ligands have special names.
For example, water becomes aqua, ammonia is called ammine, carbon monoxide is
carbonyl, and nitrogen oxide is nitrosyl. Molecular oxygen and nitrogen are referred
to as dioxygen and dinitrogen, respectively.

In naming a coordination compound, the cation is named first and then the
anion (just as for ordinary salts—for example, sodium chloride or ammonium
nitrate). For a given complex, the ligands are always named first in alphabetical
order, followed by the name of the metal. (Note that in writing the formulas for
coordination compounds, the opposite order is followed, with the symbol for the
metal preceding the formulas for the ligands.) The oxidation state of the metal is
indicated by Roman numerals in parentheses after the name. (An oxidation state
of zero is indicated by a numeral zero, 0, in the parentheses.) If the complex is an
anion, the -ate sufhix is added to the name of the metal. Occasionally, the -ium or
other suffix has to be removed from the name of the metal before the -aze is added.
For example, chromium becomes chromate, manganese becomes manganate, and
molybdenum becomes molybdenate. Some metals, such as copper, iron, gold, and
silver, retain the Latin stem for the metal and become cuprate, ferrate, aurate,
and argentate, respectively, in an anionic setting.

'The number of ligands is indicated by the appropriate prefix given in Table 2.4.
Note that there are two sets of prefixes, one (di-, #7i-, fetra-, etc.) for monoatomic ions,
polyatomic ions with short names, or the special neutral ligands noted previously, and
a second (&is-, tris-, tetrakis-, etc.) for ligands that already contain a prefix from the
first list—for example, ethylenediamine or triphenylphosphine—or for ligands whose
names commonly appear in parentheses. The use of parentheses is not as systematic in
practice as might be expected. Generally, neutral ligands without special names and
ionic ligands with particularly long names are enclosed in parentheses. So, for example,
acetylacetonato is generally enclosed in parentheses, whereas oxalato is not.

There are two ways to handle ambidentate ligands. One is to use a slightly dif-
terent form of the name, depending on the atom that is donating the electron pair
to the metal. The second is to put the symbol of the donating atom before the name
of the ligand. So ~SCN might be called thiocyanato or S-thiocyanato, whereas
—~NCS would be isothiocyanato or N-thiocyanato. —NO, and ~ONO, however,
are most always referred to as nitro and nitrito, respectively.

Bridging ligands are designated by placing the Greek letter u before the name of
the ligand. So a bridging hydroxide (OH ~),amide (NH} ), or peroxide (O3 ) ligand

becomes w-hydroxo, u-amido, or u-peroxo, respectively. If there is more than one of
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22 Part I: Coordination Chemistry

TABLE 2.4
Nomenclature Rules for Simple Coordination Compounds

Ligands
1. Anionic ligands end in -o.
F- fluoro NO; nitro S03~ sulfito OH™  hydroxo
Cl~  chloro ONO™  nitrito S0;~ sulfato CN™  cyano
Br~  bromo NO3 nitrato $,03" thiosulfato NC~ isocyano
I iodo co3- carbonato Cloy chlorato SCN~  thiocyanato
0~ oxo C,0;~ oxalato CH,COO~ acetato NCS~ isothiocyanato

2. Neutral ligands are named as the neutral molecule.
C,H, ethylene (CgHs)sP  triphenylphosphine
NH,CH,CH,NH, ethylenediamine CH;3;NH;  methylamine
3. There are special names for four neutral ligands:
H,0 aqua  NH; ammine  CO carbonyl  NO nitrosyl
4. Cationic ligands end in -ium.
NH,NH; hydrazinium

5. Ambidentate ligands are indicated by:
a. Using special names for the two forms, for example, nitro and nitrito for —NO; and —ONO™
b. Placing the symbol of the coordinating atom in front of the name of the ligand, for example,
S-thiocyanato and N-thiocyanato for —SCN ™~ and —NCS™

6. Bridging ligands are indicated by placing a - before the name of the ligand.

Simple coordination compounds

1. Name the cation first, then the anion.
2. List the ligands alphabetically.

3. Indicate the number (2, 3,4, 5, 6) of each type of ligand by:

a. The prefixes di-, tri-, tetra-, penta-, hexa- for:
(1) All monoatomic ligands
(2) Polyatomic ligands with short names
(3) Neutral ligands with special names

b. The prefixes bis-, tris-, tetrakis-, pentakis-, hexakis- for:
(1) Ligands whose names contain a prefix of the first type (di-, tri-, etc.)
(2) Neutral ligands without special names
(3) lonic ligands with particularly long names

4. If the anion is complex, add the suffix -ate to the name of the metal. (Sometimes the -ium or other
suffix of the normal name is removed before adding the -are suffix. Some metals, such as copper,
iron, gold, and silver, use the Latin stem for the metal and become cuprate, ferrate, aurate, and
argentate, respectively.)

5. Put the oxidation state in Roman numerals in parentheses after the name of the central metal.

a given bridging ligand, the prefix indicating the number of ligands is placed after
the w. For example, if there are two bridging chloride ligands, they are indicated as
p-dichloro. If there are two or more different bridging ligands, they are given in
alphabetical order.

'The best way to understand Table 2.4 and the text explanation is by a series of
examples. We first consider naming compounds for which we are given a formula.
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Chapter 2: An Introduction to Coordination Chemistry 23

Name the compound [Co(NHj3),Cl,]ClL.

We start by naming the complex cation. The ligands are named alphabeti-
cally with ammine first and then chloro. There are four ammonias and two
chlorides, so the prefixes zefra- and di- are used. The cobalt oxidation state
is determined by tracing the charges back as follows: The net charge on
the complex cation must be 1+ to balance the one 1— chloride anion. Since
there are two 1— chlorides in the coordination sphere, the cobalt must be 3+
in order for the net charge on the cation to come out as 1+. With all this in
mind, the full name of the compound is

tetraamminedichlorocobalt(III) chloride

Name the compound (NHy4),[Pt(NCS)¢].

Here we have a platinum-containing complex anion and the common
ammonium ion, NHJ, as the cation. Given that the ligand is written with
the N symbol first, we know that it is the isothiocyanato (or, alternatively,
N-thiocyanato) form of the ambidentate ligand. There are six of these lig-
ands, so we use the hexa- prefix. The anion must have a net charge of 2—
to balance the two 1+ ammonium cations. Since the thiocyanate ion is also
1—, the platinum oxidation state must be 4+ to give a net 2— charge on
the anion. Because the platinum is contained in a complex anion, its -um
suffix is removed and replaced with -aze. Accordingly, the full name of the
compound is

ammonium hexaisothiocyanatoplatinate(IV')

Name the compound [Cu(NH,CH,CH,;NH,),]SO,.

As in Example 2.1, we again have a complex cation. The ligand is ethylene-
diamine, which is often abbreviated as “en” so that the formula for this com-
pound is usually shortened to [Cu(en),]SOy,. There are two ethylenediamine
ligands, but since it is a neutral ligand with &i- within its name, the prefix 4is-
is used and, since this is a neutral ligand without a special name, “ethylene-
diamine” is enclosed in parentheses. The copper oxidation state will be the
same as the net charge on the complex cation (since the ligands are neu-
tral). That charge must be 2+ to balance the 2— of the sulfate ion. The full

name of this compound is

bis(ethylenediamine)copper(1I) sulfate

Name the compound [Ag(CH3;NH,),][Mn(H,0),(C504),].

In this case both the cation and the anion are complex. To indicate that there
are two methylamine ligands in the cation we will use the 4is- prefix. [Note
that if we used the 4i- prefix we would have “dimethylamine” which could

be readily construed as one (CHj3),NH ligand instead of two CH3;NH,
ligands.] In the anion, the two aqua (water) ligands come alphabetically
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24 Part I: Coordination Chemistry

before the two oxalato ligands. The name manganese is amended to man-
ganate because this metal is in a complex anion. The oxidation states here
must be such that a 1:1 ratio of the cation and anion results. This could be
Ag(I)/Mn(III), Ag(IT)/ Mn(II), or similar values in which, in this case, the
sum of the oxidation states is 4. Considering the chemistry of silver and
manganese, the first case is the most appropriate. (In time, you will become
familiar enough with common transition metal oxidation states that you
will not need to debate such matters.) The full name of this compound is

bis(methylamine)silver(I) diaquadioxalatomanganate(III)

Name the compound

H H
0 _Q

Co(NH3)3](NO3);

/
0
H

'This is our first example of a bridged compound. The three hydroxides bridge
between the two cobalt ions. We name such compounds from left to right
and remember to put a u in front of the bridging ligands. The oxidation
states of the metals could be (III) and (III), (IT) and (IV), (I) and (V), or any
other combination adding up to 6, but even from our brief exposure to cobalt
chemistry, you would probably (and correctly) choose the first alternative. The
full name of the compound is

triamminecobalt(III)-u-trihydroxotriamminecobalt(III) nitrate

Now we turn to a few examples in which we are given the names of some
coordination compounds and are asked to supply the correct formulas. Incidentally,
the rules for writing these formulas, as for all chemical compounds, are determined
by the International Union of Pure and Applied Chemistry (IUPAC). The IUPAC
rules concerning the order in which the formulas of the ligands in a coordination
compound should be written are unexpectedly complicated and generally not treated
in a textbook at this level. Instead, we will follow the common and simplifying
(but not officially correct) practice of writing the ligand formulas of a coordination
compound in the same order they are named—that is, in alphabetical order by the
first letter of the name of the ligand.

Write the formula for the compound (acetylacetonato)tetraaquacobalt

(IT) chloride.

'The formula for the bidentate acetylacetonate ligand is given in Table 2.3, but
this 1— anion is usually abbreviated as acac. The acac and four waters consti-
tute the coordination sphere that with the cobalt(II) cation are set apart in

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 2: An Introduction to Coordination Chemistry — 25

brackets. The net charge on the complex cation is 1+ (because the acacis 1—),
so one chloride counteranion is needed. The formula of the compound is

[Co(acac)(H,0),]Cl

Write the formula for the compound triamminechloro(ethylene)nitroplat-

inum(IV) phosphate.

'This compound has four different types of ligands in the coordination sphere:
NHj;, Cl -, C,Hy, and NO; (bonded through the nitrogen). The only real
difficulty in constructing this formula is figuring out how many cations and
anions there must be. The cation has a net charge of 2+, and the anion is 3—.
'Therefore, there must be three cations and two anions to ensure electrical
neutrality. The formula for this compound is

[Pt(NH3);CI(CH4)NO,13(PO4),

EXAMPLE 2.8

Write the formula for tetraamminechromium(III)-u-amido-u-hydroxobis
(ethylenediamine)iron(III) sulfate.

The OH ™ and NH,; are bridging ligands between the cobalt and iron
cations. The overall charge on this huge cation is 4+ (6+ from the two
3+ cations and 2— from the two 1— anions). Therefore, there must be two
2— sulfates in the formula:

H,
N
AN

/
[(NH3)4CY\ /Fe(en)z](SO4)2

O
H

Write the formula for cesium trichlorotantalum(III)-z-trichlorotrichloro-

tantalate(I1T).

In this case the anion is complex. It contains two tantalum(III) cations
bridged by three chloride ions. Each tantalum also has three monodentate
chlorides attached to it. The overall charge on the anion is 3— (6+ from
the two 3+ tantalum cations and 9— from the nine 1— chlorides. There
must be three Cs* cations to balance the one 3— anion. The formula for
this compound is
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26 Part I: Coordination Chemistry

SUMMARY

Coordination compounds are typically characterized by four or six ligands in a coordi-
nation sphere surrounding a metal atom or ion. This chapter starts a systematic inves-
tigation of coordination chemistry by putting its history into perspective, introducing
some typical ligands, and setting down the basics of a scheme of nomenclature.

'The discovery and explanation of coordination compounds should be viewed
against the larger picture of progress in understanding atomic structure, the
periodic table, and molecular bonding. The contributions of Proust and Lavoisier,
among others, led Dalton to formulate the first concrete atomic theory in 1808.
Mendeleev published his first periodic table in 1869. With the discoveries of
X rays, radioactivity, electrons, and the nucleus at the beginning of the twentieth
century, the modern quantum-mechanical picture of the atom started to emerge
in the 1920s. This model gives a theoretical explanation for atomic line spectra and
the modern periodic table.

Organic chemists led the way in picturing molecular bonding. They relied on
such concepts as radicals (which kept their identity through various reactions) and
atoms with a fixed valence or combining power. Once the electron was discovered
in the early part of the twentieth century, Lewis was able to explain some aspects of
bonding on the basis of his electron-dot formulas and the octet rule. The valence-
shell electron-pair repulsion (VSEPR), valence-bond (VB), and molecular orbital
(MO) theories followed in the 1930s.

Coordination compounds were first prepared in the late 1700s. Over the next
century, many compounds were synthesized and characterized, but little progress
was made in formulating and accounting for their molecular structures. Attempts
to apply the concepts of radicals, chains of self-linked atoms, and a constant fixed
valence (all ideas that had been so successful in organizing organic compounds) did
not work well for coordination compounds.

'The Blomstrand-Jergensen chain theory was the most successful of the early
theories that attempted to explain the known series of cobalt ammonates. This the-
ory combined trivalent cobalt atoms, divalent ammonia radicals, and monovalent
chlorides to produce structures that accounted for some of the formulas, conduc-
tivities, and reactions of these compounds. However, when an analog of a critical
compound was finally synthesized, the chain theory’s prediction was wrong, and it
started to lose favor.

Werner literally dreamed up the modern theory of coordination compounds in
1892. He envisioned that metals had two types of valence, which we refer to today
as oxidation state and coordination number. Some ligands satisfy only the coor-
dination number, whereas others simultaneously satisfy the oxidation state. These
ideas explain why some chlorides in the cobalt ammonate chlorides are ionizable
and some are not. By comparing the actual number of known isomers with the
number that should exist for various geometries, Werner concluded that the six
ligands in the cobalt ammonates were in an octahedral arrangement.

Ammonia is an example of a monodentate ligand, meaning that it can share
only one lone pair of electrons with a given metal atom. Ethylenediamine, on the
other hand, is bidentate. When both nitrogen atoms share a pair of electrons with
a metal, a ring including the metal atom is formed. Ligands that form rings in this
manner are called chelates or chelating agents. Various multidentate, bridging, and
ambidentate ligands are given in a list of common ligands (Table 2.3).

'The nomenclature of simple coordination compounds is developed in a set of
rules for referring to ionic and neutral ligands, the number of each type of ligand,
and the oxidation state of the metal. A number of examples of naming compounds
and writing formulas are given.
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PROBLEMS

2.1 Briefly state, in your own words, Dalton’s atomic theory. How might the concept
of embedded hooks have been used to explain the existence of molecules formed
between the atoms that Dalton pictured?

2.2 The law of definite composition says that the elements in a given compound are
always present in the same proportions by mass. How might this observation have
led early chemists to the concept of fixed valence?

2.3 Briefly explain how the experiment in which alpha particles were shot at thin gold
foils led Rutherford to propose that the atom contains a nucleus.

*2.4 Write a concise paragraph explaining how a knowledge of the modern quantum-
mechanical or Schrédinger atom can be applied to explain the emission-line
spectra of elements.

2.5 Briefly explain how the concept of valence led to the famous blanks left in
Mendeleev’s early periodic tables.

2.6 Briefly summarize how the ideas of (a) chains of carbon atoms, (&) single fixed
valences for all atoms, and (c) groups (“radicals”) of atoms also of fixed combining
capacity led to disappointing results in picturing the bonding in coordination
compounds.

2.7 Ifyou had been in Jorgensen’s place in the late 1890s, how might you have
attempted to explain the two isomers of CoCl; - 4NHj?

2.8 In the same way that the ammonia molecule was thought to have an overall
valence of 2 and was represented as -NH3— in the Blomstrand—Jergensen chain
theory, water can be represented as —H,O—. Several compounds containing
chromium(I1I), water, and chloride are given below:

No. of C1™ ions

Formula precipitated
(1) CtCly » 6H,0 3
(2) CtCly * 5H,0 2
(3) CrCly « 4H,0 1

(a) Write a balanced equation for the reaction of compound (1) with an aqueous
silver nitrate solution, AgNO3(ag).

() How might the conductivity of aqueous solutions of these compounds vary?
Briefly rationalize your answer.

(¢) Draw appropriate diagrams of compound (2) in the table, using (i) the
Blomstrand-Jergensen chain theory, (ii) the Werner coordination theory,
and (iii) the present method of representing coordination compounds.

2.9 'The primary compounds considered by Blomstrand, Jergensen, and Werner,
as they struggled to provide a theory for what we now know as coordination
compounds, were the cobalt ammonates. Another series known in the late 1800s
was the platinum ammonate chlorides. Data for this series is given in the table
at the top of the next page.

* Problems marked with an asterisk (*) are more challenging.
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28 Part I: Coordination Chemistry

No. of C1™ ions No. of

precipitated with isomers
Compound AgNO; Conductivity known
(1) PtCl, - 4NH,4 2 | 1
(2) PtCl, - 3NH;4 1 Decreases 1
(3) PtCl, - 2NH;, 0 l 2

(a) Write structural formulas for these three compounds as Blomstrand and
Jorgensen might have written them.

(&) Write structural formulas for these compounds [including the two isomers
of compound (3)] as Werner would have written them.

(¢) Write structural formulas as they might be represented today. (Hinz: The
geometry about the platinum is square planar.)

2.10 In what way would you suspect that the Jorgensen idea of putting less-reactive
chlorides next to the cobalt atom and those more reactive farther away influenced
Werner’s thinking?

2.11 Coordination compounds of formula MA, might be square planar or tetrahedral.
How many isomers would you predict to exist for compounds of formula MA,B,
for these two geometries? Pt(NH3),Cl, has two known isomers, and [CoBr,l, >~
has only one. Speculate on the structures of these complexes.

*2.12 For a coordination number 4, there are two structural possibilities: tetrahedral and
square planar. These geometries are shown below. Note that M = metal;
L = monodetate ligand.

L L L
L—M—L /M
L L L

(a) The complex [Pt(NH;),(SCN),] forms two isomers while the complex
[Pt(en)(SCN),] forms only one. What, if anything, does this suggest about
the geometry around the platinum cation in these complexes? Note: The
ethylenediamine molecule can only span adjacent positions in either the
tetrahedral or square planer geometries.

(4) Draw a diagram showing how Alfred Werner would have represented the eth-
ylenediamine complex.

(¢) Given the primary valence or oxidation state of platinum to be 2+, could the
ammine complex be explained using the chain theory? If so, show a chain-
theory structure. If not, explain why not. (Hin#: as part of your answer, con-
sider how many thiocyanates could be precipitated from an aqueous solution
of this compound using silver nitrate.)

*2.13 Suppose that Werner’s nebenvalenz (secondary valence) had turned out to be
directed toward the corners of a trigonal prism. Draw all the possible isomers of
tetraamminedichlorocobalt(III) chloride.

* Problems marked with an asterisk (*) are more challenging.
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2.14 Suppose that Werner’s nebenvalenz had turned out to be directed toward the
corners of a hexagon. Draw all the possible isomers of the tetraamminedichloro-
platinate(IV') cation.

2.15 Suppose that Werner’s nebenvalenz had turned out to be hexagonal planar instead
of octahedral. Draw and name a// the possible isomers of Cr(CO);Cls.

2.16 Suppose that Werner’s nebenvalenz had turned out to be trigonal prismatic in-
stead of octahedral. Draw and name a// the possible isomers of Cr(CO);Cl;.

2.17 Given the compound Cr(H,0);Cls:

(a) Draw a diagram showing how Werner would have represented this com-
pound. Explain which ligands satisfy the primary and secondary valences.
*(4) How many isomers of Cr(H;O)3;Cl; would be possible if the coordination
sphere of this complex was trigonal prismatic?
() How many if it was octahedral?

Justify your answers to parts (&) and (c), using clearly drawn diagrams.

2.18 Draw diagrams similar to that of Figure 2.5 for the bidentate oxalate ligand.
(Hint: This anion has resonance structures.)

*2.19 Combinations of cobalt(IIl), ammonia, nitrite (NO3 ) anions, and potassium
(K™) cations result in the formation of a series of seven coordination compounds.

(a) Write the modern formulas for the members of this series. (Hinz: Not all
seven compounds contain all four of the components.)

() How many ionic nitrites would there be in each compound?

(9 How many isomers would each compound have, assuming that each has an
octahedral coordination sphere?

+2.20 Combinations of iron(II), H,O, C1™, and NH; can result in the formation of a
series of seven coordination compounds, one of which is [Fe(H,0)¢]Cl,.

(a) Write the modern formulas for the other members of the series. (Hinz: Not all
seven compounds contain all four of the components.)

() How many chlorides could be precipitated from each compound by reaction
with aqueous silver nitrate?

() How many isomers would each compound have, assuming that each has an
octahedral coordination sphere?

*2.21 Combinations of platinum(II) cations, ammonia molecules, thiocyanate anions,
and ammonium cations result in the formation of a series of five coordination
compounds.

(a) Write the modern formulas for the members of this series. (Hinz: Not all five
compounds contain each of the components.)

(#) Name the compound that contains (i) the cation of highest charge and (ii) the
anion of highest charge.

(¢c) Write the formula for the neutral member of this series as Werner would have
written it. Assuming that the thiocyanate ion always binds through its sulfur
atom and that platinum(II) has a square planar coordination sphere, how
many isomers would this compound have?

* Problems marked with an asterisk (*) are more challenging.
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*2.22 Combinations of palladium(II) cations, triphenylphosphine molecules, chloride
anions, and ammonium cations result in the formation of a series of five
coordination compounds.

(a) Write the modern formulas for the members of this series. (FHinz: Not all five
compounds contain each of the components.)

() Which compound or compounds would have the greatest conductivity in
solution? Briefly explain your answer.

(¢) Write the formula for the neutral member of this series as Werner would
have written it. Assuming that palladium(II) has a square planar coordination
sphere, how many isomers would this compound have?

*2.23 Jorgensen synthesized [CoCly(en),]Cl that came in two forms named for their
colors: violeo and praseo. Werner cited the existence of these two (and only two)
isomers as proof of an octahedral coordination sphere.

(a) Recalling that en stands for the bidentate ethylenediamine molecule, draw
structural formulas for each isomer. (Hint: The ethylenediamine molecule can
span only adjacent positions in the octahedron.)

(&) Suppose the coordination sphere for coordination number 6 had been trigonal
prismatic instead of Werner’s octahedral. How many isomers would this
compound have had under that assumption? Draw structural formulas for
each. (Hint: 'The ethylenediamine molecule can span only adjacent positions
on the triangular and rectangular sides of the trigonal prism.)

(¢) Suppose the coordination sphere for coordination number 6 had been
hexagonal planar instead of Werner’s octahedral. How many isomers would
this compound have had under that assumption? Draw structural formulas for
each. (Hint: 'The ethylenediamine molecule can span only adjacent positions
on the hexagon.)

*2.24 Before a uniform system of nomenclature could be developed for coordination
compounds, some compounds were named after the chemists who originally
prepared them. In addition, since the nature of the bonding in these compounds
was not clear, the “structural formulae” for these compounds look somewhat
strange to us. For example, a compound known as Erdmann’s Salt was written

CO(N02)3 : KN02 : 2NH3

(a) Write a modern molecular formula for the compound and name it.
(4) Using the modern formula, would you expect that this compound might have
isomers? If so, draw a structure representing each isomer.

2.25 Name the following compounds:

(a) [Pt(NH3)4Cl1,]SO4
(6) K3[Mo(CN)F;]
(c) K[Co(EDTA)]
(d) Co(NH3)3(NO,)3

2.26 Name the following compounds:
(a) [Pt(NH3)c]Cly
b) [Ni(acac){P(C¢Hs)3}34]NO;

(
(e) (NHy)y[Fe(ox)3]
(4) W(CO)3(NO),

* Problems marked with an asterisk (*) are more challenging.
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2.27 Name the following compounds:

(a) [Pt{P(C¢Hs)3}4](CH3CO0) 4
(6) Caz[Ag(5,03):15

() Ruf{As(CgHs)3}3Br,

(d) K[CA(H,0),(NTA)]

2.28 Name the following compounds:

(a) [Fe(en)s][IrClg]
(6) [Ag(NH3)(CH3NH,) [,[PtCl,(ONO),]
(0) [VCly(en),]s[Fe(CN)e]

2.29 Many coordination compounds were initially named for their color or for the
person who first synthesized them. Name the following compounds using modern
nomenclature:

(a) A “roseo” salt: [Co(NH3)sH,O]Br3

(&) Purpureocobaltic chloride: [Co(NH;3)sCl1]ClL,
(c) Zeise’s salt: K[PtCl3(CyHy)]

(d) Vauquelin’s salt: [Pd(NH3)4][PdCly]

*2.30 Name the following compound:

_ T -
s
|
S

N
(en)zC0< /Cr(acaCJz (NO,),
N
I
C

|
E S 4

*2.31 Name the following compound.
T
C = CH;COO™ = acetate
/N ’
O O

|
(H,0);Cu (lju(H20}3
|

N /7

|
CH,

2.32 Name the following compound:

H
l

0
[(SCN),(H,0),Cr” " Co(NH,)51SO,

* Problems marked with an asterisk (*) are more challenging.
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32 Part I: Coordination Chemistry

2.33 The nitride ion, N>, can be 2 monodentate or a bridging ligand. Name the
following compound:

N

N\

(NH4)3 [BI‘4T2. TaBr4]

2.3a4 Write formulas for the following compounds:

(@) Pentaammine(dinitrogen)ruthenium(II) chloride
(4) Aquabis(ethylenediamine)thiocyanatocobalt(III) nitrate

(¢) Sodium hexaisocyanochromate(III)
2.35 Write formulas for the following compounds:

(a) Bis(methylamine)silver(I) acetate
(4) Barium dibromodioxalatocobaltate(III)
(¢) Carbonyltris(triphenylphosphine)nickel(0)

2.36 Write formulas for the following compounds:

(a) Tetrakis(pyridine)bis(triphenylarsine)cobalt(III) chloride
() Ammonium dicarbonylnitrosylcobaltate(—I).
(¢) Potassium octacyanomolybdenate(V)

(d) Diamminedichloroplatinum(II) (Peyrone’s salt)
2.37 Write formulas for the following compounds:

(a) Hexaamminecobalt(III) pentachlorocuprate(1I)
(4) Tetrakis(pyridine)platinum(II) tetrachloroplatinate(II)
(¢) Diamminebis(triphenylphosphine)palladium(II) bis(oxalato)aurate(III)

2.38 Write formulas for the following compounds:

(a) (Ethylenediamine)iodonitritochromium(I1I)-p-dihydroxotriamminechloro-
cobalt(III) sulfate
(4) Bis(ethylenediamine)cobalt(III)-u-isocyano-

p-thiocyanatobis(acetylacetonato)chromium(III) nitrate
2.39 Write formulas for the following compounds:

(@) Pentamminechromium(III)-u-hydroxopentamminechromium(III) chloride
(4) Diammine(ethylenediamine)chromium(III)-
p-bis(dioxygen)tetraamminecobalt(IIT) bromide.

2.40 Write the formulas for the following two compounds:

(a) Dichlorobis(pyridine)tungsten(III)-
p-dichlorodichlorobis(pyridine)tungsten(I1I)

(4) Ammonium dichloroiodotungsten(I1I)-
pm-bromo-pu-chloro-u-iododichloroiodotungstate(I1I)
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N CHAPTER

Structures of Coordination
Compounds

In Chapter 2 we started to investigate the nature of coordination compounds. We
saw how Werner was able to account for the structures of the cobalt ammonates by
assuming that the metal had two types of valences; today, we call these the oxida-
tion state and coordination number. After defining an isomer, we demonstrated
that, assuming an octahedral configuration of the six ligands about the cobalt, there
were only two possible isomers for a compound of formula MA,B,. Since Werner
could prepare only two isomers, he and others were convinced that the octahedral
configuration was correct.

Here, in Chapter 3, we conduct a systematic investigation of the structures of
coordination compounds. We start by elaborating on the various types of isomers
possible and then set out on a tour of the most common coordination numbers.
We will find that coordination number 6 usually corresponds to an octahedral con-
figuration, whereas both tetrahedral and square planar geometries are possible if
the coordination number is 4. The nomenclature necessary to describe the isomers
encountered will be developed as we proceed.

BEN N STEREOISOMERS

Figure 3.1 shows the relationship among the various types of isomers. Now the
word isomer (from the Greek isomeres) literally means “having equal parts,” so com-
pounds are isomers if they have the same number and types of parts—in this case,
atoms. As shown in Figure 3.1, isomers can be subdivided into two major categories
depending on whether they have the same number and types of chemical bonds or
not. Those with the same numbers and types of bonds are called stereoisomers and
are the subject here. Structural isomers, which have differing numbers and types of
bonds, are taken up in Section 3.6.

33
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34 Part I: Coordination Chemistry

FIGURE 3.1

Types of isomers.

Isomers: Chemical species having the same number
and types of atoms but different properties.

Stereoisomers: Those with the same numbers
and types of chemical bonds but differing in the
spatial arrangement of those bonds.

a. Optical isomers or enantiomers: Those whose
differing spatial arrangements give them the
property of handedness or chirality; those

b. Geometric isomers: Those whose differing
spatial arrangements result in different
geometries.

that possess nonsuperimposable mirror images.

Structural isomers: Those with differing numbers

and types of chemical bonds.

a. Coordination isomers: Those differing due to
an interchange of ligands among coordination
spheres.

b. Ionization isomers: Those differing by inter-
change of groups between coordination
spheres and counterions.

c. Linkage isomers: Those differing by the bond-
ing site used by an ambidentate ligand.

Stereoisomers differ in the spatial arrangements of their bonds. If the spatial
arrangements result in different geometries, they are known simply as geometric
isomers. The nomenclature for these isomers most often distinguishes between the
possible geometric arrangements by appending a descriptive prefix such as cis-, frans-,
mer-, or fac- before the name of the compound. Specific examples will be encountered
as we make our tour through the most common types of coordination spheres.

The second type of stereoisomer occurs in molecules that have the property
of chirality, a word that comes from the Greek cheir, meaning “the hand.” Chiral-
ity literally means “handedness.” Now hands, as we all know, come in two forms,
left-handed and right-handed, that are nonsuperimposable mirror images of each
other. Try a little experiment. Place your hands palm to palm with the fingers lined
up thumb to thumb, index finger to index finger, and so forth. Note that your hands
are mirror images of each other. Now try to maneuver your hands so that, when
looking at the back of them, for example, each hand looks exactly the same. In other
words, try to superimpose one hand on the other. Try as you might, the hands cannot
be made to look the same; they are nonsuperimposable mirror images of each other.
They are chiral. Other objects (gloves, scissors, fencing foils, various tools) are also
chiral; that is, they come in either a left- or right-handed form. When you buy a
baseball glove, for example, you have to specify whether you want a left-handed or
a right-handed glove.

Molecules also come in handed, or chiral, forms that are nonsuperimposable
mirror images of each other. Such molecules are known as optical isomers or
enantiomers. The word enantiomer comes from the Greek words enantios, meaning
“opposite,” and meros, meaning “part,” so that enantiomers are the matched left-
and right-handed forms of a given chiral molecule. These enantiomers always have
identical melting points, boiling points, dipole moments, solvent capabilities, and
so forth, but one property that distinguishes them is the ability to rotate the plane
of polarized light in opposite directions.

Light is commonly pictured as oscillating electric and magnetic fields occupy-
ing perpendicular planes, both of which include the direction of travel, as shown in
Figure 3.2a. Note that an infinite number of planes are possible for both the elec-
tric and magnetic fields, as shown in Figure 3.2b for the electric field. In ordinary
unpolarized light, no one plane is preferred over another. If, however, ordinary light
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FIGURE 3.2 y

Light as electromagnetic
radiation. (a) Light as
perpendicular electric (E) and
magnetic (M) fields. (b) Some
of the possible planes of the
electric field in unpolarized
light. (c) Unpolarized light is
passed through a polarizing
medium that allows only one
orientation (plane) of the
electric field to pass.

Direction of
travel of the
wave

Light beam coming
directly out of the
plane of the paper

(b)
E
Unpolarized Polarizing Polarized
light medium light

(c)

is passed through (or sometimes reflected off) an appropriate medium, it can be
polarized, or made to act as if it is confined to just one given plane. Polarization is
represented in Figure 3.2c. Polarized light has only one possible plane for its
oscillating electric or magnetic field.

In the early 1880s, it was discovered that certain substances (for example, turpen-
tine and other organic liquids, aqueous sugar solutions, quartz, and other minerals)
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FIGURE 3.3

The effect of an optically
active sample on the plane
of polarized light. Passing
polarized light through an
optically active sample causes
the plane of the oscillating
electric field (and, not shown, ) )
the perpendicular plane of the Optically active
oscillating magnetic field) to sample

be rotated by an angle 6.

are optically active; that is, they can rotate the plane of a polarized light beam of a
particular wavelength. This situation is shown in Figure 3.3. What could cause such
an effect? In the mid-nineteenth century, Louis Pasteur suggested that the optical
activity of these substances might arise from the handedness of the molecules them-
selves. Today, we recognize that Pasteur was absolutely right. One enantiomer of a
chiral molecule will rotate polarized light in one direction, while on the other hand
(pun intended), the other enantiomer will rotate the light an equal amount in the
opposite direction. If there are equal numbers of molecules of both enantiomers
present, what is known as a racemic mixture, then there will be no net rotation of the
plane of the polarized light.

How can we tell if a given molecule is chiral or not? One way is to actually con-
struct its mirror image and see if it is superimposable on the original. If the mirror
image is nonsuperimposable, the molecule is chiral. It will exist as enantiomers that,
when separated, will be optically active. However, the actual construction of mirror
images is often time-consuming and cumbersome. A second, quicker, and almost
always reliable method of testing for chirality is to look for an internal mirror plane
that is, a plane of symmetry that passes through the molecule such that any given
component atom either sits in the plane or can be reflected through it into another,
exactly equivalent atom. A molecule that does not possess such an internal mirror
plane will be chiral. (There are a few exceptions to this rule, but they are beyond the
scope of this text.)

Figure 3.4 shows several molecules, some that have an internal mirror plane
and some that do not. Figure 3.4a shows three (of the possible five) internal mirror
planes in the square planar tetrachloroplatinate(II) ion. Consider, for example, the
plane marked M. Note that it contains the platinum atom and two of the chlorine
atoms, whereas the remaining two chlorine atoms are reflected through the plane
into each other. Since this anion contains an internal mirror plane, it is nonchiral.
Figures 3.4b and 3.4c show tetrahedral species. The bromodichloroiodozincate(Il) ion,
[ZnBrCl,I]*, shown in Figure 3.4b, is nonchiral because it has an internal mirror
plane containing the zinc, bromine, and iodine atoms and reflecting the chlorine
atoms into each other. Try as we might, however, no internal mirror planes can be
identified in the bromochlorofluoroiodomethane molecule of Figure 3.4c. This chi-
ral molecule is optically active and possesses left- and right-handed enantiomers.

The nomenclature for optical isomers most often recognizes the existence
of enantiomers by putting the symbol R/S- before the name of the compound.
R stands for rectus (from the Greek word meaning “right-handed”), and § stands for
sinister (meaning “left-handed”). The R/S§- designation, then, indicates the existence
of these enantiomers. The symbol 4//- before the name of a chiral compound centers
on the opposite abilities of a pair of enantiomers to rotate the plane of polarized light
at a specific wavelength. The o stands for dextrorotatory (rotating light to the right),
and the /is for levorotatory (rotating light to the left). (Incidentally, it should
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FIGURE 3.4

Internal mirror planes in
three molecules. (a) The
planar [PtCl,]* has five
internal mirror planes,
three of which are shown.
(b) [ZnCL,BrI]* has one
internal mirror plane that
bisects the Cl-Zn-Cl angle.
(c) CBrCLFI has no internal
mirror planes and is therefore
chiral.

ra

Cl
I..-..um\\'l.l\\l C \
Br
. N F
(b) .

be pointed out that there is not a direct correspondence between the R/S- and
d/I- terminology; that is, for example, rectus (R) molecules do not always rotate
polarized light to the right.) Finally, the capital Greek letters A (delta) and A (lambda)
also occasionallyserve toindicate the chirality ofacompound. Specific examples of this
nomenclature will follow in the tour of common coordination sphere geometries on
which we now embark.

BEFIN OCTAHEDRAL COORDINATION SPHERES

We saw in Chapter 2 (pp. 15-18) how Werner determined that cobalt, chromium,
and a variety of other metals have a secondary valence directed to the corners of an
octahedron. Now we turn our attention to a detailed description of this, the most
common geometry encountered for coordination compounds. We will see that a
wide variety of both geometric and optical stereoisomers are encountered. At the
outset, we restrict our investigation to compounds involving only monodentate
ligands and then move on to some more complicated cases involving multidentate,

chelating ligands.

Compounds with Monodentate Ligands

Recall that all six positions in an octahedron are equivalent. Therefore, when one
of the monodentate A ligands in a coordination compound of formula MAy is
replaced with a different ligand B, only one possible configuration exists for the
resulting MA;B complex. (There may be different ways to draw them, but all such
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38 Part I: Coordination Chemistry

structures are equivalent. See Figure 2.4a for further details.) With only one possible
configuration, octahedral MA;B does not have geometric isomers. You should satisfy
yourself that this one possible structure contains at least one internal mirror plane
and therefore is not chiral.

When a second B ligand replaces an A ligand to produce a complex of formula
MA,B,, two geometric isomers are possible. As an example, consider the cation
[Co(NHj;),CL] " that occurs in compounds such as tetraamminedichlorocobalt(I1I)
chloride, [Co(NHj3),CL,]Cl. The isomer with the two chloride ligands across from
each other, as shown in Figure 3.5a, is called #7ans (meaning “over” or “across”), and
the one with two adjacent chlorides, shown in Figure 3.5b, is called cis (meaning “on
the same side of”). The full name of the complete compound would be cis- or #rans-
tetraamminedichlorocobalt(III) chloride. It was his preparation of two and only two
geometric isomers of compounds of this type that convinced Werner (and his rival,
Jorgensen, for that matter) that cobalt complexes are octahedral. Note in Figure 3.5
that both geometric isomers contain an internal mirror plane and are nonchiral.

The replacement of a third A ligand with a B produces a complex of formula
MA;B;. Again, there are two possible geometric isomers, occasionally also referred
to using the cis- and #rans- prefixes. An example is triaquatrichlorochromium(I1II),
shown in Figure 3.6. Because the cis isomer has chlorides (and waters) at the corners
of a triangular face of the octahedron, it is more common to refer to it as the facia/
isomer and give it the prefix fac-. The trans isomer has chlorides (and also waters)
along half of a meridian of the octahedron and is called the meridional isomer and
given the mer- prefix. (A meridian is a great circle of Earth, passing through the

FIGURE 3.5

Cis and trans isomers of the
tetraamminedichloro-
cobalt(III) cation. (a) The
trans isomer has the two
chloride ligands across from
each other. (b) The cis isomer
has the two chloride ligands
adjacent to each other. Both
geometric isomers possess an
internal mirror plane (M) and
are nonchiral.

Cl

FIGURE 3.6

Fac (or cis) and mer

(or trans) isomers of tri-
aquatrichlorochromium (III).
(a) The fac (or cis) isomer
with the triangular face of
chloride ligands outlined
(dashed lines). (b) The

mer (or trans) isomer with the
chlorides along half the merid-
ian outlined (dashed lines).
Both geometric isomers pos-
sess an internal mirror plane
(M) and are nonchiral.

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 3: Structures of Coordination Compounds 39

FIGURE 3.7 trans A’s:

The five geometric isomers A A

of MA,B,C,. (a) and (b) have

the two A ligands in the trans C B B C
positions, whereas (c), (d).

and (e) have them in the cis

positions. (a) to (d) have

internal mirror planes, but the B C B fo
all-cis isomer (e) has no mirror
plane and is chiral. A A

(a) )

cis Als:
B C B
A C A B A B
A C A B A C
B C C

(c) (d) (e)

geographic poles.) As shown in the figure, both isomers have an internal mirror
plane and are not chiral.

Neither time nor space allows many more examples of octahedral coordina-
tion spheres containing only monodentate ligands, but we should consider one that
has both geometric and optical isomers. Consider the complex of general formula
MA,B,C,, a somewhat more complicated case than the ones previously encoun-
tered. It is best to approach the possibilities systematically. Start by putting the
A ligands trans to each other and then placing the B and C ligands. Figures 3.7a and
3.7b show the two possible placements of B’s and C’s. The first has both trans B’s and
C’s, and the second has both cis B’s and C’s. Note that the case where, for example,
the B’s are trans and the C’s are cis is not possible. (You should be able to convince
yourself that this is true. You might build some models as part of this effort.)

Moving now to the cases that have cis A’s, Figure 3.7c has trans B’s and cis C’s,
Figure 3.7d trans C’s and cis B’s,and Figure 3.7¢ both cis B’s and C’s. There are there-
fore five geometric isomers in this case. Are any of these chiral? The figures show
internal mirror planes for all the cases except the last. Accordingly, the cis—cis—cis
isomer is chiral; it has optical isomers.

Now we must consider the nomenclature for these MA,B,C, complexes.
Consider the compound diamminediaquadicyanocobalt(III) chloride that contains
the [Co(NHj;),(H,0),(CN),]" cation. The possible structures are as shown in
Figure 3.7 with M = Co®", A = NH;, B = H,0, and C = CN". The set of
names for the five geometric isomers must clearly indicate the arrangements of the
ligands in each case:

1. Trans-diammine-#rans-diaquadicyanocobalt(III)
Trans-diammine-cis-diaquadicyanocobalt(I1I)
Cis-diammine-#rans-diaquadicyanocobalt(I1I)
Cis-diammine-cis-diaqua-#rans-dicyanocobalt(III)

Uk W

R/§-cis-diammine-cis-diaqua-cis-dicyanocobalt(III)
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a0 Part I: Coordination Chemistry

Note that only in the last two cases must the cis/trans nature of the cyanide
ligands be specified. In the first three cases, they have to be trans, cis, and cis,
respectively. Why must this be so? The answer comes down to the fact alluded to
earlier: That once one pair of ligands is cis in this coordination sphere, there must
always be another cis pair. To see why this is so, take the second case, shown in
general in Figure 3.7b, as an example. Note that once the A’s are specified to be trans
and the B’s to be cis, the C ligands (CN™ in our specific compound) are required to
be cis. In the last two cases in which both the A’s and B’s are cis, however, the C’s
could be either trans as shown in case 4 or cis as in case 5. The last geometric isomer,
the cis—cis—cis case, is chiral, and so the R/S- prefix must be added to indicate the
existence of optical isomers. Compounds of this type are difficult to resolve into
enantiomers; this latter compound was in fact not resolved until 1979.

A large number of coordination compounds contain only monodentate ligands;
some of them have an impressive number of geometric and optical isomers. For
example, a compound of formula MA,BCDE has 9 geometric isomers, 6 of which
are chiral. For MABCDEF there are 15 geometric isomers, all of which are chiral.
In these more involved cases, the use of #7ans- and cis- prefixes is awkward. Instead,
it is more convenient to use a numbering system like the one shown in Figure 3.8.
Using this system, the preceding cis—cis—cis case becomes R/§-1,2-diammine-3,

4-diaqua-5,6-dicyanocobalt(I1I).

Compounds with Chelating Ligands

Multidentate ligands, often called chelating agents, were introduced in Chapter 2
(p. 19). In addition to ethylenediamine, H,NCH,CH,NH,, shown in Figure 2.5,
three other common chelating agents are displayed in Figure 3.9. Ethylenediamine,

FIGURE 3.8

The numbering system for
referring to ligand positions
in more complicated octahe-

dral cases.
FIGURE 3.9 H
Three common chelating 0 0 CH | CH
ligands: (a) oxalate, C,0%; N / 3 /C\ it
(b) acetylacetonate, C— (if (=) h:
[CH,COCHCOCH]; (=) -
(o) Z]lycinate, I\iHZCHZCOO’. O\. /O( & 0\' /0
(a) (b)
//O
CHZ—C\
H,;N o)
N v
(c)

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 3: Structures of Coordination Compounds a1

H,O 9
0\ o/chﬁlﬁo
\C . 0\ _o H,0 5
/ 3 /C Cr?
Crit 3+
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o= \ /C\\ H,0 0o
(0] O 0 0 C:‘“"O
N
H,0 W
L ] L 0 -

(a) (b)

FIGURE 3.10

The two geometric isomers of the [Cr(H,0),(C;0,),]™ ion: (a) trans- and (b) R/S-cis-diaquadioxalato-
chromate(III).

oxalate, and acetylacetonate are symmetric chelating ligands (both halves of the
ligand are the same), whereas glycinate is asymmetric. Confining ourselves to a
discussion of symmetric bidentates (represented as A—A) for the moment, we start
with octahedral complexes of general formula M(A-A),B,.

Itis important to realize that the coordinating sites of bidentate ligands generally
can span only the cis positions of an octahedron. (They are not long enough to
span across the trans positions.) With this in mind, we look at a specific example
of a M(A-A),B, complex, the diaquadioxalatochromate(III) anion, [Cr(H,0),
(C,0,),]" . The two possible geometric isomers are shown in Figure 3.10. The trans
isomer possesses an internal plane of symmetry (which includes the metal and the
oxalates) and is nonchiral. The cis isomer does not have an internal plane and is
optically active.

When three bidentate ligands surround a metal, propeller-like complexes result.
Two examples of these, R/S-tris(acetylacetonato)cobalt(III) and the R/S-tris(ethyl-
enediamine)chromium(III) cation, are shown in Figure 3.11. These are both chiral
species.

Recall (p. 18) that comparing the number of predicted geometric isomers with
the actual number that could be synthesized constituted impressive but “negative”
evidence for octahedral secondary valences. The positive proof that Werner so des-
perately needed was obtained by resolving the optical/ isomers of compounds con-
taining chelating ligands. In 1911 Werner and Victor King, an American doctoral
student, were able to report the synthesis and resolution of the optical isomers of
cis-[Co(NH;)Cl(en),]X,, where X = CI, Br, or 1.

How might you carry out such a resolution? Werner and King used a right-
handed form of the chiral 2- anion 3-bromocamphor-9-sulfonate to replace the
two halide anions in the racemic mixture of the salt. Now, by definition, the race-
mic mixture contains equal numbers of the right- and left-handed enantiomers of
the cation. The right-handed enantiomer of the resolving anion will form salts with
the two “hands” of the cation. These salts will have different spatial relationships
among the component atoms and therefore different properties such as solubilities
and melting points. The situation is represented using drawings of actual hands in
Figure 3.12. Note that the distances between the positions of the fingers of the
right-left pair is different from the positions in the right-right pair. Salts analogous
to the right-left pair would have different properties than those analogous to the
right—right pair and therefore could be successfully separated.
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FIGURE 3.11 L
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chromium(III) cation.

FIGURE 3.12 Racemic

A representation of the mixture

resolution of a racemic Lefl-h:anded Right-handed
mixture of the enantiom- cation cation
ers of a cation (+), using a

right-handed form of a chiral )
anion (—). The left- and

right-handed forms of the
cations have different
positions relative to the
right-handed form of the
anion.

)

‘ (
=

Right-handed Right-handed

anion anion

(=) (=)
Right-handed anion Right-handed anion

with with
left-handed cation right-handed cation

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 3: Structures of Coordination Compounds a3

Werner and his students went on, in a remarkably short period of time, to resolve
a large number of chiral chelate-containing coordination compounds. Indeed, this
work led directly to Werner’s receiving the Nobel Prize in chemistry in 1913. How-
ever, one nagging doubt was left to be resolved. All chiral compounds synthesized up
to that time (by far the majority by organic chemists) had contained carbon. Could it
be, as some of Werner’s critics argued, that this element had some mysterious, special
ability to produce optical isomerism? Perhaps it was not the octahedral configura-
tion of chelating ligands around a metal atom that produced the optical activity but
merely this special ability of carbon atoms. To dispel this last doubt, Werner set out
to resolve an optically active coordination compound that contained absolutely no
carbon.In 1914, Werner and Sophie Matissen (Werner was ahead of his time in that
he supervised the work of many women doctoral students) reported the resolution of
the amazing compound shown in Figure 3.13. (Somewhat ironically, this compound
had been synthesized some 16 years earlier by Jergensen and his students.) Note
that the three chelating ligands in this amazing compound are themselves complex
cations. The ligands would be named tetraammine-u-dihydroxocobalt(III). Each
ligand possesses two hydroxo groups that bridge from the cobalt(III) ion in the
ligand to the central cobalt(III). The full name of the compound would therefore be
R/S-tris[tetraammine-u-dihydroxocobalt(III)]cobalt(III) bromide. Note that this
chiral compound contains no carbon. Chirality could no longer be asserted to be
the exclusive province of carbon chemistry.

FIGURE 3.13 [

{Co[Co(OH),(NH;),]5}Brs,
a chiral coordination
compound containing

no carbon, resolved by
Werner and Matissen.
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BEFEIN SQUARE PLANAR COORDINATION SPHERES

Although coordination number 6 is certainly the most prevalent, 4 is also fairly
common. The geometry associated with four ligands around a central metal is usually
either tetrahedral or square planar. It makes sense that the larger the ligand, the
fewer of them fit around a small metal cation. A detailed explanation of the reasons
that a given metal takes on a coordination number of 4 rather than 6 and a square
planar shape rather than tetrahedral, however, will have to await our discussion of
bonding theories (Chapter 4) and, to some extent, solid-state structures (Chapter 7).
For now, it is sufficient to say that square planar complexes are the most common in
d® metals such as Ni(II), Pd(II), Pt(II), and Au(III), and in the &° Cu(II).

Analogous to the MA;B case discussed earlier, only one configuration is pos-
sible for square planar MA;B. For MA,B, there are two geometric isomers, cis
and trans. For example, diamminedichloroplatinum(II), Pt(NHj3),Cl,, is shown in
Figure 3.14. As is commonly the case in square planar complexes, the plane of
the molecule is the internal mirror plane, and these compounds are rarely chiral.
It follows that more complicated compounds, like those of the type MA,BC—
for example, the cation in amminechlorobis(pyridine)platinum(II)chloride,
[Pt(NH;)Cl(py),]Cl—also have two possible geometric isomers, but neither of
these is chiral. As in the more complicated octahedral cases, the nomenclature for
MABCD compounds can often be simplified using a numbering system. Consider
amminebromochloro(pyridine)platinium(II) as an example. Keeping the ammine
in place in the upper left corner, the other three ligands can be placed trans to
it as shown in Figures 3.15a through 3.15c. The first isomer can be named fairly
unambiguously as #rans-amminebromochloro(pyridine)platinum(II), but the other
two are both cis-amminebromo compounds. Accordingly, the numbering system
shown in Figure 3.15d makes life much easier.

Recall that the introduction of chelating ligands into octahedral coordination
compounds made for a greater incidence of chiral species. While this is not generally
true for square planar cases, there are a few well-established examples where the
introduction of an asymmetric chelating ligand produces a chiral square planar
complex. One such example is given in Figure 3.16.

FIGURE 3.14 C]\ NH, C.]\ NH,
(a) Trans- and (b) cis- /P1< Pt<

di inedichloroplati II). s
iamminedichloroplatinum (II) H,N al al NH,

(a) (b)

FIGURE 3.15 NH N al NH3\ Br

The geometric isomers of Pt< p[/
Pt(NH;)BrCl(py): / e

(a) 1-;mmine-3-bromochloro Py Br py c
(pyridine)platinum(II), (a) (b)

(b) 1-amminebromo-3-chloro-
(pyridine)platinum(II), and

(c) 1-a.m.m1'nebrqmochloro— NHR\ /Br 1\ /2
3-(pyr1d1ne)platmum(II). /Pg\ M
(d) General numbering scheme al Py 4/ \3

for square planar coordination
compounds. (From Bodie Douglas,
Darl H. McDaniel, and John J. Alexander,

Concepts and Models of Inorganic (C ) ( d)
Chemistry, 2nd edition. p. 305.

Copyright © 1983. Reprinted by

permission of John Wiley & Sons, Inc.)
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FIGURE 3.16 H, NH, NH H
A square planar chiral ////C / 2\ C\\\\
complex of platinum (II) P4 \ / A 47
with two derivatives of CeHs Pt ‘
ethylenediamine as the H.,,,//C / \ o CH,
chelating agents. ~__ _—
NH
C6H5( NH, ? CH,

B> TETRAHEDRAL COORDINATION SPHERES

Since all four positions of a tetrahedron are adjacent to each other, there can be
no cis/trans geometric isomers. To convince yourself that this is true, start with an
MA, tetrahedral configuration and replace one A ligand with a B. The resulting
MA;B configuration is the same no matter which A ligand was initially replaced.
Now replace a second A ligand. Again, no matter which of the remaining A ligands
is replaced, the resulting MA,B, looks exactly the same. The B ligands cannot be
across from each other in one structure and on the same side in another. (Again,
building a set of models would help you visualize this situation.)

There are at least two ways to generate chiral tetrahedral structures. The first is a
compound analogous to the bromochlorofluoroiodomethane pictured in Figure 3.4c.
Compounds of this type containing a central transition metal atom are difficult to
prepare but in principle are chiral. Chirality can also be achieved by using asymmetric
chelating ligands. Examples of such asymmetrical ligands are rare but one is a derivative
of acetylacetonate in which one of the methyl groups (CH;—) is replaced with a phenyl
group (C4Hs—) and the other methyl group with a carboxyl group (—COOH).
The official name of this molecule is “benzoyl pyruvate.” Figure 3.17 shows the
structural formula of the tetrahedral bis(benzoyl pyruvato)beryllium(II) complex. Note

that the structure contains no internal mirror plane and is therefore chiral.

BEXTIN OTHER COORDINATION SPHERES

Octahedral, square planar, and tetrahedral were certainly the most common geom-
etries encountered by Werner and his contemporaries, but there is an ever-growing
list of others. Most of these have come to light with the introduction, in the 1960s,
of increasingly routine structural determination methods such as X-ray diffraction
techniques. Some representative coordination numbers and corresponding struc-
tures are given in Table 3.1 and Figure 3.18. Coordination number 2 is uncommon
among transition metal compounds. As represented in Table 3.1, the rather limited
number of these species that do exist are confined almost exclusively to complexes
of silver(I), gold(I), mercury(II), and (not shown) copper(I).

Although some compounds would appear to have a coordination number 3, only
a few, on close inspection, actually do. For example, cesium trichlorocuprate(II),
Cs[CuCly], is actually made up of chloride-bridged chains of tetrahedral [CuCl,]*"
units. Genuine examples of coordination number 3 often involve large, bulky
ligands. Two relatively simple examples are given in Table 3.1.

FIGURE 3.17 C H C H
Bis(benzoyl pyruvato) AN N
beryllium(11). cC=0 O=
This tetrahedral coordination / AN N AN
compound contains no internal HC Be CH
mirror plane and is therefore AN VR /
chiral. C=—0 O0=—=¢C
/
HOOC COOH
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FIGURE 3.18

Some representative examples of coordination numbers 5 through 9: (a) trigonal bipyramidal [Ni(CN)s]*-
and square planar VO(acac),; (b) trigonal prismatic Re[S,C,(CsHs),)15; (c) pentagonal bipyramidal [ZrF,]*, trigo-
nally capped octahedral [NbF,]%, and tetragonally capped trigonal prismatic [NbOF,]*"; (d) square antiprismatic
[Mo(CN)g]*; (e) triangular-faced dodecahedron [Zr(C,0,),]*; (f) tricapped trigonal prismatic [ReH,]?*.

Coordination number 4, as we have seen, involves either tetrahedral or square
planar geometries. The former is commonly found for various d > or 4 electronic
configurations, whereas the latter, as previously noted, is most often found with
d® and, occasionally, #° metals. Often, the energetic difference between these two
configurations is very small. A few representative examples of both geometries are
given in Table 3.1. The number of coordination compounds with a coordination
number of 4 is second only to those in which the coordination number is 6.

Coordination number 5 also has two predominate geometries, square pyrami-
dal and trigonal bipyramidal, that differ only slightly in energy. In fact, such five-

coordinate compounds are often examples of fluxional compounds, those that exist in
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Chapter 3: Structures of Coordination Compounds a7z

TABLE 3.1
Survey of Coordination Sphere Geometries

Coordination
number Structure Examples

Linear [Ag(NH;),]", [AuCl,]", Hg(CN),
Trigonal [Hgl;]™, Pt(PPh,),
Tetrahedral MnO;, [CoBr,J*~, ReO;, Ni(CO),
Square planar [PACL,J? ~, [Pt(NH;),]**, [Ni(CN), -

5 Trigonal [CuCl P, [CACIP—, [NI(CN)L P~
bipyramidal
Square VO(acac),, [Ni(CN).[*~
pyramidal

6 Octahedral [Co(NH ;)g]**
Trigonal Re(S,C,Ph,);
prismatic

7 Pentagonal [ZrF*~, [HfF,] -, [V(CN),]*~
bipyramidal
Trigonally ['NbF-,]:' ~, [TaF,]~~
capped
octahedron
Tetragonally [NbOF,J*~
capped trigonal
prism

8 Square [ReFgl?~, [TaF;]? ~, [W(CN)gJ* -
antiprism
Triangular- [Mo(CN)g]*~, Ti(NO;),
faced
dodecahedron

9 Tricapped [Rv.:H;J,}2 =
trigonal
prism

two or more chemically equivalent configurations so rapidly interconverted that some
physical measurements cannot distinguish one from the other. Figure 3.19 shows
what is known as the Berry mechanism for the interconversion of the two forms of
pentacarbonyliron(0), Fe(CO);, a typical fluxional compound. Notice that only very
small, low-energy movements of the ligands are involved in converting one trigonal
bipyramid into a square pyramidal transition state and then back into a second
trigonal bipyramid. As the labeling of the carbonyl ligands shows, this mechanism
makes it easily possible for a given ligand to switch back and forth among the axial
and equatorial positions. This interconversion often occurs so rapidly that some

FIGURE 3.19 @

The Berry Mechanism. Vi O ®0 ®O

The Berry mechanism is used C C ®

for the interconversion of @ | @ \( \

trigonal bipyramidal and OC"'r.. ©) OC"»..__ co 3
square pyramidal forms of Fe CO = Fe CO = ,FC co
Fe(C0)s, a representative ®0C’ | @0% @ OC/

fluxional compound. A given ¢ c C

ligand may be axial in one of o o O 0]

the trigonal bipyramids but ® ® ®

equatorial in another.
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a8 Part I: Coordination Chemistry

physical methods, notably nuclear magnetic resonance (NMR) spectroscopy, can-
not distinguish between the axial and equatorial ligands of the trigonal bipyramid.
Sometimes, at lower temperatures, this rapid interconversion can be slowed to the
point that the axial and equatorial ligands can be identified.

Certainly not all five-coordinate coordination compounds are fluxional. Table 3.1
shows a few examples of species that adopt either a square pyramidal or trigonal
bipyramidal configuration. Note, however, that the pentacyanonickelate(II) anion,
[Ni(CN)s]*~, exists in both forms. In fact, both forms can be found in the same
compound, [Cr(en);][Ni(CN)s] - 1.5H,0.

We have seen that an octahedral configuration is by far the most prevalent
geometry in coordination compounds. Table 3.1 and Figure 3.18 both show, however,
a rare example of a trigonal prismatic geometry for coordination number 6. Most
evidence points to an interaction among the sulfur atoms that stabilizes the trigonal
prism over the expected octahedral configuration.

Coordination number 7 actually has at least three common geometries that,
again, are very close in energy. In most cases, higher coordination numbers are
favored only with large metals (usually second- and third-row transition metals and
lanthanides) and/or small ligands like fluoride. A similar situation exists for coordi-
nation numbers 8 and 9. Table 3.1 and Figure 3.18 show representative examples of
these higher coordination numbers.

BEXN STRUCTURAL ISOMERS

Structural isomers are defined in Figure 3.1 as those with differing numbers and
types of chemical bonds. A number of names have been given to a variety of these
isomers, but we restrict ourselves to three: coordination, ionization, and linkage.

Coordination isomers are those characterized by an interchange of ligands
among coordination spheres. One set of compounds is [Pt"(NHj;),][PtVCl] and
[Pt(NH;);Cl][Pt(NH;)CL]. Two compounds with the same number and types of
atoms but different numbers and types of chemical bonds, they are further characterized
by the exchange of an ammine and a chloride between the platinum(II) square planar
and the platinum(IV) octahedral coordination spheres. A second set of coordination
isomers, involving the exchange of ligands between Co(III) and Cr(III), is [Co(NH;)]
[Cr(CN)] and [Co(NH;3)sCN][Cr(NH;)(CN)s]. A third example involving two
coordinated metals spanned by bridging ligands is shown in Figure 3.20.

Ionization isomers are those characterized by an interchange of groups between

the coordination sphere and the counterions. Starting with [CoCl(en),(NO,)]SCN,

FIGURE 3.20 H +2
Two coordination isomers of O,
a bridged cation 7N\
: (NH3)4Cr\  Co(NH,)),Cl,
0]
H
tetraamminechromium(I11)-p-dihydroxodiamminedichlorocobalt(111)
H 2
O,
AN
CI(NH,),Cr_  Co(NH,);Cl
PN S 3
0]
H
triamminechlorochromium( 111)-u -dihydroxotriamminechlorocobalt(111)
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FIGURE 3.21

(@) Two resonance N
structures and I .-O/ \O._

(b) the resonance
hybrid for the nitrite
ion, NO3.

[ONOI-

(a) (b)

for example, the thiocyanate counterion can be exchanged with either a chloride or
a nitrite ligand in the coordination sphere to produce [Co(en),(NO,)SCN]CI and
[CoCl(en),SCN]NO,, respectively. [ Cr(H,0):]Cl;, [Cr(H,0)sCl]Cl, - H,O, and
[Cr(H,0),CL]CI - 2H,0 are ionization isomers in which the chloride counterions
are exchanged with waters in the coordination sphere. Once outside the coordination
sphere, the former aqua ligands become waters of hydration.

Linkage isomers are those that result when an ambidentate ligand (see p. 19)
switches its coordinating atom. The first identified instance of linkage isomerism
involved the nitrite ion, NO, . The Lewis structure of this anion involves resonance
structures as shown in Figure 3.21a. The resonance hybrid, Figure 3.21b, involves
m-electron density spread out among the three atoms of the anion. The structure of
the hybrid shows that both the nitrogen and oxygen atoms have a pair of electrons
that can be donated to a metal atom. If the nitrogen atom is the coordinating atom,
the ligand is referred to as nitro; if the oxygen is bound, the ligand is called nizrito.
Nitrite complexes not only were the first but also are still among the most common
examples of linkage isomerism.

In 1894 Jorgensen prepared two forms of the compound now formulated as
[Co(NH;)5(NO,)]Cl,. One form was yellow, the other red. These turned out to be
the oldest known examples of linkage isomerism. One is the nitro (N-bonded), the
other nitrito (O-bonded). But which is which? Jergensen and Werner worked
together on this problem, but they had none of the fancy instruments used today to
help distinguish between such isomers. Instead, they compared the colors of the
two forms with those of other known complexes. Compounds that were known to
contain six Co’*~N interactions, such as those containing the [Co(NHj;),]** and
[Co(en); " cations, were uniformly yellow. On the other hand, compounds that
contained five Co®*—N bonds and one Co**~Q bond, such as [Co(NH;):H,0]**
and [Co(NH;);sNO;]**, were red. Therefore, it followed that the yellow isomer of
[Co(NH;)s(NO,)]Cl, was N-bonded (nitro) and the red was O-bonded (nitrito).
The correct formulas and corresponding names are

[Co(NH;)sNO,]ClL,  (yellow)

pentaamminenitrocobalt(III) chloride or pentammine-N-nitrocobalt(II) chloride

and

[Co(NH;);ONO]ClL, (red)

pentaamminenitritocobalt(III) chloride or pentammine-O-nitrocobalt(III) chloride

'The thiocyanate ion, SCN7, is also known to form a variety of linkage isomers.
Analogous to the above pentaamminecobalt(III) compounds, [Co(NH;);sNCS]**

is nitrogen-bonded. The corresponding pentacyanocobalt(IlI) compound, however,
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is S-bonded. The full formulas and corresponding names are

[Co(NH,);NCS]CL,

pentaammineisothiocyanatocobalt(III) chloride or pentammine-/N-thiocyanatocobalt(III) chloride
and

K;[Co(CN);SCN]

potassium pentacyanothiocyanatocobaltate(IlI) or potassium pentacyano-S-thiocyanatocobaltate(III)

There are a few isolated examples of cyanide, CN ™, serving as an ambidentate ligand.
One example, shown below, occurs with the cobalt(IIT) complexes of the tetradentate
ligand triethylenetetramine (trien), NH,CH,CH,NHCH,CH,NHCH,CH,NH,.

Another example is Prussian or Turnbull’s blue, Fel'[Fe(CN)]; - 4 H,O, the structure
of which is shown in Figure 6.1.

[Co(CN),(trien)]*

dicyano(triethylenetetramine)cobalt(III) or di-C-cyano(triethylenetetramine)cobalt(I1I) cation

[Co(NC),(trien)]*

diisocyano(triethylenetetramine)cobalt(III) or di-IV-cyano(triethylenetetramine)cobalt(III) cation

SUMMARY

To discuss the structures of coordination compounds, we first defined various types
of isomers, compounds that have the same number and types of atoms but differ
in their chemical properties. Stereoisomers have the same number and types of
chemical bonds, whereas structural isomers do not. Stereoisomers can be subdivided
into geometric and optical isomers.

Optical isomers are chiral; that is, they are “handed,” or come in left- and right-
handed forms called enantiomers that rotate the plane of polarized light in opposite
directions. A racemic mixture contains equal numbers of both enantiomers.

A quick test for chirality is to look for the presence of an internal mirror plane.
A molecule that lacks such a plane is most always chiral or optically active and
is often designated by the R (rectus, or right-handed)/S (sinister, or left-handed)
scheme of nomenclature.

The most common geometry encountered in coordination chemistry is octa-
hedral. Starting with a compound of formula M A, and successively replacing the
monodentate A ligands with others designated B and C results in a large number
of various isomers. MA B, has two geometric isomers, designated cis and trans.
MA;Bj; also has two geometric isomers that are usually designated facial ( fac-) and
meridonal (mer-). The general compound MA,B,C, has five geometric isomers, one
of which is chiral.

Additional opportunities for optical activity arise in molecules containing chelat-
ing ligands (A—A). For example, a compound of general formula M(A-A),B, has two
geometric isomers, one of which is chiral. The propeller-like tris-chelated M(A-A);
compounds are always chiral. Werner and his collaborators took advantage of the
ready optical activity of such complexes to provide additional proof that the coordina-
tion spheres of his many and varied cobalt compounds were octahedral. After 20 years
of work, Werner’s coordination theory was thoroughly established, and he received the
Nobel Prize in chemistry in 1913. In a final positive proof, Werner and co-workers
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forever laid to rest the claim that carbon somehow was responsible for chirality by
preparing and resolving a chiral compound containing no carbon atoms at all.

A coordination number of 4 is second in prevalence to the octahedral coordi-
nation number 6. Two geometries are common for coordination number 4. Square
planar compounds although seldom chiral, often have geometric isomers. Since all
the positions of a tetrahedron are adjacent to each other, tetrahedral compounds
cannot have geometric isomers. A limited number of examples of chiral tetrahedral
compounds arise when the ligand itself is asymmetric. Other coordination num-
bers, not known in Werner’s time, have come to light in the last 50 years with the
advent of modern structure-determining techniques. Fluxional compounds have
two or more chemically equivalent configurations so rapidly interconverted that
some physical measurements cannot distinguish one from the other.

Structural isomers, those with differing numbers and types of chemical bonds,
can be subdivided into coordination, ionization, and linkage isomers. Coordination
isomers are characterized by an interchange of ligands among coordination spheres,
and ionization isomers have an interchange between the coordination spheres and
the counterions. Linkage isomers result when an ambidentate ligand switches its
coordinating atom. Nitrite (NO; ), thiocyanate (SCN™), and cyanide (CN™) are

commonly responsible for most linkage isomers.

PROBLEMS

3.1 Two compounds have the formula C,H,O. One, known as common grain alcohol
or ethanol, is composed of the ethyl (C,H;—) radical bound to the hydroxyl (—OH)
group, whereas the second, dimethyl ether, an extremely volatile organic solvent not
suitable for human ingestion, has two methyl (CH;—) groups bound to a central
oxygen atom. Classify these compounds: Are they () isomers, (%) structural isomers,
and/or (¢) stereoisomers? More than one of these terms may apply.

3.2 Consider a common chaise lounge used to relax in the sun on warm summer days.
It can be spread out into an approximately flat configuration like a cot, it can be
made to look rather chairlike, or it can be folded up for storage. Are these three
forms more like structural isomers or stereoisomers? Briefly rationalize your answer.

3.3 Consider the following two chain-theory formulations for the structure of
CoCl; - 6NH;. Would these be considered stereoisomers or structural isomers?
Briefly explain your answer.

_NH;-Cl _NH;-NH;-CI
Co -NH;-NH;-NH;-NH;-Cl  Co-NH;-NH;-ClI
“NH;-Cl “NH;-NH;-ClI

3.4 Given the isomers listed for the hexagonal planar and trigonal prismatic coordi-
nation spheres shown in Table 2.2, are these structural isomers or stereoisomers?
Briefly justify your answer.

3.5 Carefully explain in one well-composed paragraph, using your own words, what it
means to say that a molecule is optically active.

3.6 Given the isomers listed for the hexagonal planar coordination sphere shown
in Table 2.2, are these geometric isomers or optical isomers? For any geometric
isomers given in the table for hexagonal planar, which, if any, of these are chiral?
Briefly justify your answers.

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



52 Part I: Coordination Chemistry

*3.7 Given the isomers listed for the trigonal prismatic coordination sphere shown
in Table 2.2, are these geometric isomers or optical isomers? For any geometric
isomers given in the table for trigonal prism, which, if any, of these are chiral?
Briefly justify your answers.

3.8 Redraw the structure of the bromodichloroiodozincate(II) ion shown in Figure 3.4b.
Beside it, draw its mirror image. Can these mirror images be superimposed on each
other? What conclusion regarding the chirality of this anion can you draw from this
exercise? Is this the same conclusion arrived at by considering whether the molecule
has an internal mirror plane?

3.9 Redraw the structure of the bromochlorofluoroiodomethane molecule shown
in Figure 3.4c. Beside it, draw its mirror image. Can these mirror images be
superimposed on each other? What conclusion regarding the chirality of this
molecule can you draw from this exercise? Is this the same conclusion arrived at
by considering whether the molecule has an internal mirror plane?

3.10 Originally, the four atoms bound to a tetravalent carbon atom were thought to
occupy the corners of a square. However, when four different atoms were bound
to a carbon atom, the resulting molecules were found to be optically active. Will
(a) the square planar molecule and/or (4) a tetrahedral molecule adequately
account for the chirality of this type of molecule? Briefly justify your answer.

3.11 Restate, in your own words, the conditions for chirality that depend on (a) the super-
imposability of mirror images and (&) the presence of an internal mirror plane.

*3.12 Given AICIBrI and PCIBrl, use VSEPR theory to help you draw a diagram
showing the molecular shape of these molecules and then draw their mirror
images. Which of these species has superimposable mirror images? Are any of
these species chiral?

3.13 Of the molecules AICIBrI and PCIBrl, which have internal mirror planes? For
those that do, draw the plane on your diagram of the molecular shape. Are any of
these species chiral?

3.14 Would you expect any of the possible geometric isomers of PF,Cl; to be chiral?
Why or why not? Draw diagrams to support your answer.

3.15 Draw structural formulas for the following compounds:

(a) Cis-carbonylchlorobis(triphenylphosphine)iridium(I)
(6) Trans-chloronitrotetraamminechromium(III) nitrate
(¢) Trans-diammine-#rans-dinitritobis(pyridine)cobalt(IIl) nitrate

3.16 How many additional internal mirror planes are there in the first four parts of
Figure 3.7? Draw diagrams that illustrate these additional planes.

3.17 Draw structural formulas for the following compounds:

(a) Potassium #rans-dichlorobis(oxalato)cobaltate(I1I)
(0) (Acetylacetonato)-cis-dichloro-#rans-bis(triphenylarsine)rhenium(I1I)

Are either of these compounds chiral? Briefly support your answer.

3.18 Draw structural formulas for () barium cis-dibromodioxalatorhodate(III) and
(&) cis-cyanobis(ethylenediamine)isocyanocobalt(I1l) sulfate. Are either of these
compounds chiral? Briefly support your answer.

* Problems marked with an asterisk (*) are more challenging.
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3.19 Write formulas for the following molecules or ions:

(a) Trioxalatochromate(III)
(6) Cis-dichloro(ethylenediamine)platinum(II)

Are either of these compounds chiral? Briefly support your answer.

3.20 Write a structural formula for (ethylenediaminetetraacetato)cobaltate(III). Is this
anion chiral? Briefly support your answer.

*3.21 Briefly explain how the synthesis and resolution of cobalt complexes containing
chelating agents played a vital role in establishing the validity of Werner’s
coordination theory.

3.22 Draw diagrams showing the structures of and name all the stereoisomers of

[CoCly(en),]CL

*3.23 Sketch and label all the possible stereoisomers of M(a—a)A,B, where A and B are
monodentate ligands, a—a is a symmetric bidentate ligand, and M has a trigonal
prismatic coordination sphere. Indicate if any these complexes are chiral.

*3.24 Jorgensen had synthesized [CoCly(en),]Cl, which was known to come in two
forms named for their colors: violeo (cis) and praseo (trans). Werner cited the
existence of these two (and only two) isomers as proof of an octahedral coordina-
tion sphere. Given that the bidentate ethylenediamine can only span cis positions,
how many geometric isomers would this compound have if it assumed a trigonal
prismatic coordination sphere? Of these, how many would be chiral?

3.25 In 1901 Edith Humpbhrey, a doctoral student of Alfred Werner, synthesized two
isomers of bis(ethylenediamine)dinitrocobalt(I1I) nitrate. Draw diagrams showing
the structures of all the stereoisomers possible for this compound.

3.26 Werner first published his thoughts concerning the possibility of chiral coordina-
tion compounds in 1899 when he described bis(ethylenediamine)oxalatocobalt(I1T)
chloride. How many geometric and optical isomers does this compound have?
Draw diagrams showing the molecular structures of these isomers.

3.27 When Werner turned his attention to platinum compounds, he synthesized
PtCl,(NHs;),. He was able to prepare two geometric isomers of the compound
(see Figure 3.14). Little did he know that the cis isomer, now known familiarly as
“cisplatin,” would turn out to be a potent anticancer compound (see Chapter 6,
p- 145). Because he could prepare two geometric isomers of this compound, he
proposed that the platinum had a square planar rather than a tetrahedral coordi-
nation sphere. Using diagrams of square planar and tetrahedral structures, write a
short paragraph on how he came to this conclusion.

3.28 If the compound of Figure 3.16 were actually tetrahedral rather than square
planar as shown, would it still be chiral? Briefly justify your answer.

3.29 The complex [Pt(NHj;),(SCN),] forms two stereoisomers, whereas the complex
[Pt(en)(SCN),] forms only one. What, if anything, does this prove about the
geometry of these complexes? Explain. As part of your answer, sketch and name
these three isomers.

* Problems marked with an asterisk (*) are more challenging.
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3.30 Nitrilotriacetate (NTA), N(CH,COO)3", is a tetradentate ligand with the fol-
lowing structure:

_CH,COO™
: NZCH,CO0~
CH,COO™

Suppose you are given the following coordination compound:

K,[CoCI(NTA)(SCN)]

(a) Name the compound.
(&) Determine the number of stereoisomers the compound would have if it were
octahedral. Justify the number of chiral species.

*3.31 How many stereoisomers would the compound K,[CoCI(NTA)(SCN)] have if it

were trigonal prismatic? Justify the number of any chiral species.

*3.32 Given the compound Ni(gly),, would it be optically active if it were tetrahedral?
Square planar? Briefly discuss your answer.

*3.33 One resonance structure of the acetylacetonato ligand is shown in Figure 3.9b.
(a) Fill in the lone pairs of electrons necessary to complete this structure and
justify the negative charge on the central carbon atom. (4) Provide two additional
resonance structures and a structure for the resonance hybrid of the ligand.

(¢) Which of the three resonance structures is/are most important in
describing this anion? () Given the results of the above three sections of this
problem, suggest a modification of the structure of R/S-tris(acetylacetonato)
cobalt(III) shown in Figure 3.11b.

3.34 One resonance structure of the glycinate ligand is shown in Figure 3.9¢.
(a) Fill in the lone pairs of electrons necessary to complete this structure and jus-
tify the placement of the negative charge in the formula. (4) Provide viable addi-
tional resonance structures and a structure for the resonance hybrid of this anion.

*3.35 Fe(H,0),(gly),, where gly = NH,CH,COO, is a fine powder that serves as
a source of dietary iron. Draw structures for the possible stereoisomers of this
compound.

3.36 Draw a complete structure for cis-bis(glycinato)nickel(II).

*3.37 Provide structural formulas for the possible stereoisomers of tris(glycinato)
iron(III). (Hin#: Look carefully at the number of possible geometric isomers.)

*3.38 Draw the two linkage isomers of pentamminethiocyanatocobalt(I1I) chloride.
One of these is orange, the other violet. Speculate on the color of each isomer.
Provide a brief rationalization of your answer.

3.39 Draw the structure of dicyano(trien)cobalt(III) cation that is briefly discussed on p. 50.
3.40 Provide names for the compounds in Figure 3.18a.

3.41 Provide names for the compounds in Figures 3.18d and 3.18e.

* Problems marked with an asterisk (*) are more challenging.
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3.42 (a) Draw the Lewis structure of the nitrate ion and discuss its potential to serve
as an ambidentate ligand.
(6) Why did Jorgensen and Werner identify the complex cation [Co(NH;)sNO;]**
as definitely containing five Co®*~N and one Co®*~O interactions?

*3.43 Briefly explain why bis(ethylenediamine)dinitritocobalt(III) chloride, as opposed
to bis(ethylenediamine)dinitrocobalt(III) chloride, should be the same color as
bis(ethylenediamine)dinitratocobalt(I1I) chloride.

3.4a When Werner’s student Edith Humphrey first synthesized the complex salts of
formula [Co(en),(NO,),]X, they were taken to be O-bonded forms of nitrite.
Only later were they identified as N-bonded. Write the formulas of and name
both the linkage isomers of this compound where X is [AuCl,] ™.

*3.45 Draw a Lewis structure of the thiocyanate ion that contains a triple
carbon—nitrogen bond. When thiocyanate binds to a metal through the sulfur
atom, studies show that the M—S-C bond angle is approximately 108—-109°, but
when it binds through the nitrogen atom, the M—N—-C bond angle is 180°. On the
basis of your Lewis structure for SCN, briefly rationalize this difference.

3.46 Draw a Lewis structure of the cyanide ion, CN". Would you expect the cyano and
isocyano forms of this ambidentate ligand to have linear or bent M—C-N and
M-N-C bonds, respectively? Briefly discuss your answer.

*3.47 On the basis of your answers to Problems 3.45 and 3.46, combined with your
knowledge of ammonia as a ligand, speculate why [Co(NH;)sNCS]Cl, is
N-bonded but K;[Co(CN)s;SCN] is S-bonded. Consider the amount of space
occupied by both S- and N-bonded forms of the thiocyanate ligand as part of

your answer.

3.48 Trans-bis(ethylenediamine)dithiocyanatocopper(Il) forms three linkage isomers.
Write structural formulas and name each isomer.

3.49 How many coordination isomers could be formed starting with
[Cu(NH;),][PtBr,]? Write the formula for and name each isomer.

*3.50 The V,N-dimethylethylenediamine or “dmen” ligand has the following structure:

CHy

dmen = H,NCH,CH,N -N NZ
“CH;

Draw and name the possible stereoisomers of [Pt(dmen),]Cl,. (Hint: Assume that
this is a square planar complex.)

*3.51 Suppose an unknown metal were to form a tetrahedral complex of the formula
[M(dmen),]. How many geometric and optical isomers would be possible? Briefly
justify your answer. (Hinz: The structure of the dmen ligand is given in Problem 3.50.)

3.52 Write the formula for and name one coordination or ionization isomer of the
following compounds:

(a) [Co(NH;)5(NO;)1SO,
(8) [Cr(en);][Cr(C,04)5]

Indicate the type of isomerization that applies in each case.

* Problems marked with an asterisk (*) are more challenging.
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3.53 Write the formula for and name one coordination or ionization isomer of the
following compounds:

(2) [Pt(NH;),CL]Br,
(2) [Cu(NH,),][PtCL]

Indicate the type of isomerization that applies in each case.

*3.54 By writing formulas or drawing structures related to the compound of formula
[Pt(NH;),(C,0,4)]Cl,, give one example of as many of the following types of
isomers as possible: geometric, optical, linkage, coordination, and ionization.
Name each compound that you cite as an illustration.

*3.55 By writing formulas or drawing structures related to the compound of formula
[Pd(NH3),(NO,),], give one example of as many of the following types of isomers
as possible: geometric, optical, linkage, coordination, and ionization. Name each
compound that you cite as an illustration. For simplicity, assume
that any nitrite ions serving as ligands in a given compound are all either

N- or O-bonded.

*3.56 By writing formulas or drawing structures related to the compound of formula
[VCly(en),]NO,, give one example of as many of the following types of isomers
as possible: geometric, optical, linkage, coordination, and ionization. Name each
compound that you cite as an illustration. For simplicity, assume that any nitrite
ions serving as ligands in a given compound are all either N- or O-bonded.

*3.57 By writing formulas or drawing structures related to the compound of formula
[Co(acac),(NH;)(H,O)][Co(SCN),], give one example of as many of the
following types of isomers as possible: geometric, optical, linkage, coordination,
and ionization. Name each compound that you cite as an illustration.

* Problems marked with an asterisk (*) are more challenging.
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N CHAPTER

Bonding Theories for
Coordination Compounds

In Chapters 2 and 3, we considered the history, nomenclature, and structures of
coordination compounds. In these earlier discussions, we introduced the metal—-
ligand (M-L) coordinate-covalent bond in which the ligand shares a pair of electrons
with the metal atom or ion. Now we are in a position to consider the nature of the
M-L bond in greater detail. Is it primarily an ionic interaction between ligand
electrons and a positively charged metal cation? Or should the M-L bond be more
properly described as predominantly covalent in character? Whatever the character
of the bond, the description of M—L interactions must account for (1) the stability
of transition metal complexes, (2) their electronic and magnetic characteristics, and
(3) the variety of striking colors displayed by these compounds.

In this chapter we investigate the rise of various bonding theories that have
been applied to Werner’s coordination compounds. We see how Lewis electron-dot
diagrams were applied to coordination compounds (in the 1920s) and how the
familiar octet rule was translated into the effective atomic number rule for these
compounds. Shortly thereafter, in the 1930s, crystal field theory, valence-bond
theory, and molecular orbital theory were conceived, and there followed an intense
struggle to determine the most effective theoretical basis for the bonding in tran-
sition metal complexes. As it turns out, valence-bond theory has now fallen into
relative disuse and is treated but briefly in this chapter. Although of great promise,
the molecular orbital theory is rather abstract and does not lend itself easily to
quantification. This leaves crystal field theory (in which the M-L bond is treated as
purely electrostatic in nature) as the best of the three approaches to the bonding in
coordination compounds, particularly at an introductory inorganic level.

57
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B EARLY BONDING THEORIES

The Lewis Acid-Base Definition
As depicted in Figure 2.1 and outlined in the “Summary” of Chapter 2, viable

bonding theories started to emerge from the quantum-mechanical model of the
atom in the 1920s. G. N. Lewis proposed his now familiar electron-dot diagrams and
octet rule for simple compounds in the early 1920s, and by the end of the decade,
Nevil Sidgwick applied these ideas to coordination compounds. It was he who first
proposed the idea of the coordinate-covalent bond referred to in earlier chapters.

To put the various descriptions of the ML bond into proper historical per-
spective, we start with a brief review of various acid-base theories. In the latter part
of the nineteenth century, Svante Arrhenius’s ideas about the existence of ions in
the aqueous solutions of salts, acids, and bases led to his classification of acids and
bases as substances that liberated hydrogen (H™) or hydroxide (OH ") ions, respec-
tively. Although regarded today as rather limited in scope, the Arrhenius definitions
still remain useful in classifying compounds and their resulting reactions. Later, in
the early 1920s, Johannes Bronsted and Thomas Lowry independently proposed a
more general definition that classified acids as proton donors and bases as proton
acceptors. The Bronsted—Lowry definition was not restricted to aqueous solutions,
did not require the presence of a hydroxide group in a base, and encompassed more
compounds as acids and bases. It proved to be a broader and more generally useful
acid-base definition than that of Arrhenius.

Lewis proposed his still broader and more useful definition of acids and bases
in the late 1920s and early 1930s. Classifying acids as electron-pair acceptors and
bases as electron-pair donors, he thereby liberated acid—base theory entirely from
its former dependence on the presence of hydrogen. The advantage of the Lewis
definition is that a larger number of reactions can be classified as acid-base than
under either the Arrhenius or Brensted—Lowry definitions. The classic example used
to demonstrate the more general nature of the Lewis definition is the gas-phase
reaction between boron trifluoride and ammonia, as represented in Equation (4.1):

BF3(g) + NH3(g) — F3B A :NH:;(.Y) m

electron-pair acceptor electron-pair donor a coordinate-covalent bond between
(Lewis acid) (Lewis base) the acid and the base (Lewis salt or adduct)

Note that BF; neither provides hydrogen ions in solution nor is a proton donor as
required by the Arrhenius and Brensted—Lowry definitions, respectively. Similarly,
NH; neither provides hydroxide ions in solution nor acts as a proton acceptor.
(There are other instances in which ammonia is a proton acceptor, but it does not
play that role in this reaction.) Therefore, this is not an acid-base reaction under
these more restricted definitions. Boron trifluoride is, however, an electron-pair
acceptor and ammonia an electron-pair donor, so the reaction can be classified
as acid—base under the Lewis definitions. (In a sense, the product of a reaction
between a Lewis acid and a Lewis base could be called a Lewis salt. However, the
more technical term for such a product is a Lewis adduct.)

Sidgwick applied these ideas to coordination compounds. He noted that
compounds such as the cobalt ammonates, described so ably by Alfred Werner’s
coordination theory, could also be classified as Lewis adducts. Equation (4.2) shows
the formation of the hexaamminecobalt(III) cation from the Co®" cation and six
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ammonia molecules:

-
NH;
:NH;
3+ /
Co’"(ag) + 6 :NH;(ag) —> H;N: — Co «— :NH; | 4.2 |
Lewis acid Lewis bases H,N :/ T
NH;

coordination compound
= Lewis salt or adduct

Note that the metal cation is an electron-pair acceptor (Lewis acid) and each
ammonia molecule is an electron-pair donor (Lewis base). The resulting coordina-
tion compound can then be thought of as a Lewis salt or adduct.

Parallel to the octet rule that applies to the Lewis structures drawn for simple
molecules, the effective atomic number (EAN) rule states that in a coordination com-
pound the sum of the electrons of the metal plus those donated by the ligands should
be equal to the number of electrons associated with the next-higher noble gas. For
example, in [Co(NHj)s]**, the cobalt 34 ion has (27 — 3 =) 24 electrons, and the six
ammine ligands donate (6 X 2 =) 12 electrons, for a total of 36 electrons. There are
also 36 electrons associated with krypton, the next-higher noble gas found at the right
end of the period containing cobalt. Like the octet rule, the EAN rule is often violated
but provides a convenient and useful rule of thumb. A large variety of coordination
compounds {for example, Ni(CO),, [Pd(NH;)(]**, and [PtCl;]*"}, involving all
three rows of transition metals, satisfy the EAN rule. Unfortunately, there are also a
large number of perfectly stable compounds {for example, [Cr(NH;),]**, [PdC1,]*",
and [Pt(NH;),]*"} in which the EAN rule is violated. The EAN rule works better
for organometallic compounds (those that involve metal-carbon bonds), but they
are largely beyond the scope of this book.

Crystal Field, Valence-Bond, and Molecular Orbital Theories

As outlined in the chapter introduction, the 1930s saw the emergence of three
theories (crystal field, valence-bond, and molecular orbital) that today, with the benefit
of perfect hindsight, we recognize held great promise for effective and useful ways
of visualizing the bonding in coordination compounds. CFT, developed to a large
extent by the physicists Hans Bethe and John Van Vleck, regarded the metal-
ligand bond as exclusively electrostatic. CF'T considered the effect of an octahedral,
tetrahedral, or square planar “field” of ligands on the energies of the atomic orbitals
of the metal. Mostly the province of physicists, CF'T was largely ignored by inorganic
chemists until the 1950s. CFT, and its amended version admitting some covalent
character [called the adjusted CF'T (ACFT) or the ligand field theory (LFT)],is now a
principal bonding theory for coordination compounds. One of its primary attractions
is its conceptual simplicity, making it of great value, particularly when one is approach-
ing the problem of the bonding in coordination compounds for the first time.

VBT, primarily the work of Linus Pauling, regarded bonding as char-
acterized by the overlap of atomic or hybrid orbitals on individual atoms.
(Atomic orbitals are sometimes referred to as “native” orbitals—those original
or indigenous to a free atom—whereas linear combinations of these native atomic
orbitals constitute hybrid orbitals.) VBT has been largely successful in accounting
for the structure of many simple molecules, particularly those encountered in organic
chemistry. For an octahedral coordination compound, VBT envisions the overlap
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among an octahedrally shaped set of @%sp® hybrid orbitals of the metal with
appropriate atomic or hybrid orbitals of the ligands. Both of the bonding electrons
constituting the M-L bond are donated by the ligand. Although VBT was the
principal way in which inorganic chemists visualized coordination compounds until
the 1950s, it has now fallen into disfavor due to its inability to account for various
magnetic, electronic, and spectroscopic properties of these compounds.

Molecular orbital theory (MOT), developed piecemeal by a number of chemists
and physicists, pictures the electrons of a molecule setting up standing- or confined-
wave patterns of electrons that are under the influence of two or more nuclei. These
molecular orbitals, analogous to the familiar atomic orbitals, are spread out over all
the atoms of the entire molecule. Molecular orbitals, like their atomic cousins, can
be arranged in energy levels that account for the stability of various molecules. MOT
would seem to be the best way, in the final analysis, to understand chemical bonding
in most all molecules, including coordination compounds. Conceptually, it is simple
to understand, but its quantitative application to relatively simple polyatomic mol-
ecules, including coordination compounds, is highly abstract and mathematical. It is
not the place for a beginner to start to visualize bonding in these compounds.

Given this background on the basic tenets and principal advantages and disad-
vantages of CF'T, VBT, and MOT, it is not surprising that we concentrate on CF'T

for the visualization of the bonding in coordination compounds.

B8  CRYSTAL FIELD THEORY

Crystal field theory assumes that all M—L interactions are purely electrostatic in
nature. More specifically, it considers the electrostatic effect of a field of ligands on
the energies of a metal’s valence-shell orbitals. To discuss CF'T, we need only be aware
of two fundamental concepts: (1) the coulombic theory of electrostatic interactions
and (2) the shapes of the valence orbitals of transition metals—that is, the nd orbitals
(n = 3 for the first row of transition metals, etc.). The first concept involves only the
familiar ideas of the repulsion of like and the attraction of dislike electrical charges.
Quantitatively, Coulomb’s law states that the potential energy of two charges Q; and
0, separated by a distance 7 is given by the formula shown in Equation (4.3):

QD

7

Potential energy =

'The second concept, the shapes of 4 orbitals, requires a little more development.

Shapes of 3d Orbitals

Orbitals, as you recall from earlier courses, are confined or standing electron waves.
In other words, when a negative electron—treated as a wave as allowed by the wave-
particle duality—is confined to the area about a positive nucleus, certain allowed
wave patterns, or orbitals, are set up (much like various allowed wave patterns are set
up in a guitar string or a kettledrum head). The shapes of various orbitals represent
the probabilities of finding an electron in the area surrounding the nucleus of
an atom. These orbitals are described by a set of quantum numbers (7, / m,), and
each has a characteristic energy. The familiar hydrogen-like (those generated in a
one-electron case, typically taken to be the hydrogen atom) orbitals are shown in
Figure 4.1. Figure 4.2 shows the relative energies of the 1s, 2s, 2p, 3s, 3p, 45, and 34

orbitals in a typical first-row transition metal.
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Y

X Oorz yorz

xy

FIGURE 4.1

Cross-sectional sketches of the hydrogen-like 1s, 2p, and 3d orbitals. The orbitals are shown as 90%
boundary surfaces with plus and minus signs representing phases and triangles representing the points of
maximum electron probability. Nodes are given as dashed lines.
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FIGURE 4.2
The relative energies of
atomic orbitals in a many-
electron atom such as a — — —d4p
typical first-row transition — 4s — =g
metal. e e

— 35

E
—_—— —p
—_— 2
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There are a few special notes to be made about these orbitals as depicted in
the figures. First, you should recognize (in Figure 4.2) the familiar pattern of the
energy-level diagram. Within a shell (orbitals with the same principal quantum
number 7), the orbitals are divided into subshells (those with the same orbital
quantum number /). For example, the 7 = 3 orbitals are divided into the 35, 3p, and
3d subshells that increase in energy as /increases from 0 to 1 to 2. Also recall that
the set of three 3p orbitals as well as the set of five 34 orbitals are degenerate; that
is, the orbitals in each set have the same energies. It is the effect of a field of ligands
on the energies of the five nd orbitals that is a principal focus of CF'T.

In closely examining Figure 4.1, you may perhaps be a little surprised at the
nearly spherical (or circular in two dimensions) shape of the p and & orbitals. In
many introductory courses (and particularly in the models commonly shown in
these courses), these orbitals look something like balloons tied together at the
nucleus. In fact, a more accurate pictorial representation is given in Figure 4.1.
Each orbital, represented in two-dimensional cross-sectional diagrams, looks like
it has been cut out of a circular piece of “cloth.” The outer solid lines represent 90%
boundary surfaces (inside of which the electron will be found 90% of the time), and
the dashed lines represent nodes, areas where the electron has a zero probability
of existing. The plus and minus signs indicate the phase of the orbital in a given
area, and the small triangles show the points of maximum electron probability in a
given “lobe” of the orbital. The actual three-dimensional orbitals can be visualized
by rotating the lobes of the two-dimensional cross-sectional diagrams about the
appropriate axis or axes. For example, the three-dimensional 34, orbital is gener-
ated by rotating the two-dimensional cross section about the z axis, as shown in
Figure 4.3. Not too surprisingly, given the shapes indicated, the sum of the electron
probabilities in a given subshell (3p or 34, for example) is a sphere.

One of the principal differences between the three p orbitals and the five 4
orbitals is that, whereas the former set has three identical orbitals oriented along
the x, y, and z axes, respectively, the latter has four identical orbitals (&,,, 4,,, 4.,
and dxz,yz) and one (the 4,) that /ooks like it is special; that is, it appears to be rather
different from the other four. This distinction between the . orbital and the other
four needs to be addressed in some detail because a thorough knowledge of the
shapes of the 4 orbitals is essential to an understanding of CF'T.

Actually, it turns out that the Schrodinger mathematics, which yields the proba-
bility of finding electrons in various orbitals, can be carried out a number of different
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FIGURE 4.3 Az Az

The rotation of the cross-
sectional sketch of a 3d,
orbital about the z axis
generates a three-
dimensional representation
of that orbital.

rotate about

the = axis _ \

FIGURE 4.4

Dependent and independent
d orbitals. (a) The dependent
d,_, and d_ orbitals.

(b) The d, orbital that results
from a linear combination

of the above two dependent
orbitals. Note that the 3d,.
orbital is the same size as its
constituent dependent orbitals
but has double the probability
of finding an electron along
the +z and —z axes.

(a)

(b)

ways yielding a variety of solutions. The five 34 orbitals depicted in Figure 4.1 are but
one possible set of orbitals. (They turn out to be the most convenient set for reasons
that are unnecessary to the following argument.) Another solution of the Schrodinger
mathematics in fact yields six dependent orbitals. Dependent orbitals are so named
because any one of them can be expressed as a linear combination of two others. These
six dependent 4 orbitals are the 4,,, 4., d., and d,-_» orbitals shown in Figure 4.1, plus
two more similar to 4>, labeled 42> and 4> . These latter two dependent orbit-
als are shown in the top part of Figure 4.4. Note that they, like the 4. orbital, have
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lobes pointing along the axes given in their designations. The six dependent 4 orbit-
als, like those in other subshells, are degenerate; that is, they have the same energies
in a free metal atom or ion.

'The five independent 3d orbitals that we normally use are generated from the six
dependent orbitals by taking a linear combination of (that is, adding) the ,>_» and
d,_,» orbitals to generate the 4> orbital, as represented in Figure 4.4. Note here
that both of these dependent orbitals have a probability of finding the electrons
along the positive and negative z axis, but only the 4. has probability along the
y axis, and only the Z._ > has probability along the x axis. Therefore, when these
two orbitals are added together, the resulting 4> orbital has twice as great an elec-
tron probability along the z axis as it does along the other two axes. The points
of maximum probability (given by the triangles), however, remain the same in all
three orbitals. Now we are ready to consider the effect of a crystal field of ligands
on the five traditional 34 orbitals. Keep in mind, however, that the 4. orbital is not
as special as it looks. It is merely a linear combination of two dependent orbitals
that look exactly like the other four orbitals in the subshell.

Octahedral Fields

Suppose we start with a first-row transition metal ion, M"", containing some unspeci-
fied number of 3d electrons. CFT considers what would happen when an octahedral
field of ligands is constructed around this metal. Assuming that each of the six lig-
ands has a pair of electrons to “donate” to the metal, there will be a total of 12 ligand
electrons to consider. Figure 4.5 shows the physical construction of the octahedral field
about the metal in four stages and the energy corresponding to each stage.

Stage I has the metal and the 12 electrons an infinite distance apart. The five 34
orbitals of this “free” metal ion will not be affected at all by the ligand electrons and
will remain degenerate. We take the energy of this first stage to be zero and to be the
reference point for the other three. In stage II, the 12 ligand electrons are brought
up around the metal to form a spherical shell at the appropriate M-L distance.
Since the ligand electrons are smeared out into a spherically symmetric cloud, each
of the metal 34 orbitals will be equally affected, and their degeneracy will remain
unbroken. However, since any electrons in these 34 orbitals will be repelled by the
ligand electrons, the potential energy of the system will increase. [Both Q; and Q,
in Equation (4.3) will be negative, so the potential energy of the system will be
positive.] At this point, the effect of the electrostatic attractions between the positive
metal cation and the 12 ligand electrons have been ignored.

In stage I1I, the 12 electrons are actually arranged into an octahedral field at the
same M-L distance as in stage II. (For convenience, the ligands are pictured as being
along the three Cartesian coordinates.) Since the distance between the metal and
the ligand electrons has remained the same, the net potential energy of the system
does not change. Another way to say this is that the barycenter, the average energy
of a set of orbitals in the same subshell, remains constant in going from stage II to
stage III.

'The energy-level diagram for stage III shows three of the 34 orbitals decreas-
ing in energy (relative to the barycenter) and two increasing. What are the fac-
tors involved in these changes in energy? Note that the two orbitals (4. and 4,)
that increase in energy point directly along the Cartesian axes and therefore directly
at the ligands. Any electrons in these two d orbitals will be repelled by the ligand
electrons and therefore will be less stable (and of higher energy) than they were in
stage II. [Still uncertain about why this should be the case? Look back at Coulomb’s
Law shown in Equation (4.3). Another way to look at this situation is that placing
electrons in these two & orbitals causes the potential energy to increase due to
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FIGURE 4.5 (a)
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stronger negative—negative interactions.] It follows that the energy of these orbitals
is higher than the barycenter.

Does it bother you that the differently shaped 4. orbital has the same en-
ergy as the dz_ orbital? It should not. Recall that the 4, orbital is but a lin-
ear comblnatlon of the dz_, and d_,» dependent orbitals that look like and
have the same energy as the dxz,},z orbital. (All three of these orbitals point di-
rectly at the ligands.) Therefore, it follows that the 4,._» and 4,: orbitals should
be of the same energy. Note that these two orbitals are referred to as the
¢, set. The basis of this symbol is derived from various symmetry arguments, which
we do not include here.

The three orbitals (4,,, d,, and 4,,) that decrease in energy relative to the
barycenter point in between the hgands and therefore the metal electrons that
occupy them are farther away from the ligand electrons than they were in stage II.
Accordingly, these electrons experience less repulsion by the ligand electrons
and therefore are in a more stable state (one of lower energy) than they were in
stage II. The collective symmetry symbol for these three orbitals in an octahedral
field is #,,.

Next we turn to a discussion of the quantitative aspects of the changes in the

energies of the e, and #,, sets. First, we define the crystal field (CF) splitting energy, A,
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as the difference between the energies of the d orbitals as a result of the application
of a field of ligands. Since this is an octahedral field, we designate the CF splitting
energy as A, where the o stands for octahedral. Next, note that since the position of
the barycenter remains unchanged, the total energy decrease of one set of orbitals
must be equal to the total energy increase of the other. Therefore, since there are
two e, orbitals, they must increase by 2A,, and the three 15, orbitals must decrease
by 2A,. Another way to express this relationship is

Energy decrease = Energy increase
2 3
(2a.) = o(3a) xm

So far we have discussed three of the four stages of the construction of an
octahedral field of ligands about a metal ion, as shown in Figure 4.5.To this point
the energy of the system has increased (which usually means the process will not
occur spontaneously), but there is one additional factor to consider. We have yet to
account for the effect of the electrostatic attractions of the 12 ligand electrons and
the positively charged metal ion. This factor, represented in stage IV, results in a
decrease in the barycenter of the system and a complex that is lower in energy than
the free metal ion located an infinite distance from the 12 ligand electrons. [The
potential energy of this last step adds a negative contribution to the overall energy
of the system because one charge (on the metal ion) is positive and the other (the
charges of the ligand electrons) is negative. |

'This completes a description of the basic CFT as it applies to octahedral fields.
We proceed now to briefer treatments of tetragonally distorted, square planar, and
tetrahedral fields. Following these sections, we will be in a position to investigate
the consequences and applications of crystal field theory.

Tetragonally Distorted Octahedral and Square Planar Fields

A tetragonally distorted octahedral field is produced when the z-axis ligands are
either pushed closer to or pulled away from the metal atom or ion. Moving the z-axis
ligands closer produces a tetragonal compression, and pulling them away produces a
tetragonal elongation of the original octahedral field. We consider elongation here.
(The term fetragonally distorted is derived from the fact that when viewed down the
zaxis an octahedron looks like a zeragon, alittle-used word for a four-sided figure.) By
convention (that is, by a procedure agreed upon by a large number of practitioners in
a field for the sake of uniformity and convenience), we choose to change the distance
from the metal to the ligands along the z axis rather than the x or the y. In most
cases where there is any special or unique axis of any type (another example is the
designation of the bonding axis), the z axis should be designated as that axis.

The left side of Figure 4.6 shows both the physical and energetic changes
accompanying a tetragonal elongation. Carefully note that at the same time that
the two z-axis ligands are pulled away from the metal, the x- and y-axis ligands
move in a little closer. The slight movement of the x- and y-axis ligands is allowed
because the removal of the z-axis ligands creates a small amount of empty space
around the metal. The coulombic attraction between ligand electrons and the charge
of the metal then pulls these ligands in closer to fill in that empty space.

Turning now to the energy changes accompanying a tetragonal elongation, we
will assume that the simultaneous movement of all six ligands keeps the barycenter
of the tetragonally elongated field the same as that in the original octahedral field.
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FIGURE 4.6

Structural and energy
changes in the conversion

of an octahedral field to a
square planar field.

(a) The gradual removal of the
z-axis ligands results in the
progression from an octahedral
to a tetragonally elongated
octahedral to a square planar
field of ligands. (b) The change
in the energies of the d
orbitals in a central metal
atom or ion corresponding

to the three fields. (From

F.A. Cotton and G.Wilkinson,
Advanced Inorganic Chemistry, 4th ed.,
Copyright © 1980. Reprinted by
permission of John Wiley & Sons, Inc.)
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Note that all orbitals with a z-axis component (4 12> Aoz d_) become more stable;
that is, their energies decrease. This is readily understood in terms of electrostatics.
When the z-axis ligand electrons are pulled back, a metal electron will more read-
ily occupy, for example, the . orbital because there is now less electron—electron
repulsion and the potential energy will be lower. The change in the energy of the
d. orbital is significantly greater than that in the 4,, and d), orbitals because the
former points directly along the z axis and its energy is more directly affected by
movements of ligands along that axis. The metal orbitals in the xy plane increase in
energy because their occupation results in more electron—electron repulsions and
correspondmg increases in their potential energies. The energy of the d»_ orbital
is affected more than that of the 4,, orbital again because the former points directly
at the x- and y-axis ligands.

What happens if we continue the movement of the z-axis ligands until they are
completely removed from the metal? The result, as shown in Figure 4.6, is a square
planar field of ligands. Note that the metal orbitals with a z component continue to
become more stable (decrease in potential energy) to the point that the energy of the
d 2 orbital falls below that of the 4,,. The differences in energy between the various
orbitals in the square planar case are indicated in the figure. Note that we cannot
assume that the square planar and octahedral barycenters are at the same energy
because there are no longer six ligands at the M-L distance but only four ligands at a
somewhat smaller M-L distance. (See Problem 4.23 for an opportunity and a hint on
how to calculate the position of the barycenter within the square planar crystal field.)
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FIGURE 4.7 b4
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FIGURE 4.8

The five d orbitals of a metal
atom or ion in a tetrahedral
field. The top three orbitals
(d, d, and d,,) are a
distance [/2 from the ligands,
and the bottom two (d,:_
and d,) are farther away at

[ \V/2/2. lis defined as the
length of the cube edge.

Tetrahedral Fields

The tetrahedral crystal field is more difficult to visualize than the octahedral and
related square planar cases. One way to simplify the tetrahedral case is to consider its
relationship to a cubic field. Figure 4.7 shows a cubic field—that is, a field of eight
ligands at the corners of a cube containing the metal ion at the center. As illustrated,
the cube can be thought of as the sum of two tetrahedra. (One tetrahedron of ligands
is depicted in bold print for clarity.) By convention, the Cartesian coordinates are
shown coming out of the center of each of the six cube faces.

Each of the five & orbitals is schematically shown in a tetrahedral field in
Figure 4.8. A quick inspection of this figure reveals why this case is not as simple
as the others discussed to this point. None of the d orbitals points directly at any of
the ligands. Instead, they a// point, to some degree, in between the ligands. To make
a distinction among sets of orbitals as we did in the octahedral case, the distance
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FIGURE 4.9

The crystal field splitting
of the d orbitals by a
tetrahedral field.

Barycenter

from the “tip” of any given orbital to a ligand is indicated in the figure. (The distance
is given in terms of /, the length of the side of the cube.) Notice that the top three
orbitals (4,,, 4, and d,,) are (//2 =) 0.50/ from each ligand, whereas the bottom
set (42— and ) is a little farther away at (/ V2/2 =) 0.7071. 1t follows that the
top set of orbitals is relatively less stable than the bottom. (In other words, metal
electrons that occupy the top set experience more electron—electron repulsions and
are of higher potential energy.)

Figure 4.9 summarizes the CF splitting in the tetrahedral case. The difference
in energy of the two sets is symbolized by A, where # stands for tetrahedral. Using
the same reasoning as explained for the octahedral field, the top set of orbitals (now
referred to as the £, set) is 2A, above the barycenter, and the bottom set (the e set)
is 2A, below. Due to the less clear-cut distinction between these two sets of orbitals
as compared with the octahedral case, it is not surprising that A, is only about half
that obtained for the octahedral case.

B30 CONSEQUENCES AND APPLICATIONS OF CRYSTAL FIELD SPLITTING

As we have just seen, the stability of coordination compounds, according to CFT, is
the direct result of a release of energy accompanying the electrostatic or coulombic
interaction of the ligand electrons with a metal ion. Now we are in a position to
quantify that stability and go on to see how CFT can also account for the colors as
well as the electronic and corresponding magnetic properties of these compounds.
Explanation of these properties will give us confidence that this whole picture of
the bonding in coordination compounds is a useful model that is worth our contin-
ued study. As with any model, particularly such a conceptually simple one as this,
we must also consider its various deficiencies and how they can be addressed.

Crystal Field Splitting Energies versus Pairing Energies

We start with a simple case. Suppose we are given two nondegenerate valence elec-
tronic energy levels, called E; and E,, separated by an energy difference labeled A.
As shown in Figure 4.10, we wish to consider placing two electrons in the orbitals cor-
responding to these energy levels. The first electron, as expected, will occupy the lowest
energy level, £;. Where the second electron goes, however, needs some discussion.

In what energy level would you expect to find the second electron? Assuming,
properly so, that a given energy level can hold two electrons and drawing on past
experience with the electronic configurations of atoms and the Aufbau principle,
it would not be surprising if you chose case I shown in the figure. Here the sec-
ond electron pairs with the first and also occupies the lowest energy level. There is,
of course, another possibility. The second electron might occupy the higher energy
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FIGURE 4.10
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level, E,, as shown in case II. Such a configuration would usually be designated as
an excifed state, but let us not jump (pun intended) to that conclusion. Instead, con-
sider the relative energies of these two cases.

Case I has a net energy of 2E; + B where P represents the pairing energy, defined
as the positive contribution to the potential energy of a system due to the pairing of
two electrons in the same energy level. A detailed consideration of pairing energy, as
it turns out, can be highly involved and not worth an extended discussion here. At
first blush, however, why do you suppose it would cost energy to pair electrons?
Certainly, one of the most important factors would be electron—electron repulsions.
After all, these energy levels are associated with orbitals, and putting two electrons in
the same orbital or volume of space results in a repulsive force between them and a
positive contribution to the potential energy of the system.

Case II, on the other hand, has a net energy of E; + E,, but E, is equal to
E; + A, the difference or split between the two energy levels. So the net energy of
case II is 2E; + A. Under what circumstances will a system adopt case I or case 1I?
We know that it will adopt the configuration of lower energy, which in turn will
be determined by the relative magnitudes of A and P If A is a large number, larger
than B case I, called the strong—field case, will be of lower energy and will be the more
stable. I A is a relatively small number, then case II, called the weak—field case, will
result. Also note that the strong-field case results in fewer (none in this particular
example) unpaired electrons. The two electron spins would cancel each other for a
net electron spin of zero. We call this the Jow-spin case. Conversely, the weak-field
case has more unpaired electrons (two in this example) and is appropriately called
the high-spin case. It is worth noting that the terms strong- and weak-field are theoret-
ical terms based on CFT, whereas the terms low- and high-spin are descriptive terms
derived from experimental observations.
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TABLE 4.1
Electronic Configurations and Crystal Field Stabilization Energies
for Metal Ions in Octahedral Fields

No. of High-spin Unambiguous Low-spin
d elec- cases Cases cases
trons Unsplit cases (CFSE) (CFSE) (CFSE)
1 4 p——
tZg a1 (%Aa)
2 44 ——
tZg 11 (EAG)
3 I tgg 111 (%Ao)
4 4441 1 ——
fggeé 111 (34) f‘z} 411 GA-p)
11 N
5 LAll 1584410 e 4 1 1 (2A2P)
11
21, —
6 A | e a1 (3A) 51 1 1 (28-2P)
11 1
5 2,0 . 4 6 1 . . . 9 A _
7 1 1 1 1 1 tlgeg_l’_l‘i(SAO) t2geg_l’_l’_l‘(§Aa P)

4
10 ORI 3¢ 4 4 1 (0)

Crystal Field Stabilization Energies

What happens when we extend these arguments to systems containing degenerate
energy levels such as those produced in a metal by an octahedral crystal field? Table 4.1
shows the possible electronic configurations that result for varying numbers of o electrons.
{Note that electrons are removed from a transition metal in the order #s electrons first,
then (7 — 1)d electrons. It follows, for example, that, whereas the electronic configuration
of titanium is [Ar]4s® 342 that of T is [Ar]34 1. T, then, is called a &* case.}

For 4", 4% and 4° cases, there is no choice as to what orbitals will be occupied. The
t, orbitals are of lowest energy, and the first three electrons can occupy them without
having to pair up. For the * case, however, there is a choice. The fourth electron can
either pair up in one of the %, orbitals or go to a higher-energy e, orbital. Which
resulting electronic configuration, fz‘g or tgg eg, will be favored? To answer this ques-
tion, we introduce the concept of crystal field stabilization energy (CFSE), defined as
the decrease in energy, relative to the unsplit state, of a coordination compound caused
by the splitting of the metal & orbitals by a field of ligands. CFSEs are given in
parentheses for each electronic configuration in Table 4.1. For example, since the #,,
orbitals are 2A, lower in energy than the barycenter, the CFSE of a 4" case is just
ZA,. For the 2 case, the CFSE is twice 2A, or #A,, and so forth.

For the d* case, the CFSEs are different for the high- and low-spin cases. For
the low-spin case, there are now four electrons in the #,, set, but two of them must be
paired. In the unsplit state, no pairing is necessary. Accordingly, the CFSE is 4(3A,)
minus B the pairing energy; that is, since it costs energy to pair two of the electrons,
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72 Part I: Coordination Chemistry

P must be subtracted from the stabilization energy that otherwise results from four
electrons occupying the #,, set. For the high-spin case, three electrons are ZA, lower
in energy but one is 2A, higher. Therefore, the CFSE is 3(2A,) — 1(2A,), or just
2A,. Having now calculated these CFSEs, can we decide which configuration is
more stable?

As in the nondegenerate example previously described, the relative stability of
the two cases comes down to the difference between A, and P. To see this more
clearly, the expressions for the CFSEs in each case are recast as follows:

Low-spin High-spin
(4,) (£ ¢)
CFSE—gA—P CFSE—EA—§A—A
5 4 5 4 5 4 4

Note that the only difference between these energies is the relative values of A,
versus P. If A, > P, the low-spin case will have the greater CFSE and will be
tavored. If, on the other hand, A, < B the high-spin case has a greater CFSE and
is favored.

All this looks fairly straightforward so far, right? However, let’s do one
more case that often seems to throw a monkey wrench into things. Take a look
at the 4° high-spin case in Table 4.1. The CFSE is given as 2A, but the diagram
shows two paired electrons in one of the #,, orbitals. Shouldn’t the CFSE be
2A, — P because of this electron pair? No, it shouldn’t. Recall that the CFSE is
calculated relative to the unsplit state. Both the unsplit state and this high-spin
case have one pair of electrons. Therefore, no pairing energy need be subtracted
in the calculation of the CFSE. In the low-spin case, there are three pairs
of electrons in the split case (#3,) and one pair of electrons in the unsplit case.
Therefore, 2P (not 3P) is substracted in calculating the CFSE.

Similar to the 4* case, we can recast the two expressions as follows:

Low-spin High-spin
(#5,) (£3, €7)

12 2 12

—A, — 2P A =—A —2A

5 4 2 5 4 5 4 0

As in both 4* and the nondegenerate examples, the relative stability of the two
cases comes down to the difference between A, and P.If A,> P, the low-spin case
is favored; if A, < P, the high-spin case is favored.

Similar results are obtained in the @° and @7 cases, where both high- and low-
spin cases are possible. (As usual in a chemistry text, you should verify these results
for yourself. The &° case is similar in complexity to the @* case. The 47 case is similar
to the d° case, where it is important to note that the number of pairing energies
that are subtracted is relative to the unsplit case. Work out the energy expressions
for yourself. Problem 4.37 also asks you to verify these energy expressions.) When
we get up to the #® to @' cases, there is, once again, only one possible electronic
configuration. So, in summary, although the degenerate energy levels resulting from
an octahedral field look somewhat more complicated, the relative stability of the
high- and low-spin cases is still decided by the relative magnitudes of A,and the
pairing energy P.
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Factors Affecting the Magnitude of the Crystal Field

Splitting Energies

Pairing energies, particularly for the first-row transition metals, are relatively con-
stant. Therefore, the choice between strong- and weak-field, low- and high-spin
cases comes down to the magnitude of the crystal field splitting energies, A. The
higher A is, the greater is the chance of a strong-field, low-spin electronic configu-
ration. The lower A is, the greater is the chance of a weak-field, high-spin electronic
configuration.

We have already discussed one factor affecting the magnitude of crystal field
splitting energies—namely, the geometry of the field. For a given metal ion and set
of ligands, A, is about twice as large as A,. In fact, as a rule of thumb, A, is always
smaller than B and tetrahedral complexes are always weak-field, high-spin. Square
planar fields (see Figure 4.6) have splitting energies approximating those of octahe-
dral fields and can be either high- or low-spin.

What other factors bear upon the degree to which & orbitals are split by a crys-
tal field? Consider next the properties of the metal cations. For example, the greater
the charge on a metal ion, the greater is the magnitude of A. For a given metal ion,
M"*, for example, A is always larger for a 3+ charge than for a 2+.Table 4.2 shows
a variety of metal ion and ligand systems. Note that in each case the splitting for
the 3+ ion is larger than that of the corresponding 2+. What is the rationale for
this observation? Simply put, using the electrostatic CF'T: The greater the charge
on the metal, the more the ligands are pulled in toward it, and therefore the more
the ligand electrons are able to affect or split the energies of the metal & orbitals.

TABLE 4.2
Octahedral Crystal Field Splitting Energies A,, cm™*
0
(M:]2+ (Mr}3+ (Mu)3+ (Mm):i+
Cr2+, Cr3+, Mu.!-i—

[CrCl 1 13,000 [CrCl P~ 13,200 [MoCl P~ 19,200
[Cr(H,0),]*™ 14,000 [Cr(H,0),]*~ 17,400

[Cr(NH ), P 21,500
[Cr(en);** 18,000 [Cr(en);*™ 21,900

[CHCN) PP~ 26,600

Co? +, Cn‘”, Rh? +, I3+
[RhCl, ]~ 20,000 [(IrCl, P~ 25,000

[Co(H,0),** 9,300 [Co(H,0), > * 18,200 [Rh(H,0),I** 27,000
[Co(NH ;) J** 10,100 [Co(NH )]~ 22,900 [Rh(NH ), I** 34,100 [Ir(NH 3)¢J** 41,000

[Colen), 2" 11,000 [Colen),*" 23,200 [Rh(en);*™ 34,600 [Irten); P+ 41,400
[Co(CN),I*~ 33,500 [Rh(CN), P~ 45,500

an +, Mn_‘-i-

[MnCl¢]* 7,500 [MnCI*~ 20,000
[Mn(H,0),]** 8,500 [Mn(H,0),** 21,000
[Mn(en),]** 10,100

FEZ +, FEJ +
_ [FeCl4 ) 11,000
[Fe(H,0),** 8.500 [Fe(H,0),1** 14,300

[Fe(CN),1*~ 32,800 [Fe(CN),*~ 35,000
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74 Part I: Coordination Chemistry

The size of the metal also has an effect on the crystal field splitting. Compare
similarly charged metal ions (for example, in Table 4.2, Cr’* and Mo3* or Co*",
Rh** and Ir’*) and note that for the larger second- and third-row transition metal
ions, the A s are always larger. The rationale here is that the larger ion has more
room about it so that a given set of ligands can approach closer to it without elbow-
ing one another out. (It helps in this and other discussions to follow to define the
term steric hindrance, the impediment to the formation of a given configuration of
a molecule due to the spatial interference or “crowding out” of various atoms or
groups of atoms in the molecule.)

'The situation is shown in Figure 4.11. Here we see a cross-section of four of
the six ligands of an octahedral field surrounding a metal ion or atom. (In other
words, in the interest of clarity, the z-axis ligands are not shown.) As shown in
Figure 4.11a, when the ligands crowd around a relatively small metal ion or atom, they
soon start to elbow each other out. We say that there is significant steric hindrance in
that situation. If, as shown in Figure 4.11b, the ligands back off to minimize the
steric hindrance, their increased distance from the metal makes them less effective
at splitting its & orbitals. If the metal atom or ion is larger as shown in Figure 4.11c,
the same ligands can get closer to it and split its 4 orbitals more effectively. To sum-
marize the argument, we can say that a given field of ligands experiences less steric
hindrance about a larger metal ion. The closer the ligands can approach, the more
their electron pairs are able to affect or split the energies of the metal & orbitals.

site of steric
hindrance

(a) ()

FIGURE 4.11

Steric hindrance in an octahedral field of ligands. Four of the six ligands (L) of an octahedral field around a metal atom or ion (M) are shown.
(a) Large ligands try to get close to a small metal but experience a large degree of steric hindrance; (b) the ligands back off from the metal but
now cannot split the metal d orbitals as effectively (smaller A,); (c) a larger metal atom or ion allows the ligands to get closer to it without ex-
periencing steric hindrance. The d orbitals of the larger metal are split more effectively by the octahedral field of ligands (larger A,). (d) If the
ligands are smaller, they can get closer to the smaller metal atom or ion and produce a larger A,.
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Note how well CEF'T has accounted for the degree of splitting of the 4 orbitals
caused by the type of field and the charge and size of the central metal. We turn
now, however, to a consideration of the relative ability of /igands to split 4 orbitals.
Table 4.2 shows that for the 11 metal cations listed, the five ligands can be arranged in
the following order of increasing ability to split metal Z orbitals: C17, H,O, NHj, en,
and CN". An expanded list of this sort, called the spectrochemical series, is shown below:

I" <Br <Cl- <SCN™ <NO;<F <OH" <C,0? <H,0
<NCS~ < gly < C;H;N < NH, < en < NO; < PPh; < CN~ < CO

Now, the question is, can we make any sense out of this series using CF'T? This task,
as it turns out, is somewhat more difficult than the preceding analysis of variations
in metal charge and size. It is heartening to note that the effect of ligand size makes
some sense in that the larger or bulkier ligands seem to be concentrated at the low
end of the series. The effect of decreasing ligand size is shown schematically in
Figures 4.11b and 4.11d. As the ligands decrease in size, for example, as the halides
do in the order I, Br™, Cl7, to F~, their ability to split the & orbitals increases. This
is consistent with our earlier crystal field arguments. Due to increased steric hin-
drance, larger, bulkier ligands are not able to approach as closely to a metal ion and
therefore do not greatly affect the relative energies of the & orbitals.

Several aspects of the spectrochemical series, however, are 7oz readily explained
in terms of the purely ionic CFT. For example, one would think that ligands carrying
tull negative charges would split 4 orbitals better than neutral ligands of approxi-
mately the same size. This is not necessarily the case. For example, water is higher in
the series than is OH™. Or, for a second example, one would think that the greater
the dipole moment of a ligand (resulting in a higher concentration of electron density
on the donating atom of the ligand), the higher in the series it would be. Again, this
is not borne out by the data: Ammonia has a smaller dipole moment than water, yet
NHL; is higher in the series.

Perhaps most surprising of all, look closely at the ligands on the high end of
the spectrochemical series. For example, triphenylphosphine, PPhy, is a very bulky,
neutral ligand with a low dipole moment, yet it is very high in the series. Carbon
monoxide or carbonyl, CO, is neutral and has a very modest dipole moment, yet it
is listed as the highest in the series. Clearly, CF'T, with its assumption of completely
electrostatic M-L interactions, does not appear to rationalize the spectrochemical
series particularly well. Short of abandoning CFT altogether, what must we do to
modify it so that a degree of explanation of the series can be achieved? It seems
logical that we need to investigate the possibility of adjusting the CFT to admit some
covalent contributions to the M-L bond.

'The last factor affecting the splitting of 4 orbitals to be discussed, then, is the
degree and nature of covalent ML interactions. Ligand electrons, after all, must
be associated with various orbitals that may be capable of overlapping various
metal orbitals. Some of the possible metal-ligand covalent interactions are shown
in Figure 4.12.

'The top half of the figure shows interactions of the sigma (o) type. Recall that o
bonds involve the head-on overlap of atomic orbitals. As shown, the most important
metal orbitals capable of sigma bonding are of the p and & types. Specifically, in
first-row transition metals, these would be the 4p and 34 orbitals. For head-on
overlap to occur, the 34 orbitals must be those of the ¢, set—namely, 4,2 » and
d2. Only these orbitals point directly at the ligands. Consistent with the nature
of the coordinate-covalent bond proposed by Sidgwick, the ¢, metal orbitals are
generally empty, and both bonding electrons come from the ligand. (In octahedral

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



76 Part I: Coordination Chemistry

complexes, as previously discussed, the ¢, orbitals are of higher energy and the ones
most likely to be empty.) The correspondmg ligand orbitals are of two major types
p orbitals (for example, in C17) and various hybrid orbitals (for example, sp and sp’
in CO and H,O, respectively). Using these orbitals, a degree of M-L overlap and
corresponding covalent character can be postulated. It turns out that, since all ligands
are capable of such interactions, these are not of great importance for explaining the
irregularities (at least as seen from the viewpoint of the electrostatic CFT) in the
spectrochemical series.

The bottom half of Figure 4.12 shows interactions of the pi () type. Recall that
these involve parallel overlap of the orbitals participating in the bond. The metal
orbitals of primary importance here are the #,-type 4 orbitals. These orbitals point
in between the ligands and are appropriately positioned (it is often said that they are
of the correct symmetry) to form n bonds with ligand orbitals. Ligand orbitals capable
of m bonding are the p- and d-type orbitals, as well as the so-called 7"-antibonding
orbitals. [Antibonding molecular orbitals result from the out-of-phase overlap of p

FIGURE 4.12 o-type covalent interactions:

Some possible o and & (-
covalent metal-ligand inter-
actions. Participating metal
orbitals are shown on the left,
and ligand orbitals (on four
representative ligands, H,0,
€O, CL™, and PPh,) are listed
on the right. Sigma-(co-) bond-
ing electrons are donated by
the ligand. Pi-(7) bonding
electrons can come from either
the metal or the ligand.

w-type covalent interactions:

Q <
oieTy

d(ty,)
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FIGURE 4.13

Two types of M-L 77 bonds.
(a) Backbonding, a 7
interaction between a filled

metal orbital and an unfilled

ligand orbital, results in
greater polarity of the M-L
bond and an enhanced
splitting of the metal d
orbitals. L can be ligands

such as the phosphines, PR;;

the arsines, AsR;; cyanide,
CN™; and carbonyl, CO.

(b) A 7 interaction between
an empty metal orbital and
a filled ligand orbital yields
a less polar M-L bond and a
diminished splitting. Here,
L can be ligands such as

hydroxide, OH™; oxide, 02~; o

the halides, I, Br—, Cl™.
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orbitals within a given ligand. Of the ligands we have considered, CO, CN", NO,
and ethylene (C,H,) possess such orbitals. More on the general nature of such
orbitals, derived from a qualitative consideration of MO'I, can be found
in most general chemistry textbooks.] Now, what happens when M-L
7 bonds are formed? Furthermore, can these 7 interactions at least partially explain
the irregularities in the spectrochemical series?

Figure 4.13 shows two types of 7 bonding that can occur in coordination com-
pounds. The first (Figure 4.13a) is between a filled metal orbital and an unfilled
ligand orbital. (‘The term backbonding is often used to refer to this type of interac-
tion. After a ligand forms a ¢ bond with a metal—and some electron density is
transferred from the ligand to the metal as a result—the metal is said to be return-
ing, or backbonding, some of this electron density to the ligand.) Backbonding,
then, results in some electron density being transferred to the ligand and thereby
produces a greater negative charge on the ligand and a greater positive charge on
the metal; that is, the M-L bond becomes more polar due to backbonding. This
enhanced polarity results in a greater electrostatic interaction between the metal
and the ligand and, in CFT terms, a greater split between the 4 orbitals of the
metal. Some of the ligands capable of this type of interaction are the phosphines,
carbonyl, and the isoelectronic cyanide ion. Note that these ligands appear high in
the spectrochemical series.

'The second type of M—L 7 bonding is shown in Figure 4.13b. Here the covalent
overlap is between a filled ligand orbital and an unfilled metal orbital. This time the
sharing results in a transfer of 7-electron density from the ligand to the metal, mak-
ing the M—L bond less polar. Therefore, the M-L electrostatic interaction results in
a lesser split between the & orbitals of the metal. Ligands capable of this type of
interaction are hydroxide, oxide, and the halides. Note that these ligands tend to be
concentrated toward the low end of the spectrochemical series.

We have seen that CEF'T accounts well for the effect of metal charge and size on
the magnitude of the crystal field splitting energy. To explain the relative ability of

Backbonding
(a)
M — L electron flow
D increases the polarity
of the M—L bond and
makes L. more capable
. Q_@ D of splitting metal d
orbitals
Filled Empty
{5 -type d orbital or
d orbital 7% antibonding
molecular orbital
6 — &+
il M =— L electron flow
Q Q—Q decreases the polarity
M of the M—L bond and
makes L less capable
O @_@ of splitting metal d
orbitals
Empty Filled
thtype p orbital
d orbital
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78 Part I: Coordination Chemistry

ligands in splitting o orbitals, however, a certain degree of covalent character in the
M-L bond must be admitted. This modification to the CFT allows for the explana-
tion of several of the major irregularities in the spectrochemical series. As noted on
page 59, the CF'T modified to allow small covalent interactions is sometimes referred
to as the adjusted crystal field theory (ACFT) or the ligand field theory (LFT).

It should be noted here that there are two additional tools for approaching the
nature of M~L interactions and the related topic of the overall stability of coor-
dination compounds. These are the hard-soft—acid-base (HSAB) theory and the
“chelate effect.” A discussion of these is deferred to Section 6.2 (“Iwo Keys to the
Stability of Transition Metal Complexes”) in the chapter on the applications of
coordination compounds. The stability of these compounds and their myriad and
diverse applications (including the production and purification of metals, photo-
graphy, analytical methods, detergent formulations, oxygen transport, treatments of
heavy metal poisoning, and antitumor agents) are often more readily approached

and understood using the HSAB theory and the chelate effect.

Magnetic Properties
As discussed previously, the magnitude of the crystal field splitting energy largely

determines the number of unpaired electrons in a given compound. This in turn, as
we see in this section, has a direct bearing on the magnetic properties of coordina-
tion compounds.

Molar susceptibility, Xy, can be defined as a measure of the degree to which a
mole of a substance interacts with an applied magnetic field. It can be measured in
a special apparatus called a Guoy balance, shown schematically in Figure 4.14.This
balance is set up so that the sample, typically contained in a small glass tube, is sus-
pended halfway down into the gap between the poles of a strong magnet. Using a
sensitive balance, the masses of the sample with the magnet on and oft are measured.
The difference between these masses leads to a value of the gram susceptibility X,,
which is then converted to a molar susceptibility X},

FIGURE 4.14

A schematic diagram of }
a Guoy balance for the
measurement of magnetic

susceptibilities. The sample |
is suspended between the

poles of a powerful magnet
and weighed with the magnet ‘
on and off. The difference in T ‘

Balance

| I
weights is related to the gram =P Pl Sl S i i ik i

and molar susceptibilities.
(Adapted from Robert J. Angelici, . i .
Synthesis and Technique in Inorganic Glass “‘Iblng Ag chain
Chemistry, 1st ed., p. 51. Copyright © /

1977 Brooks/Cole, a part of Cengage

Learning, Inc. Reproduced by permission. q

www.cengage.com/permissions. )
Sample tube \ |
] : [

\¥ Magnet J
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Diamagnetism is an induced property of all compounds that results in the sub-
stance being repelled by a magnetic field. Paramagnetism is a property of compounds
with one or more unpaired electrons that results in a substance being drawn into
an applied magnetic field. Paramagnetism is several orders of magnitude (powers
of 10) stronger than diamagnetism so that a paramagnetic substance is drawn into
the applied field and appears to weigh more when the magnet is on. Substances
that are only diamagnetic appear to weigh slightly less when the magnet is on.

Molar susceptibility is a macroscopic property that reflects the magnetic moment,
M, a microscopic property of electrons. The general relationship between X, and u is

given in Equation (4.5):
w = 2.84VX,T [ 4.5 |
where 7' = temperature, K
M = magnetic moment, in cgs units called Bohr magnetons (BM)
Xy = molar susceptibility, (BM)?K™

Magnetic moments result when charged particles are put into motion. Classically
(that is, in this case, treating the electron as a particle), we can visualize two types of
electron motion that give rise to magnetic moments. The first is the electron spin-
ning about its own axis. The moment resulting from this “electron spin” is called
the spin-only magnetic moment, ug. The second is the electron orbiting about the
nucleus resulting in an orbital magnetic moment, yu;. While the theoretical basis of
magnetic behavior is significantly beyond the scope of this book, it turns out that s
contributes much more to observed magnetic moments (especially for the first-row
transition metals) than does the orbital moment. yg can be related to the number of
unpaired electrons, as shown in Equation (4.6):

ws = Vn(n + 2) | 4.6 |
where n = number of unpaired electrons

Mg = spin-only magnetic moment, in Bohr magnetons (BM)

Table 4.3 shows the spin-only magnetic moment for one to five unpaired electrons.
The result of these relationships is that a measurement of the molar susceptibility of
a paramagnetic substance can be converted into a magnetic moment. These moments
can then be compared with spin-only moments to give a measure of the number of
unpaired electrons in a compound.

For example, take two iron(IlI) compounds, potassium hexacyanoferrate(I1I),
K;[Fe(CN)4], and potassium hexafluoroferrate(III), Ks[FeF¢]. The cyanides are
strong-field ligands, whereas the fluorides are weak. Furthermore, Fe**(4” ) is capa-
ble of low- and high-spin states, so these compounds may have dissimilar electronic
configurations and therefore different magnetic characteristics. If we measure the

TABLE 4.3
Spin-only Magnetic Moments for One
to Five Unpaired Electrons

Spin-only

No. of magnetic
unpaired moment (g,
electrons 7 BM

1 1.73

2 2.83

3 3.87

4 4.90

5 5.92
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FIGURE 4.15

Frequencies of visible light
absorbed and transmitted
(or reflected) by two
hypothetical coordination
compounds. (a) MLg absorbs
higher and transmits or reflects
lower frequencies of visible
light and appears orange.

The absorbed frequency
might correspond to the large
energy difference between the
degenerate sets of d orbitals
in a strong octahedral field.
(b) ML, absorbs lower and
transmits or reflects higher
frequencies and appears
purple. The lower frequency
absorbed might correspond
to a tetrahedral or a weak
octahedral field. The letters
ROYGBIV correspond to the
colors of visible light from
lower to higher frequencies.

molar susceptibility of each at room temperature (25°C) (and correct for the various
diamagnetic contributions involved in each complex), the results are 1.41 X 10~ and
14.6 X 107 (BM)?*K ™}, respectively. Using Equation (4.5), experimentally derived

magnetic moments can be calculated:
K5[Fe(CN)l: w = 2.84V/(1.41 x 1073)(298)
Ky[FeF]: p = 2.84V/(14.6 x 1073)(298)

From Table 4.3, we see that the experimental magnetic moment of the cyanide
compound is consistent with one unpaired electron. (An experimental moment
slightly different from the spin-only value is usually attributed to a small contri-
bution from the orbital motion of the unpaired electrons.) Such a result is in fact
consistent with a strong-field, low-spin tgg state having one unpaired electron. The
fluoride compound, on the other hand, has an experimental moment consistent
with a weak-field, high-spin tgge; state with five unpaired electrons.

We see, then, that the magnetic properties of coordination compounds are con-
sistent with CF'T. Furthermore, these properties can be used to substantiate the
spectrochemical series of ligands.

1.84 BM
5.92 BM

Absorption Spectroscopy and the Colors

of Coordination Compounds

One of the most striking properties observed from the very beginning of the more
than two centuries of work with coordination compounds is their large variety of
often bright and vivid colors. Color we know to be the result of the absorption of a
portion of the visible spectrum. Those frequencies not absorbed are reflected off or

(a) ML (orange) S, 7

=

RﬁYGBIV E
/

Transmitted

& Absorbed
T
reflected ¥MLg Strong octahedral
field
] A fr— — 12
(b) ML, (purple)
E A=hwm,
v —_—
R O Y G B %\/ Tetrahedral field
f Transmitted
Absorbed or SR
M, reflected E A= hvpy,
P T
Weak octahedral

field
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Chapter 4: Bonding Theories for Coordination Compounds 81

transmitted through a substance to our eyes to produce the sensation we call color.
But what is it about coordination compounds that makes them display such a
wonderful variety of colors?

To answer this question, let us start with a hypothetical situation. Suppose, for
example, a given coordination compound, MLy, is orange, whereas a different com-
pound containing the same metal, ML (where L and L" are different ligands and 7
may or may not be 6), is purple. Can we propose reasons why these compounds have
different colors? Furthermore, do the different colors of the two compounds con-
taining the same metal lead us to make some tentative qualitative conclusions about
L and L', or perhaps about #? Consider ML first. We have said that it transmits or
reflects orange. Therefore, it most likely absorbs visible light of the higher frequen-
cies, as shown in Figure 4.15a. ML/, on the other hand, would appear to absorb
lower-frequency visible light. Recall that the frequency absorbed is directly related
by E = hv, the equation first proposed by Max Planck, to the energy absorbed.
'Therefore, as indicated in the figure, there seems to be a greater difference between
the energy levels in ML, than there is in ML/ . The key to the colors of these com-
pounds is that these energy levels (responsible for the absorption of visible light and
therefore the colors displayed) are assigned to the various degenerate sets of 4 orbitals
attributed to coordination compounds by CFT.

An explanation of the difference in the colors of ML and ML might involve L’
beinglower in the spectrochemical series than L and therefore ML absorbing alower
frequency of light. Or, another possibility might be a change in the geometry of the
crystal field, perhaps to a tetrahedral field, in which the energy difterence between
sets of 4 orbitals is characteristically smaller than in octahedral fields. Different
combinations of ligands, coordination numbers, and metals (including their oxidation
states), then, would seem to be responsible for the variety of colors displayed
by coordination compounds.

One excellent example of these changes in color is a type of “invisible ink”
based on cobalt complexes. The form of the “ink” with which one writes is a very
slightly pink aqueous solution that is almost colorless and therefore nearly invis-
ible when it dries. This solution is prepared by dissolving a small amount of solid
hexaaquacobalt(II) chloride, [Co(H,0),]Cl,, sometimes written as CoCl, - 6H,0,
in water. In this form, the message can be passed in front of an unsuspecting ob-
server who sees, on cursory inspection, just an ordinary piece of blank paper. The
pink color of the ink is attributed to the hexaaquacobalt(II) cation. When the re-
ceiver of the message exposes the paper to a source of heat (for example, a match
or a hair dryer), the water is driven out of the original complex and the message
“develops” into a rather dark-blue form, attributed to the anion of the product,
cobalt(II) tetrachlorocobaltate(II) as shown in Equation (4.7):

heat
2[CO(H20)6:IC12(S) — COI:COCLJ(S) + 12H20(g) m
pink blue

The colors of these two cobalt(II) complexes are different because the six water
ligands are driven off, and only the limited number of chloride ligands are left
to complex with the cobalt(II). The octahedral hexaqua complex is characterized
by a larger A because water is higher in the spectrochemical series than chloride
and because the field is octahedral. The tetrachlorocobaltate(I) is blue because its A
is lower due to its tetrahedral field and the fact that chloride is lower in the
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spectrochemical series. The different crystal field splittings, then, are responsible
for the different colors of the two complexes. The situation is illustrated below:

[Co(H,0),]*": R OY GBI V—v
/% 1
reflected absorbed
[CoCl,’: R O Y G B I V—vu
) a
absorbed reflected

Now, it should not come as a great surprise that the explanation offered in the
preceding paragraph is a rather oversimplified presentation of the reasons for dif-
ferent colors in coordination compounds. Some of the details and complications
come to light (visible light, of course!) when we start looking at actual uv—visible
spectra. Some of these—for example, the spectrum of [Ti(H,O),]** (ag) given in
Figure 4.16—show a direct connection between the crystal field splitting (A), the
frequencies absorbed and transmitted, and the colors displayed. Aqueous solutions
of T** absorb in the green frequencies and transmit the red and blue. Therefore,
they appear a red-violet to our eyes. The wavelength at the maximum absorption is
about 520 nm. But now let us investigate how these spectra lead to values of A for
transition metal complexes.

First, we need to discuss briefly the units of wavelength, frequency, and energy
commonly employed in discussing these spectra. Wavelength is commonly given
in nanometers (1 nanometer = 10™ meter). Ordinarily, we would expect fre-
quencies to be given in hertz (or cycles per second), but these units, as shown in
Equation (4.8) for the [Ti(H,O)¢]*" case, result in inconvenient numbers:

¢ 3.00X108m s
V= — =

A 520 X 10’ m

=5.77 X 10" s ! (Hz) | 4.8 |

Instead, frequencies (and also energies as it turns out) are tabulated in terms of a
special unit called a wawve number, v, that is just the reciprocal of the wavelength in

FIGURE 4.16

The visible absorption
spectrum of [Ti(H,0)¢]*".
Solutions containing only this
species absorb green light
but transmit blue and red,
and thus appear red-violet

to our eyes. The wavelength
at maximum absorption is
approximately 520 nm corre-
sponding to a frequency (and
crystal field splitting energy)

of 19,200 cm ™. (Adapted from

F. Basolo and R. C. Johnson, Coordination
Chemistry, 2e, p. 36. Copyright © 1986.
Reprinted by permission.)

uv Blue Green Red

Absorbance

| | | | |
300 400 500 600 700

Wavelength (nm)
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centimeters. The frequency absorbed by [Ti(H,0),]**

in Equation (4.9):

, then, would be as calculated

1 1

oy == = 19,200 cm ™!
7(cm™) A (520 X 107? m)(100 cm/m) U EE

For reasons of historical context and convenience, crystal field splitting ener-
gies (A’s) are also displayed in these same units. For some transition metal ions
(those with one, four, six, and nine d electrons, for example), there is usually a direct
correspondence between the energy absorbed and the crystal field splitting energy.
For [Ti(H,0)]**, A, is in fact tabulated as 19,200 cm™. A value of A,, in kilojoules
per mole, can be calculated as shown in Equation (4.10), but these units are not
commonly used in displaying splitting energies. Rather, as we saw in Table 4.2, they
are given in reciprocal centimeters (cm™), or wave numbers.

A, (kJ/mol) = %N

_ (6626 X 10]-5)(3.00 X 10°ms™) 6.023 X 10* EXIN
- 520 X 10 m '

| —
ions/mol

J/ion
= 230,000 J/mol = 230 kJ/mol

When we change the ligand coordinated to the titanium(III), the wavelength at
maximum absorption changes. For hexachlorotitanate(III), [TiCl¢]*",
Amax = 770 nm. This shift is attributed to a different ability of the chloride ligands
to split the & orbitals of the Ti(III). In this case, A, comes out to be 13,000 cm™
(160 kJ/mol), consistent with chloride being lower in the spectrochemical series.

The titanium(IIT) cases (4') are examples in which there is a direct correspon-
dence between the frequencies absorbed and the crystal field splitting energies.
More or less direct correspondence is also observed in high-spin @*, high-spin
d° and d° cases. More commonly, however, it is not that simple. Some examples
of more complicated spectra are shown in Figure 4.17. For example, look at the
absorption spectrum for the V>*(4?) case, that is, the [V(H,0)4]*" complex ion. It
shows two peaks. Why should this be the case? Figure 4.18 shows the ground state
for @°. The two electrons could occupy any of the three #,, orbitals, but let’s assume,
for the sake of simplicity, that they occupy the 4,, and the 4, orbitals. Now, when
this complex ion absorbs visible light, let’s assume that one of these #, electrons
(for example, the one in the 4, orbital) is promoted (or excited) to the e, set. If it
is promoted to the & orbital, it occupies a space (predominantly along the 2 axis)
that, for the most part, does not correspond to the space occupied by the remaining
t, electron in the 4, orbital. In this situation, which we can represent as (dxy)l(dzz) ,
the interelectronic repulsions are relatively low. This promotion is shown on the left
side of Figure 4.18. If, on the other hand, the promoted electron now occupies the
d, orbital, the #,, and ¢, electrons occupy spaces very close to each other in the
xy plane. In this situation, which we can represent as (dxy)l(dxz_yz)l, there are greater
interelectronic repulsions and the energy of this excited state is higher. This pro-
motion is shown on the right side of Figure 4.18. Since the two excited states are
of different energies, there are two peaks in the absorption spectra of the V>*(aq)
complex ion. As it turns out, neither of these absorption frequencies corresponds to
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FIGURE 4.17 Cu* (d%)
Some examples of the (0.0030 M Cu(ClO,),)
absorption spectra of
first-row transition metal
complexes. (Adapted from

B. N. Figgis, Introduction to

Ligand Fields, p. 221 and 224.
Copyright © 1966. Reprinted by
permission of Krieger Publishing

Company.) 4"1‘/
e e e e 1y o pr—r—t—y L L0 L

V3t (d?)
(0.0472 M V(CIO,); /HCIO,)
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(0.0025 M Ni(CIO,),)

Cr3* (d*)
(0.00145 M Cr(BF,),)

Absorbance
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(A Tort 1o 1oes T Lu
Cr** (dY)
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5,000 10,000 15,000 2{],[)(]? 25,000 30,000 35,000
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the A, for this complex ion. Moreover, the reasons for this are considerably more
complicated than described above and therefore significantly beyond the scope of
this discussion. In general, they involve interelectronic repulsions of the type we
just discussed and a phenomenon known as spin-orbit coupling. These topics are
typically covered in a post—physical chemistry inorganic course.
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FIGURE 4.18

An energy level diagram
showing a d? case in which
the promoted electron

can occupy either the d,.

or the d,._: orbital. There
are greater interelectronic
repulsions in the case in which
both electrons occupy the xy
plane, and that excited state
is of higher energy.

SUMMARY
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the energy of this
excited state is higher
because the two electrons

the energy of this both occupy the xy plane

excited state is lower

because the two electrons A

occupy different spaces dp do_p
E
A 1

dZ2 dxz 7})2 dxy dyz dxz
1
dxy dJ/Z dxz
d, dxz,yz
1
dxy dyz de
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The earliest modern (post-quantum-mechanical) picture of the bonding in coordi-
nation compounds was an extension of Lewis electron-dot ideas. Sidgwick proposed
that the metal-ligand interaction was best thought of as a coordinate-covalent bond
in which both bonding electrons are donated to the metal atom or ion by a ligand.
This picture classifies ligands as Lewis bases (electron-pair donors) and metals as
Lewis acids (electron-pair acceptors). The resulting complexes often follow the
effective atomic number rule.

The crystal field, valence-bond, and molecular orbital theories (respectively,
CFT, VBT, and MOT) were all viable explanations of the bonding in coordination
compounds. CFT treats the M-L interaction as exclusively electrostatic, whereas
VBT treats it as the overlap of appropriate native and hybrid atomic orbitals. MOT
constructs multinuclear molecular orbitals analogous to the mononuclear atomic
orbitals. CF'T, particularly with an allowance for some small degree of covalent character,
is the most valuable bonding theory available, particularly at the beginning level.

A consideration of CFT starts with two fundamental concepts: the coulombic
theory of electrostatic interactions and a detailed knowledge of the shapes of
orbitals. Two-dimensional cross-sectional diagrams of hydrogen-like orbitals show
them as being “cut out of circular pieces of cloth” by various nodes. The sum of the
electron probabilities in a given subshell is a sphere. The five & orbitals appear to be
composed of four similar and one, the ., special orbital. To see that the 4, is not
unique in shape or energy, a set of six dependent 4 orbitals is first visualized. The d»
orbital turns out to be just a linear combination of two of these dependent orbitals
that look exactly like the other four.

When an octahedral field is constructed around a transition metal atom or ion, the
five independent metal 4 orbitals are split into two groups, the lower-energy #,, orbitals
that point in between the ligands and the higher-energy e, orbitals that point directly
at them. The energies of these two degenerate sets can be calculated relative to the
barycenter, the average energy of a set of orbitals in the same subshell. The difference
between these sets of orbitals is called the crystal field splitting energy, A.

When an octahedral field is tetragonally elongated by gradually removing the
z-axis ligands, the energies of the 4 orbitals are changed. Any ligand with a z-axis
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component becomes more stable. Completely removing the z-axis ligands results in
a square planar field. The differences between the energies of the various orbitals in
a square planar field are tabulated relative to that found in an octahedral field. A tet-
rahedral field can be visualized as half a cubic field. In both the tetrahedral and cubic
cases, all the orbitals point in between the ligands to varying degrees. Three orbitals
(the # set) point more directly at the ligands than the other two (the ¢ set). The
tetrahedral crystal field splitting energy is about one-half that of an octahedral field.

'The relative values of the pairing energy, P, and the crystal field splitting energy,
A, determine whether a complex will be strong-field, low-spin or weak-field, high-
spin. Both these possibilities exist for octahedral 2%, 2°, d° and 4’ cases. CFSEs
can be calculated for all cases.

'The factors affecting the magnitude of the crystal field splitting energy include
(1) the geometry of the field, (2) the charge and size of the metal, (3) the ability of
the ligand to split 4 orbitals, and (4) the degree and nature of covalent contributions to
the M—L bond. The wholly electrostatic CEF'T accounts nicely for the first two factors.
It does not, however, do well at rationalizing the spectrochemical series in which
ligands are ordered by their increasing ability to split & orbitals. To start to explain this
series, a degree of covalent M~L character must be introduced. Covalent interactions,
particularly the 7 type, can be pictured as modifying the polarity of the M-L interac-
tion and thereby partially accounting for the positions of some ligands in the series.

Confirmation of CFT comes from a consideration of the magnetic properties
of coordination compounds. Molar susceptibilities, derived from measurements on a
Guoy balance, can be related to the magnetic moment of the complex. A comparison
of this experimentally derived magnetic moment with spin-only moments yields a
measure of the number of unpaired electrons in the compound. The results derived
from a consideration of magnetic properties are consistent with CF'T.

Compounds are colored because they absorb some wavelengths of visible light
while reflecting or transmitting others. The differences in the energies of various sets
of 4 orbitals, caused by the presence of a field of ligands, are such that light of visible
frequencies is often absorbed. Difterent combinations of ligands, coordination num-
bers, and metals result in the large variety of colors displayed by these substances.

The frequencies of light absorbed and the related crystal field splitting energies
are usually given in reciprocal centimeters (cm™), or wave numbers. The frequencies
derived from uv—visible spectra can, in some cases, be directly related to the crystal
field splitting energy. In other cases, however, interelectronic repulsions and
spin-orbit coupling make such a direct correspondence invalid. The spectrochemical
series follows directly from such considerations of uv-visible spectra.

PROBLEMS

4.1 The classic acid-base reaction between hydrogen ions and hydroxide ions to
produce water can be viewed from the Arrhenius, Bronsted—Lowry, and Lewis
definitions. Assign each reactant as an acid or a base under each definition and
briefly justify your assignments.

4.2 The figure on the right shows the structure of /H
boric acid, B(OH);. It reacts with a hydroxide ion, O
OH", to produce tetrahydroxoborate, B(OH);. |
Using Lewis structures for the two anions, write H B H
an equation representing this reaction. Assign the AN 0 PN 0 S

reactants as acids and bases.
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4.3 Hemoglobin is the agent of oxygen transport in most animals. In this process, a
diatomic oxygen molecule is bonded to the central iron cation of the hemoglobin,
and the resulting oxyhemoglobin is transported from the lungs to the tissue. In
what sense can respiration be viewed as an acid—base reaction?

4.4 'The following reactions can be described as Lewis acid—base reactions. In each
case, identify the Lewis acid and the Lewis base.

(a) Zn(OH)y(s) + 20H (ag) — [Zn(OH)4]27(aq)
(6) AgCl(s) + 2NH;(aq) —> [Ag(NH;),]" (ag) + Cl (ag)

4.5 Determine the effective atomic number (EAN) of the metal in each of the following
coordination compounds or complex ions:

(a) [IrCls]*~

() Fe(CO)s

() Cr(CO)

(d) [Co(NH;),(NO,),]™
(e) RuCl,(PPhy),

Which of these species follows the EAN rule?

4.6 Determine the effective atomic number (EAN) of the metal in each of the
following coordination compounds or complex ions:

(a) [Cu(NH;),J**
(%) [Ag(NHﬁz]+
(0 [Fe(CN)eJ*

(d) Mo(CO),

(e) [Fe(C,0,);°~

Which of these species follows the EAN rule?
4.7 Using Coulomb’s law [Equation (4.3)], briefly explain why we say that energy is

released when a proton and an electron, starting an infinite distance from each
other, are brought together to form a hydrogen atom.

4.8 Using Coulomb’s law [Equation (4.3)], briefly explain why we say that the
potential energy of a system consisting of two electrons increases when they are
brought from an infinite distance apart to a position where they are side by side.

4.9 Sketch out well-labeled drawings of the 3d,,and 34, orbitals.

4.10 Sketch out well-labeled drawings of all the 34 orbitals that point in between the
Cartesian axes.

*4_.11 Sketch out well-labeled drawings of all the 34 orbitals that point along the
Cartesian axes.

*4_12 Sketch out well-labeled drawings of the three dependent 34 atomic orbitals that
point along the Cartesian axes.

*4.13 In your own words, explain how the 3d,» orbital is related to the other four 34
orbitals.

4.14 In your own words, explain how the six dependent 34 orbitals are condensed into
the five independent 34 orbitals we normally consider.

“Problems marked with an asterisk (*) are more challenging.
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4.15 The figure at right shows lobes of the z
five 34 orbitals in an octahedral field.
(The torus of the 3d,; orbital has been
omitted for clarity.) Label each of the
lobes in the diagram as to which 34
orbital it belongs to. (Diagram from James E.
Hubheey, Inorganic Chemistry: Principles of Structure
and Reactivity 4th ed., p. 397. Copyright © 1993.
Reprinted by permission of Pearson Education,

Inc. Diagram has been modified.)

L

a.16 How would the 3p orbitals split in an
octahedral field? Briefly justify your

answer.

*a.17 Using the six dependent 4 orbitals
instead of the five we commonly use
today:

(a) Draw a well-labeled energy-level diagram showing the splitting of the six
d orbitals in an octahedral field. Label A, and determine the position of the
barycenter of the subshell.

(0) Using d,, and d»_ > as representative examples, briefly explain the relative
positions of the 4 orbitals in the energy-level diagram of part (a).

4.18 Would the change in entropy associated with the construction of an octahedral
field of ligands about a metal ion as described in Section 4.2 be positive or
negative? Briefly justify your answer. Does your result mean that the change
in enthalpy of this process must necessarily be negative in order for the
process to be spontaneous under standard state conditions? Again, briefly
justify your answer.

*4.19 Briefly explain in your own words why the 342 and 3> ; orbitals should be
degenerate in an octahedral field even though they are of quite different shapes.

4.20 'The figure at bottom right shows lobes of the five 34 orbitals in a tetragonally
elongated octahedral field. (The torus of the 34,2 orbital has been omitted for
clarity.) Label each of the lobes in the diagram as to which 34 orbital it belongs to.
Using this diagram, write a paragraph rationalizing the placement of each of the
five 34 orbitals in the energy-level diagram of Figure 4.6. (Diagram from James E. Huheey,
Inorganic Chemistry: Principles of Structure and
Reactivity 3rd ed., p. 321 Copyright © 1983. z
Reprinted by permission of Pearson Education,
Inc. Diagram has been modified.)

4.21 Suppose an octahedral field is
tetragonally compressed along the z
axis. (That is, assume that the z-axis
ligands get closer to the metal while the
x-and y-axis ligands move farther away.)
Draw a well-labeled diagram showing
the effect on the energy of the five 4
orbitals, starting from their positions in
an octahedral field. Briefly rationalize the
change in the energy of each orbital.

“Problems marked with an asterisk (*) are more challenging.
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*4.22 An unlabeled energy-level diagram for a linear field oriented along the z axis is
shown below:

Tz K

ll-‘ 0.91A
M”"t E

| — S—
ll_ n.‘m[

(a) Position each orbital in the diagram and briefly rationalize your placements.

(4) Given the energy differences in the diagram, calculate the position of the
barycenter in the linear field. (Hin# Recall that the net increase in energy from
the barycenter must equal the net decrease.)

*a.23 Use Figure 4.6 to determine the position of the barycenter for a square planar
crystal field. (Hint: Recall that the net increase in energy from the barycenter
must equal the net decrease.)

4.24 Sketch an energy-level diagram for the 3p orbitals in a square planar field lying in
the xy plane. Label all orbitals and their relative energies.

*a.25 Would a tetragonally elongated #° complex be more or less stable than an
octahedral complex? Draw energy-level splitting diagrams to support your answer.

4.26 (a) Using the Cartesian coordinates relative to eight ligands at the corners of a
cube as shown in Figure 4.7, show the splitting of the 4 orbitals in a “cubic
field” of ligands.

(6) Using the 4, and d,._; orbitals as examples, explain why you placed these two
orbitals as you did in the above crystal field splitting diagram.

*a.27 'The crystal field splitting diagram for a square pyramidal crystal field is given
below. (The z-axis goes through the top of the pyramid, and the four equatorial
ligands are located along the positive and negative x and y axes.)

E

0.834

—
. t
----- == —=30.17A
—

*
0.37A
*

(a) Assign each energy level to an appropriate 34 orbital. Briefly justify your
assignments.

() Demonstrate that the dotted line in the energy-level diagram represents the
barycenter.

4.28 Draw an energy-level diagram for the six dependent & orbitals in a linear crystal
field (assume that the two ligands lie along the positive and negative z axes).
Place a barycenter in your diagram. Briefly rationalize your energy-level diagram.

*4.29 Draw a well-labeled diagram showing how the triply degenerate p orbitals in
a free atom or ion should split in a linear crystal field oriented along the z axis.
Show the position of the barycenter and the energy of each orbital in terms of A/,
the crystal field splitting energy for a linear field.

*Problems marked with an asterisk (*) are more challenging.
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4.30 The crystal field splitting diagram for a trigonal bipyramidal crystal field is shown
below. From the information given, guantitatively determine the position of the
barycenter (indicated qualitatively as a dotted line).

d,:

E 0.794

4.31 Tetrahedral complexes are always high-spin, whereas octahedral complexes can be
either high- or low-spin, depending on the metal and/or ligand. What is the most
likely explanation of this experimental result?

4.32 Suppose that both high- and low-spin cases are possible for tetrahedral
complexes. What numbers of & electrons, 4", would have both low- and high-spin
possibilities? To support your answer, give the electronic configurations (in terms
of #, and e) for these possibilities.

*4.33 Given that only the split between the top two energy levels of a square planar field
can give rise to high- and low-spin states, what numbers of 4 electrons, 4", would
have both possibilities? Briefly support your answer.

4.3a Given that the split between the top two energy levels in a trigonal bipyramidal
field (see Problem 4.30) can give rise to high- and low-spin states, what numbers
of d electrons, d”, would have both possibilities? Briefly support your answer.

4.35 How many valence-shell 4 electrons are there in each of the following ions: Cr*”,
Co*",Pd*", Pt?*, and Cu?*?

4.36 How many unpaired electrons would there be in each of the following cases?
(a) d* octahedral, low-spin
(6) d°, tetrahedral, high-spin
(¢) d°,square planar
(d) d’, octahedral, high-spin
(e) 42, cubic
(f) d% octahedral with tetragonal elongation

a.37 Calculate the CFSE in the octahedral 4° and 4° cases.

*a.38 Verify the CFSEs found in Table 4.1 for the @° and @” cases (both high- and

low-spin).

4.39 Determine the CFSE in terms of A and P for the following:
(a) [Fe(CN)o]*

(6) [Ru(NH,)e]**
() [Co(NH)eJ*

Where there are high- and low-spin possibilities, briefly justify which you choose
to calculate a CFSE for.

*Problems marked with an asterisk (*) are more challenging.

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 4: Bonding Theories for Coordination Compounds 91

4.40 Determine the CFSE in terms of A and P for the following:

(@) [Fe(H,0), 1"
(&) [PCL >
() [Cr(NHy)J**

Where there are high- and low-spin possibilities, briefly justify which you choose
to calculate a CFSE for.

*a.a1 Complexes with eight 4 electrons (4°) are sometimes square planar and sometimes
octahedral. Consider the high-spin complexes of [NiCl,]*~ and [NiCl]*".
Given the splitting diagrams for these two fields and the results of Problem 4.22,
calculate the CFSEs for the two 4°® cases and predict which configuration is
favored under what conditions.

a.a2 Using the results of Problem 4.30, determine the CFSE of a 4° ion in a trigonal
bipyramidal field. (If both high- and low-spin cases are possible, calculate the
CFSE for both cases and state the conditions under which the low-spin case will
be more stable.)

*a.43 'The crystal field splitting diagram for a square pyramidal crystal field is given
below. (The z axis goes through the top of the pyramid, and the four equatorial
ligands are located along the positive and negative x and y axes). When one
ligand is substituted for another in an octahedral coordination sphere, the first
step is often the loss of one ligand to form a square pyramidal intermediate.

0.83A

—
. t
----- F————30.17A
- IS

*
0.374
*

When this step is accompanied by a gain in CFSE relative to that of the
octahedral complex, the substitution is often rapid, whereas if the CFSE is lost,
the substitution is slow. Calculate the CFSE for both the octahedral and square
pyramidal forms for a strong-field Co®* complex. Would you suspect that the
substitution reactions of such complexes would be rapid or slow?

a.aa Apply the term steric hindrance in a short description of the movement of the xy
ligands in a tetragonal compression.

a.as 'The crystal field splitting energies, A, for [PtF,]*", [PtCl,]*", and [PtBrs]*~ are
33,000, 29,000, and 25,000 cm ™', respectively. Are these small or large values?

Briefly discuss these values with respect to others found in Table 4.2.
a.aé Would you expect a high- or low-spin state for a [Ru(NH3),]**
Carefully explain your answer.

complex?

“Problems marked with an asterisk (*) are more challenging.
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92 Part I: Coordination Chemistry

a.a47 (a) Arrange the following ions in order of increasing split between the #,, and ¢,
sets of 4 orbitals—that is, in order of increasing A,.

[CoFyl*

[CoFy]*

[Rh(Hzo)6]3 ! Order of
increasing

[Rh(CN)4*- split between
d orbitals

[RhF,]3

[1:(CN)4J*

(4) Briefly rationalize the placement of the fluoro complexes in the above series.

a.as How many unpaired electrons would [Re(CN),]*~ and [MnCl,]*~ have? Give
electronic configurations for each ion in terms of the #,, and ¢, sets. Carefully
rationalize your answers.

4.49 Briefly explain why phosphines (PR;) are generally stronger-field ligands than
ammines (NR;).

4.50 On the basis of CF'T, the fluoride ion should be a particularly strong-field ligand,
whereas the triphenylphosphine, PR; (where R = C4Hs), molecule should be an
extremely weak-field ligand. Briefly rationalize this difference on the basis of the
purely electrostatic CF'T.

*a.51 Of triphenylphosphine, PPh;, and trifluorophosphine, PF5, which would be
the stronger-field ligand? Discuss two possible reasons for your answer. Include
considerations of the covalent character of the M-P bond in each case.

a.52 Sulfides, R,S, can serve as ligands. Would you expect them to be relatively high,
medium, or low in the spectrochemical series? (Hint: Consider the possibility that
these ligands are capable of 7 bonding.)

4.53 Estimate the spin-only magnetic moment for a 4 ®jon in octahedral and

tetrahedral fields generated by weak- and strong-field ligands.

4.54 Na,[Ni(CN),] : 3H,0 is diamagnetic. Speculate on the basic geometry of the
complex anion, [Ni(CN),]?". Briefly explain your answer.

4.55 The experimental magnetic moments of four manganese complexes are given
below. State whether the complexes are high-spin or low-spin. Also write down
the electronic configurations (within the ty,and e, sets of 34 orbitals) that are
consistent with these observed magnetic moments.

Complex Uexpt, BM
[Mn(CN)(]*+ 1.8
[Mn(CN)(,P’ 32
[Mn(NCS)g]* 6.1
Mn(acac); 5.0

*Problems marked with an asterisk (*) are more challenging.
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Chapter 4: Bonding Theories for Coordination Compounds 93

*4.56 'The crystal field splitting diagram for a square pyramidal crystal field is given
below. (The z axis goes through the top of the pyramid, and the four equatorial
ligands are located along the positive and negative x and y axes.)

0.834

—
E g
----- b————30.174
- IS

*
0.37A
*

A given square pyramidal RuLs; complex containing Ru**(d®) has a magnetic
moment of 2.90 BM. Calculate the CFSE of this complex. Start by placing the
six electrons in the above crystal field splitting diagram.

a.57 Of the three fluoro complexes [CoF,]*~, [CoF,]*", and [RhF]*~, which do you
suspect would have the highest molar susceptibility? Briefly explain. As part of
your answer, calculate a value for the spin-only moment for that complex.

4.58 A complex of nickel(IT), NiCl,(PPhj),, has an experimental magnetic moment
of 2.96 BM. The analogous complex of palladium(II) is diamagnetic. Draw and
name all the possible isomers that will exist for the palladium compound. Briefly
justify your answer. (Assume that both compounds have the same geometry
around the central atom.)

4.59 'The molar magnetic susceptibilities of the following two ruthenium complexes,
[RuF,]*" and [Ru(PRj),]*", are 1.01 X 1072 (BM)?*K ' and approximately
zero, respectively. With how many unpaired electrons are these magnetic results
consistent? (Assume 7" = 298 K.) Briefly justify your answer.

A color wheel such as the one shown below can be used to approximate the
relationship between observed and absorbed colors. Complementary colors are
shown on opposite sides of the color wheel. So if a substance absorbs red light, it
will be observed to be green. The color wheel will be useful in answering problems

4.60,4.61, and 4.62 on the next page.

Orange

Blue

“Problems marked with an asterisk (*) are more challenging.
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94 Part I: Coordination Chemistry

*4.60 Use the color wheel on the previous page to explain qualitatively why many
cyano complexes of divalent transition metal ions are yellow, whereas many aqua
complexes of these ions are blue or green.

a.61 Would you be surprised to learn that [CoF]*~, [CoF]*", [Rh(H,0)]**,
[Rh(CN)]*~ [RhF]*~, and [Ir(CN),]*~ are various shades of magenta (purplish

red)? Use the color wheel on the previous page to briefly rationalize your answer.

a.62 Diamagnetic (u = 0) complexes of cobalt(ITI) such as [Co(NH;),]**, [Co(en);]*",
and [Co(NO,)¢]*” are orange-yellow. In contrast, the paramagnetic complexes
[CoF¢]*~ and Co(H,O);F; are blue. Use the color wheel on the previous page to

explain qualitatively this difference in color and magnetic moment.

4.63 'There is a good chance that #rans-diaquabis(ethylenediamine)nickel(II) cyanide
will be thermochromatic—that is, when it is heated, it may display a distinct change
in color at a given temperature. In this case, there is a good chance that upon
heating this compound it will lose 2 mol of water and produce a diamagnetic
complex of a distinctly different color.

(a) Write an equation for the reaction that this compound may undergo upon
heating.

(&) Speculate on the structure of the product complex. Rationalize your specula-
tion as carefully as possible, using the changes in the magnetic characteristics
and the color as part of your argument.

4.6a4 When the blue, paramagnetic #rans-diaquabis(2V,N-diethylethylenediamine)nickel(II)
chloride, #rans-[Ni(H,0O),(deen),]Cl,, is heated to drive off the two water ligands, it
forms the paramagnetic, green #rans-dichlorobis(V,N-diethylethylenediamine)
nickel(II), zrans-[NiCly(deen),], complex. Rationalize the paramagnetism of these
two complexes and the color change that occurs when the reactant is heated.
N,N-diethylethylenediamine (deen) is (CH;CH,),NCH,CH,NH,, a bidentate

ligand similar to ethylenediamine.

*4.65 When the blue, paramagnetic #7ans-diaquabis(V,N-diethylethylenediamine)
nickel(IT) bromide, #rans-[Ni(H,O),(deen),]Br,, is heated to drive off the two
water ligands, it forms the orange, diamagnetic bis(V,/V-diethylethylenediamine)
nickel(IT) bromide, [Ni(deen),]Br,, complex. Rationalize the color and magnetic
changes that occur during this reaction. V,N-diethylethylenediamine (deen) is
(CH;CH,),NCH,CH,;NH,, a bidentate ligand similar to ethylenediamine.

*a4.66 A solution of [Ni(H,0),]*" is green and paramagnetic (1 = 2.90 BM), whereas
a solution of [Ni(CN),]*~ is colorless and diamagnetic. Suggest a qualitative
explanation for these observations. Include diagrams showing the molecular
geometry and the d-orbital energy levels of these complex ions as part of your
answer.

4.67 In one concise paragraph, indicate how one might go about constructing a part of
the spectrochemical series using visible spectroscopy—that is, by measuring the

wavelengths of visible light absorbed by compounds.

4.68 'There is extensive experimental evidence to support CF'T. Name and briefly
describe the nature of two pieces of such evidence.

*Problems marked with an asterisk (*) are more challenging.
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N CHAPTER

Rates and Mechanisms of
Reactions of Coordination
Compounds

Having discussed the history and nomenclature (Chapter 2), structures (Chapter 3),
and the bonding (Chapter 4) of coordination compounds, we now turn to a treat-
ment of the reactions of these compounds. We start with a discussion of the common
types of reactions usually encountered, but this simple categorization leads quickly
into the more important questions of how these reactions actually take place. For
example, we consider whether reactions happen primarily because (1) two reactant
molecules collide to produce an intermediate that subsequently falls apart into the
product molecules or (2) a reactant molecule falls apart first and a resulting frag-
ment then collides with another reactant to make a product molecule. These are
questions concerning the pathways, or mechanisms, for reactions involving coordina-
tion compounds. We then see that the favored mechanism—that is, the one most
apt to happen—is characterized by the smallest energy increase accompanying the
formation of a reaction intermediate. An investigation of energy changes involves
our knowledge, albeit recently acquired in the last chapter, of the bonding in various
reactant, product, and possible intermediate molecules.

A BRIEF SURVEY OF REACTION TYPES

Figure 5.1 classifies the more common reactions of coordination compounds. Starting
in the center with a general compound [ML,]", substitution, dissociation, addi-
tion, redox (electron-transfer) reactions, and the reaction of a coordinated ligand are
indicated. Note that there is one major oversimplification in Figure 5.1—namely,
that all the ligands in the starting compound are shown to be identical. (These are
known as homoleptic compounds, those in which all the ligands attached to the central
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96 Part I: Coordination Chemistry

FIGURE 5.1 Classifications of Reactions
Five different types of of Coordination Compounds
reactions of coordination

compounds: substitution, [ML, LT+ L

dissociation, addition, redox

or electron transfer, and the
reaction of a coordinated substitution | + L
ligand.
e
ML n + 1+ rn+
[ = '] dissociation [ML I addition ML”L ]
redox or I'E'dl..lll)l'l of
electron oordinated
transfer llg.md
ML n+1)+
[ F M n=1 L’ ]H !
or
(n—1)+
ML, 1

metal atom or ion are identical.) Most reactions of coordination compounds actually
involve heteroleptic compounds (those with more than one type of ligand), but for rea-
sons of simplicity, these are not specifically represented in the figure. Additionally,
as we will see, a significant number of reactions are a combination of more than one
of the types shown in the figure. With these caveats (notes of warning), we can now
turn to a brief discussion of each reaction type.

Substitution reactions, shown at the top of Figure 5.1, are the most common.
These involve the substitution of one ligand in a coordination sphere for another
without any change in the coordination number or the oxidation state of the metal.
Sometimes there is a wholesale replacement of all the ligands of a homoleptic com-
pound with a different ligand, as shown in Equation (5.1), but more often only a
fraction of the original ligands are replaced, as shown in Equations (5.2) and (5.3):

[Cu(H20)4]Z+(aq) —+ 4NH3(ag) —_— [Cu(NH3)4]H(ag) + 4H,0 IEXH
[PtCL " (ag) + NH;3(ag) —> [Pt(NH;)CL] (ag) + Cl (ag) HEEM

'The tendency of such substitution reactions to take place is often tabulated in
terms of stepwise and overall equilibrium constants. For example, the reaction of the
tetraaquacopper(1l) ion with ammonia in aqueous solution, shown in Equation (5.1),
can be broken down into the stepwise replacement of one water ligand at a time as

given in Equations (5.4) to (5.7):

[Cu(H,0),** + NH; — [Cu(NH;)(H,0);F* + H,O XM

<1< _ [{Cu(NHs)(HzO)s}“]>
" [{Cu(H,0).}**][NH;]

[Cu(NH;)(H,0); " + NH; — [Cu(NH;),(H,0),F* + H,O HEEE

(K _ [{CU(NHa)z(H20)2}2+] >
> [{Cu(NH;)(H,0),}*" INH;]
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[CU(NH3)2(H20)2]2+ + NH3—> [CU(NHs)s(HzO)]2+ + Hzo [ 5.6 |

(K _ [{CU(NHs)s(Hzo)}2+] )
’ [{CU(NH3)2(H20)2}2+][NHs]

[Cu(NH;);(H,O) ** + NH; — [Cu(NH;), " + H,0 | 5.7 |

<1<: [{Cu(NH,),}>*] >
' [{Cu(NH;);(H,0) ¥ INH;]

'The equilibrium constant, K, for each successive replacement of one ligand for
another is called, logically enough, a stepwise equilibrium constant. Since these reac-
tions are carried out in aqueous solutions where the concentration of water is very
nearly constant, the concentration of water, [H,O], does not appear in the mass-
action expressions for the equilibrium constants but instead is incorporated into the
value of each K. (You should be familiar with this tactic from your previous studies—
for example, the expressions for K, and K}, used in discussing aqueous acid—base equi-
librium problems.) The overall replacement of the four water ligands with ammonia
ligands [Equation (5.1)] can be described by an overall equilibrium constant, symbol-
ized by B. Since four ligands are replaced, this is designated B,. The overall constant
is just the product of the four stepwise constants as shown in Equation (5.8):

[{Cu(NH;),}*" ]
{Cu(HZO)4}2+ ][NH3]

By = [ 7 = KKKGK, | 5.8 |

As we have seen in Chapter 3 on the structures of coordination compounds,
there are many more examples of heteroleptic complexes than homoleptic. These,
too, undergo substitution reactions. Equations (5.9) and (5.10) show two common
examples. The first, the reaction of a complex with water is an aguation reaction; the
second, the reaction with an anion is an anation reaction.

[Co(NH;)sNOs " (ag) + H,O — [Co(NH;)sH,OF " (ag)
+ NOj5 (ag) [ 5.9 |
[Co(NH;)s(H,0) P* (ag) + Cl (ag) —> [Co(NH;)sCL}* " (ag) + H,O EEIM

We return to a more detailed discussion of these various reactions in Section 5.3.
Dissociation reactions, shown in the center left of Figure 5.1, involve a decrease
in the number of ligands and a change in the coordination number of the metal. The
“invisible ink” reaction discussed in the last chapter and repeated in Equation (5.11)
is a good example of this type of reaction. As you recall, the coordination sphere of the
cobalt(II) changes from octahedral to tetrahedral during the course of this reaction.
Equation (5.12) shows a second example also accompanied by a distinct color change
as the coordination sphere of the nickel(IT) changes from octahedral to square planar.

2[Co(H,0),]CL(s) = Co[CoCl,](s) + 12H,0 (5.11
red blue
[Ni(en),(H,0),](CF;S05),(s) —2 [Ni(en),](CF;805),(s) +2H,0(g) EXER
purple yellow/gold

(CF;SOy5 is known as the triflate anion.)
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98 Part I: Coordination Chemistry

Addition reactions, shown in the center right of Figure 5.1, are accompanied by an
increase in the coordination number of the metal. For steric reasons, most addition
reactions occur with complexes in which the metal has a low coordination number
initially. For example, Equation (5.13) shows a tetrahedral titanium compound accept-
ing two additional chloride ligands to produce an octahedral hexachlorotitanate(IV)
complex. Equation (5.14) shows a square planar bis(acetylacetonato)copper(1l)
molecule accepting a pyridine (py) ligand to form a square pyramidal product:

TiCl, + 2C1- —> [TiCl >~ EXE2
Cu(acac), + py — Cu(acac),py | 5.14 |
Oxidation—reduction, or electron-transfer, reactions, shown in the lower left of
Figure 5.1, involve the oxidation or reduction of a coordinated transition metal atom
or ion. The figure represents the simplest case of electron transfer—namely, one in
which the coordination number remains constant. Equation (5.15) shows an example
in which the hexaammineruthenium(III) ion is reduced by the reaction with the
chromium(II) ion,and Equation (5.16) shows the oxidation of a hexacyanoferrate(II)
complex by hexachloroiridate(IV). In neither of these complexes is the coordination
number altered.

[Ru(NH;)** + Cr** — [Ru(NH,)** + Cr** [ 5.15 |

[Fe(CN)(]*~ + [IrCl]*” — [Fe(CN)(]*~ + [IrCl >~ | 5.16 |

There are examples, not represented in Figure 5.1, in which the oxidation of a
complexed metal atom or ion is accompanied by the addition of one or more ligands
so as to increase the coordination number. These are common enough reactions that
they are designated oxidative-addition reactions. One of the very first reactions of this
type was first characterized by L. Vaska in the 1960s and is shown in Equation (5.17):

trans-1t(CO)CI(PPhy), + HCl —> Ir(CO)CLH(PPhy),  IXEA

Note that in the reactant, often referred to as Vaska’s compound, the coordination
number of the iridium(I) ion is 4, whereas in the product, iridium is formally of
oxidation state +3 and has a coordination number of 6.

The opposite of oxidative-addition, logically enough, is called reductive-
elimination. Equation (5.18) shows the reductive-elimination reaction of carbo-
nylchlorodihydridobis(triphenylphosphine)iridium(III) to form diatomic hydrogen

and Vaska’s compound:

Reactions of coordinated ligands, shown in the lower right of Figure 5.1, are
reactions of a ligand that take place without the breaking of the metal-ligand bond.
Equation (5.19) shows a water ligand in hexaaquachromium(III) reacting with a
hydroxide ion to produce the corresponding hydroxo complex. Here the Cr-OH,
bond has not been broken, but the coordinated water has lost a proton to produce
the coordinated hydroxo ligand. Equation (5.20) shows the reaction of pentaam-
minecarbonatocobalt(III) with acid to form pentaammineaquacobalt(III). This
reaction proceeds without the breaking of the Co—-OCO, bond. Another common
ligand that reacts while coordinated is acetylacetonate (acac). Equation (5.21) shows
the replacement of the central hydrogen atom of acac with a bromine atom.
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[Cr(H,0),** + OH™ — [Cr(H,0)s(OH)]*" + H,0O EXER

[CO(NH3)5CO3]+ + 2H30+ — [CO(NH3)5(H20)]3+ + 2H20 + C02 m

O__—_C/CH3 — _CHj;
Cr ‘,/C—H + 3Br, — Cr i/C—Br + 3HBr |E¥IR
0=C o—cC
“CH; . “CH; .

Before leaving this brief survey of reaction types, we need to mention how the
course of these various reactions might be monitored. As we have already discussed in
Chapter 4, different complexes have different uv—visible (or absorption) spectra. The
substitution, dissociation, addition, or alteration of a ligand or ligands often changes
the maximum wavelength of uv—visible light absorbed. The same can be said when
the oxidation state of the metal changes. These changes in the uv—visible spectra
(often accompanied by changes in the actual color of the compounds) can be used
to monitor the rate of these reactions. Changes in the molar magnetic susceptibility
can be used in a similar manner. Other physical techniques such as infrared (IR) and
nuclear magnetic resonance (NMR) spectroscopy, not discussed in this text, can also
be used to monitor the progress of a given reaction.

BEF3  LABILE AND INERT COORDINATION COMPOUNDS

To classify the varying rates of reaction (most commonly with regard to substitution)
of coordination compounds, Henry Taube, who received the 1983 Nobel Prize in
chemistry for his work in the kinetics of coordination compounds, suggested the
terms /abile and inert. If we consider a 0.1 M aqueous solution, a labile coordination
compound is one that under these circumstances has a half-life of less than a minute.
(Recall that Aalf~life is the amount of time required for the concentration of the
reactant to decrease to half its initial concentration.) An inert coordination compound,
on the other hand, is one with a half-life greater than a minute.

We must clearly keep in mind that the terms /abile and inert are kinetic terms.
They refer to the rate of a reaction that in turn is governed by its energy of activation,
E,. (Here, you may want to review your knowledge of kinetics as introduced in
previous courses.) These terms relate to how rapidly a compound reacts rather than to
how stable it is. Stable and unstable are thermodynamic terms. They are related to the
changes in free energy, enthalpy, and entropy of reactions involving the compound.
Reactions with a large negative change in free energy and a correspondingly large
positive equilibrium constant go spontaneously from left to right; the products of
such reactions are considered more stable than the reactants. The change in free
energy can in turn be related to the changes in enthalpy and entropy (recall that
AG = AH — TAS).

To illustrate the difference between kinetic lability and thermodynamic stability,
we consider some specific examples. Take the familiar Werner complex cation hexa-
amminecobalt(IIT), [Co(NH;),]**; it reacts spontaneously with acid. In fact, the
equilibrium constant for the reaction corresponding to Equation (5.22) is very large,

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



100 Part I: Coordination Chemistry
in the vicinity of 10°:
[Co(NH,) P+ + 6H,0" — [Co(H,0),]** + 6NH;  IFEFE

Therefore, we would say that this cation is unstable toward reaction with acid. On
the other hand, it takes several days at room temperature to get this reaction to go
significantly from left to right, even in 6 M HCL. Accordingly, the rate of this reaction
is so slow that [Co(NH;)]** must be classified as inerz under these circumstances.
This complex cation, then, is unstable (thermodynamically) but inert (kinetically)
toward reaction with acid.

In contrast, tetracyanonickelate(II), [Ni(CN),]*", is exceptionally szable
(thermodynamically). The equilibrium constant for its formation, represented in
Equation (5.23), is very large, also in the vicinity of 10°:

Ni?* + 4CN- — [Ni(CN), - (K = 10%) [ 5.23 |

At the same time, this complex anion is /abile; that is, the cyanide ligands in the
coordination sphere exchange rapidly with those found free in an aqueous solution.
This exchange rate can be measured when carbon-14-labeled cyanide ions are placed
in solution with the complex, as represented in Equation (5.24):

[Ni(CN),J’~ + 4 "CN™ — [Ni(*CN),*~ + 4CN~ I

The labeled cyanides exchange places with their unlabeled counterparts rapidly.
In a matter of seconds, half the unlabeled cyanides are replaced with labeled
ligands. The tetracyanonickelate(II) ion, then, is stable but labile.

In summary, some coordination compounds are kinetically inert, whereas others
turn out to be labile. Furthermore, this lability seems to be unrelated to the thermo-
dynamic stability of the compound. Now, being a veteran chemistry student trained
to ask critical questions, you are about to ask: How can we tell which complexes will
be inert and which will be labile? As you might suspect, this is indeed a crucial ques-
tion. It turns out that complexes of the first-row transition metal ions, with the exception
of Cr3" and Co**, are generally labile, whereas most second- and third-row transition
metal ions are inert. But how, you ask, do we explain such a statement? Why, for
example, should the rates of reactions involving Co®* and Cr** be different from
those involving other first-row transition metal atoms and cations? What is it about
these particular cations that makes them so inert? To start to answer such queries,
we now turn to a discussion of some of the most extensively studied reactions of
coordination compounds, those involving the substitution of octahedral complexes.

M= SUBSTITUTION REACTIONS OF OCTAHEDRAL COMPLEXES

Possible Mechanisms

The overall substitution reaction of a homoleptic complex is represented in
Figure 5.1.To discuss mechanisms, however, it is helpful to consider a more specific
situation. Take, for example, an octahedral coordination compound containing a
metal bound to five inert ligands (L) and one labile ligand (X) that is about to be
replaced by an incoming ligand (Y). The overall equation for this reaction is

MLX + Y —> MLY + X '5.25 |
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FIGURE 5.2

The dissociative mechanism.
The dissociative (D)

mechanism for the substitution
of one ligand for another in an
octahedral complex, ML;X (L =
inert ligands, X = labile ligand,
and Y = incoming ligand).

The mechanism assumes that
step (1), the breaking of the
M-X bond to form the five-
coordinate ML, intermediate, is
the rate-determining step. The
rate of the reaction depends on
only the concentration of the
original complex, [ML:X].
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(1) ML X “= MLy+ X
1

five-coordinate
intermediate

L L
| w"I‘ | W'L
L;M—L or L—M\
I | YL
L
square trigonal
pyramidal bipyramidal
(2) ML, + Y %‘» ML,Y
Overall rate = rate of rate-determining step (1)
A[ML;X]
= g k,[ML:X]

How might this substitution actually take place on the molecular level? Or, to
restate the question, what is the reaction mechanism—that s, the sequence of molecular-
level steps involved in the reaction? At first blush, there are at least two major pos-
sibilities: the dissociative (D) mechanism and the associative (/) mechanism.

In the dissociative mechanism, we picture the X ligand breaking oft from the
reactant to produce the five-coordinate ML; intermediate (Figure 5.2). ('This in-
termediate might well assume a square pyramidal or perhaps a trigonal bipyramidal
geometry.) In a second, faster reaction, the intermediate and the incoming ligand
join together to yield the product. Note that we have assumed that the slower first
step, the dissociation, is the rate-determining step. (At this point, you may want to
review your knowledge of elementary reaction mechanisms as covered in previous
courses. Recall that the rate-determining step, sometimes called the bottleneck step,
is the slowest elementary reaction in a mechanism. The rate of this step determines
the overall rate of the reaction.) The dissociative mechanism predicts that the rate of the
overall substitution reaction depends on only the concentration of the original com-
plex, [ML;X], and is independent of the concentration of the incoming ligand, [Y].

'The other logical pathway by which a substitution reaction might take place
is the associative mechanism (Figure 5.3). In this case, the rate-determining step is
the collision between the original complex, ML;X, and the incoming ligand, Y, to
produce a seven-coordinate intermediate, ML;XY. (This intermediate might assume
a “monocapped octahedral” structure, in which the X and Y ligands share one of the
normal octahedral sites, or possibly a pentagonal bipyramidal geometry.) The second,
faster step is the dissociation of the X ligand to produce the desired product. The
associative mechanism predicts that the rate of the substitution reaction depends on
the concentration of both MLsX and Y.

So, you may be beginning to think, deciding whether a mechanism is associative
or dissociative should not be particularly difficult. It looks like all we need do is
determine the rate law for the reaction: If the rate depends on [MLsX] only, it
is dissociative; if the rate a/so depends on [Y], it is associative. Not surprisingly,
coordination chemistry kinetics turns out not to be quite this simple. Two com-
plications come immediately to mind. First, the actual mechanisms may be more
complicated than the clearly differentiated D and 4 mechanisms outlined above.
Second, special experimental conditions may “mask,” or hide, the dependence of a
rate on the concentration of the incoming ligand.
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102 Part I: Coordination Chemistry

FIGURE 5.3

The associative mechanism.
The associative (A) mechanism
for the substitution of one
ligand for another in an
octahedral complex, ML;X (L =
inert ligands, X = labile
ligand, and Y = incoming
ligand). The mechanism
assumes that step (1), the
formation of an M-Y bond

to form the seven-coordinate
ML;XY intermediate, is the
rate-determining step. The
rate of the reaction depends
on both the concentration of
the original complex, [ML:X],
and that of the incoming
ligand, [Y].

(1)

(2)

ML;X +Y SITW* ML;XY (seven-coordinate intermediate)
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ML.XY = ML,Y + X

Overall rate = rate of rate-determining step (1)

. _AMLX] k,[ML.X][Y]

At

First, consider the idea that the purely associative and dissociative mechanisms,
although useful as starting points in a discussion of the kinetics of coordination
compounds, are rather idealized and perhaps somewhat oversimplified possibilities.
Is it not just a little unrealistic, for example, to suppose that the M—X bond fu/ly
breaks and the resulting five-coordinate MLs intermediate exists for a substantial
period of time before it subsequently collides with Y to produce the final product?
Or may we be expecting too much to suppose that the ML;XY intermediate in
the associative pathway has a significant measurable lifetime before the M-X bond
breaks and ML;Y results? After all, if the real mechanisms were this neat and simple,
we should have been able to isolate a variety of MLs and/or MLsXY intermediates
and thereby add to the evidence that a given reaction is D or 4. Unfortunately,
isolation of such intermediates is rather rare. Given this discussion, we need to
consider one other type of reaction pathway, called the interchange (I) mechanism.

Consider a situation where the entering ligand, Y, sits just outside the coordi-
nation sphere of the MLsX complex and, as the M—X bond starts to break and X
starts to move away, the M-Y bond simultaneously starts to form, and Y moves
into the coordination sphere. In this case, the attacking (Y) and leaving (X) ligands
gradually interchange places in the coordination sphere of the metal, and no distinct
five- or seven-coordinate intermediate would be formed (or, therefore, be available to
be isolated). Such a reaction pathway, sometimes called a concerted, or an interchange,
mechanism, may well be more realistic than a purely D or 4 mechanism.

Having described the I mechanism, it is important to note that we do not have
to discard totally the idea of dissociative and associative mechanisms. For example,
if the M-X bond breaks preferentially in the interchange, then the interchange is
closer to a dissociative than to an associative mechanism. In this case, we could desig-
nate the mechanism I, (interchange-dissociative), where the d subscript indicates the
dissociative nature of the interchange. Similarly, when M~Y bond formation is favored
somewhat, the mechanism would be designated as I, (interchange-associative).

So, in summary, we have described five types of mechanisms, D, 4, I, I, and
1,. Let us assume from here on out that, although we will speak generally about
dissociative and associative mechanisms, the terms D and A are reserved for situations
in which five- and seven-coordinate intermediates have actually been isolated or at
least positively identified. If no intermediates have been isolated or identified, the
designations I, and I, are more appropriate.
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FIGURE 5.4 (a) Dissociative:
The masking of concentration I

dependence in aqueous L

solution. (a) A dissociative L

mechanism is first order in the Rate- L L L
concentration of the complex determining M K

reactant. (b) An associative step

mechanism is first order in L L I L

both the complex reactant and

the incoming water ligand. X

However, since the concentra-

tion of water in aqueous Rate[= overa!l] = k[ML,X] 5.26)
solution is so large and very rate

nearly constant, [H,0] is

combined with k" to produce

an overall rate constant k. The (b) Associative:
resulting rate law is “pseudo”

(first order in [ML;X])

first order. The dependence L
of the associative mechanism L L
on the concentration of the Rate-
incoming water ligand has been determining M + H,0 K
masked. step 2
L L L
X X H.O
Ratc[ = "’:;:3” ] — K'[ML,X][H,0] 5.27|
= {k'[H,0]}[ML;X]
= k[MLX] 5.28|

(*“pseudo” first order in [ML;X])

Experimental Complications

In Figures 5.2 and 5.3, we considered the rate laws that would result from dissociative
and associative mechanisms, respectively. In the end, you will recall, it appeared
that these pathways could be readily differentiated by the dependence or lack of
dependence of their rate laws on the concentration of the entering ligand, Y. As
noted earlier, we need to discuss the possibility that this dependence may be masked
by certain experimental conditions.

Common examples of this masking of a concentration dependence are substi-
tution reactions carried out in aqueous solution. Again considering the same overall
substitution of Y for X in the MLsX reactant, two probable rate-determining steps
are shown in Figure 5.4. Note that the dissociative mechanism still predicts a rate
dependence on only the concentration of the initial complex, [MLsX]. This result
is shown in Equation (5.26).

For the associative mechanism, the reaction of the starting complex with a wazer
molecule is assumed to be the rate-determining step. Such an assumption is certainly
not unexpected because the concentration of water in a dilute aqueous solution is very
large (approximately 55.6 M), much larger than the concentration of Y (perhaps
about 0.1 M).The likelihood of the starting complex colliding with a water molecule
is therefore much greater than a collision with Y. As shown in Equation (5.27), the
rate of this step depends on bozh the concentrations of MLsX and H,O. But now
we have to recognize, as noted previously (p. 97), that [H,O] is so large that, in
this situation, it is essentially a constant. Therefore, as shown, the two constants in
Equation (5.27), £ and [H,0], are combined to yield Equation (5.28). Note that
although the result appears to be first order only in [IMLsX], we know that it is also
first order in [H,O]. This latter dependence, however, has been masked, or hidden,
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104 Part I: Coordination Chemistry

by the nature of the experimental situation. For this reason, Equation (5.28) is
often said to represent a “pseudo” first-order reaction. In the cases discussed then,
the rate laws for both the dissociative and associative mechanisms are, for practical
purposes, identical. In this situation, we cannot decide between the two mecha-
nisms through an analysis of the observed rate laws.

Evidence for Dissociative Mechanisms

Throughout our discussion, we still have not answered the fundamental question:
Whatis the preferred mechanism of substitution reactions of octahedral coordination
compounds? The answer is that dissociative mechanisms are preferred. In this section,
we investigate some of the evidence that supports such a conclusion. We cite three
different types of reactions: (1) the rates of exchange of water molecules, (2) anation
reactions, and (3) aquation reactions.

We start with what would seem to be a strange set of measurements. These
involve the exchange between the ordinary water molecules in the hydration spheres
of various metal ions and isotopically labeled su/t water (H,O). (Section 11.2
presents a more detailed description of water structure.) A general equation repre-
senting such reactions is given in Equation (5.29):

M(H,0):" + H,0® —> M(H,0)s(H,0¥)"" + H,0 E¥XH

'The measurements of the rates of these reactions are carried out by a variety of meth-
ods, some very sophisticated, depending on the magnitude of the exchange rate.
Such methods demonstrate that these reactions are first order in the concentration
of the original hydrated cation, M(H,O)¢"; that is, the rate law for these reactions
is as given in Equation (5.30):

B A[M(PAI;O)M = A[M(H,0)"] 230

As discussed earlier, the fact that these reactions are first order is consistent with,
but certainly not definitive proof of, a dissociative mechanism.

'The relative rates for a large number of metal ions are given in Figure 5.5 in
terms of the log of the rate constant for the reaction. Note that these rate constants
(and therefore the rates themselves) vary over approximately 16 orders of magnitude,
an amazing range of rates.

Close examination of these data reveals that a definite increase in the rate of
exchange (reflected in an increase in the rate constant) occurs going down various
groups of the periodic table. Look, for example, at the results for Group 1A (Li",
Na*, K", Rb*, and Cs™) or for Group 2A (Be*", Mg?*, Ca**, Sr**, and Ba®").
Comparison of these two groups also reveals that the higher +2 charged ions of
Group 2A have slower rates than the +1 charged Group 1A ions. Can we explain
such results, and is this explanation consistent with a dissociative mechanism for
these exchange reactions?

'The explanation revolves around the effect of the charge and the size of a metal
cation on the strength of the M""—OH, bond. It should make sense to you that the
higher the charge, the greater is the electrostatic attraction between the positively
charged metal and the electron pair of the water ligand. Therefore, the strength of
the M""~OH, bond should increase with increasing charge. The larger the metal
ion, on the other hand, the farther the center of its positive charge is from the
ligand electron pair and, consequently, the weaker the bond. These two factors can
be combined in what is known as the charge density, defined as the ratio of the
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FIGURE 5.5

Rate constants for water
exchange for various 1%15:
[M(H,0)6]™" + H,0® ——
[M(H,0)5(H,0%)] e + H,0
Data are tabulated as the log
of the rate constant at 25°C.
Inert hydrated ions, those
that only slowly exchange
water molecules between the
hydration sphere and bulk
water structure, are given on
the left, and labile hydrated

ions are on the right. Reprinted
with permission from D. W. Margerone
et al., Coordination Chemistry, vol. 2,

A. E. Martell, ed., ACS Monograph #178.

Copyright © 1978 American Chemical
Society.)
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charge on a metal cation over its ionic radius. By definition, the charge density of
a metal cation increases with increasing charge and decreasing size. It follows from
the preceding discussion that as charge density increases, so also should the strength
of the M—OH, bond. (Charge density is further discussed in Sections 8.1 and 9.2.)

Now we turn to a consideration of whether the data for these exchange reactions
are consistent with a dissociative mechanism. Within a given group, all the cations
are the same charge, and only the size varies. So, in Group 1A, as we go down the
group, the cations are getting larger, and the charge density decreases. This in turn
means that the M"—OH), bond is getting weaker and is more easily broken. It is of
course the breaking of the M""—~OH, bond that is the rate-determining step in a
dissociative mechanism. Therefore, as the bond gets weaker and easier to break, it
makes sense that the rate of the water-exchange reaction should increase.

When we turn to the doubly charged Group 2A ions, the charge density should
be larger, and therefore the strength of the M?** —OHZ bonds should be greater.
Accordingly, it follows from a dissociative mechanism that the rate of exchange
should be slower. Comparison of the data for Groups 1A and 2A shows that this
is exactly the case. So, we see that these data are consistent with (but not necessar-
ily proof of) a dissociative mechanism for these reactions. We will postpone our
discussion of the remainder of the data shown in Figure 5.5, specifically, the trends
within the transition metals, until the next section.

Anation reactions were defined earlier as those in which an anion replaces
another ligand in a given complex. Equation (5.31) represents the anation of a
hexaaqua metal cation with a —1 anion:

+ H,0O

[M(H,0),J"" + X~ — [M(IH,0)X]" V" (5.31

Such reactions presumably could proceed by either a dissociative or an associative
mechanism, but most evidence seems, again, to favor the dissociative. For example,

"Inert" "Labile" Na® K™
Li* Cs?
e |
Be?™ Mg®** Sr?*
‘ Ca“—»‘“ Ba’*
Mn>* P
Ru?* v Ni®* Fc"r G2t Cutt
DL [
taziar2e. [# (M)
Zn**Cd? Hg
| Y]
. d', s*
AP Ga*t In?t Y3+ gult
A TR
Rh** Cri* Co®* Fe3* V3* Ti** Mn?' Lanthanides
|| + | [ A -
I | I ] | | ] L I 1 d'
-8 -6 —4 -2 0 2 4 6 8 10

Characteristic water exchange rate constants, log k (25°C, s™ 1)
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TABLE 5.1
Rate Constants for Substitution
Reactions of [Ni(H,0).]**

[Ni(H,0)¢**+ L —— [Ni(H,0)L]"*+ H,0

L k,s! log k
F~ 8 x 10°% 39
SCN~™ 6 x 10° 38
CH,COO~ 30 x 102 43
NH, 3x10? 35
H,0 25 x 103 44
Source: Data from R. G. Wilkins, Acc. Chem. Res. 3
(1970): 408.

Table 5.1 shows the rate constants for three anations of [Ni(H,0),]**, as well as
the reactions with neutral ammonia and water ligands. Note that these constants
and therefore the rates of reaction show little or no dependence (less than one order
of magnitude) on the identity of the entering ligand. Furthermore, the values are all
very similar to that of the rate of water exchange. (See the value of log Z for L = H,0
in Table 5.1; also note that this value is consistent with that obtained by reading
Figure 5.5.) These data are consistent with a dissociative rate-determining step in
which a water molecule breaks away from the nickel(II) and, in a succeeding fast
step, is replaced by L.

Aquation reactions involve the replacement of a ligand (other than water itself)
with a water molecule. A considerable amount of work has been done on reac-
tions of this type involving a variety of inert cobalt(III) complexes. For example,
Equation (5.32) represents the aquation reactions of various pentaammine(ligand)
cobalt(III) cations:

[Co(NH,)sL]"" + H,0 4> [Co(NH,)5(H,0)]"*V* + L~ EEEA

Table 5.2 gives some kinetic and thermodynamic data related to this reaction. First
note that the rate constants, unlike those for the anation reactions just discussed,
now do seem to vary quite significantly with various ligands, L ™. Such a variation
is consistent with a rate-determining step in which M-L bonds of varying strength
are broken.

Can we correlate the aquation rate constants (given in the third column of
Table 5.2), with a measure of the ML bond strength? The fourth column of
Table 5.2 shows the equilibrium constants for the reactions in which a water ligand
is replaced by the L™ anion in each case. Notice that the only major difference in
these various reactions would seem to be the strength of the M-L bond. In fact, it
can be shown that log K, for these reactions is directly proportional to the M—L
bond strength. (See Problem 5.31 for an opportunity to demonstrate this relation-
ship.) The relationship between log K, and £ is in turn plotted in Figure 5.6. It
demonstrates a straight-line relationship between these two parameters and there-
fore a strong correlation between the rate constant and the M—-L bond strength.
In other words, as the M—L bond strength increases, it becomes more difficult to
remove the L, and the rate decreases. The evidence for dissociative pathways for
octahedral substitution reactions continues to mount.
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FIGURE 5.6
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TABLE 5.2

Rate Constants for the Aquation of Pentaammine(ligand)cobalt(III)
Complexes and Equilibrium Constants for the Anation of
Pentaammineaquacobalt(III) with Various Anions

L k,s~! K, M™!
Strongest
5"""’"’?‘ M — L bonds
:git?on NCS ™ 5.0 x 10-10 470
Fm 8.6 x 10~8 20
H,PO, 2.6 x 1077 74
cl- 1.7 % 1078 1.25
Br~ 6.3 % 10-° 0.37
I 83 x 10°° 0.16
o NO;~ 27 x 103 0.077
: Weakest
reaction M—1 By

The rate constants k refer to the following aquation reactions:
[CoNH )L + H,0 —— [Co(NH ;){(H,0)F * + L~

The equilibrium constants K, refer to the following anation reactions:

Kﬂ
[Co(NH;)s(H,0)**+ L~ = [Co(NH,);L]**+ H,0

The slowest rates of aquation correspond to the largest equilibrium constants for anation.

A plot of log K, versus log k
for a variety of pentaammine
(ligand) cobalt(III) complex
cations. The rate constants k
refer to the following aquation
reactions:

[Co(NHy)sL]> + H,0 —£>
[Co(NH4):H,0) P+ + L~

The equilibrium constants K,
refer to the following anation
reactions:

[Co(NHy); H,0)J** + L s
[Co(NH,)sL]2* + H,0.

The value of K, is a measure
of the M-L bond strength with
the strongest bonds having the
largest values of K,. The value
of k is a measure of the rate
of the aquation. The smallest
values of log k have the slow-
est rates of reaction. The plot
shows that the stronger the
M-L bond, the slower is the
rate of aquation.

Source: Data from F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, a Study of Metal Complexes in
Solution, 2d ed. (New York: Wiley, 1968), 164-166.

Weakest Strongest
M—L log K, M—L
bonds bonds
-2 -1 0 1 2 3
Slowest NCS™
rate of -9 ©
reaction /
i /
F-
log k -7 -
o Litis
- /
/@ cr
17 Br~
Fastest < 9/©
rate of 1
NO
reaction rg 3
—4
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108 Part I: Coordination Chemistry

TABLE 5.3

Rate Constants for the Aquation of trans-bis(substituted-

ethylenediamine)dichlorocobalt(III) Complexes:

tran5'[COClz(HzN_CRIRZ_CR3R4_NH2)2]+ + Hzo —k>
trans-[(Hzo)ClCO(HzN_CRle_CR3R4_NH2)2]2+ + Cl_

Groups on bidentate amine

R, R, R, R, k,s!
Increasing H H H H 32 %107
bulk of CH; H H H 6.2 x 1072 Increasing
bidentate CH; H CH; H 42x10°* rate of
amine CH; CH; H H 22 x 104 reaction
ligand CH, CH,; CH, CH, 32 %102

Source: Data taken from F. Basolo and R. G. Pearson, Mechanisms of Inorganic Reactions, a Study of Metal
Complexes in Solution, 2d ed. (New York: Wiley, 1968), 162.

Other aquation reactions give further evidence concerning the most favored mech-
anism of octahedral substitution reactions. Consider the data for the aquation of various

bidentate amine complexes of cobalt(III) as shown in Equation (5.33) and Table 5.3:

R, R,
[coc12(H2N—|C—‘C—NH2)2]+ + H,0 —>
Ry K,
R, R,
[Co(HZO)Cl(HZN—(|3—(||Z—NH2)2]* +CI-

R, R, [ 5.33 |

Notice that the more methyl groups there are (and therefore the bulkier the
bidentate amine), the faster is the rate of aquation. To see if this is consistent with
either a dissociative or associate mechanism, consider the rate-determining step in
each case as shown in Figure 5.7.

In Figure 5.7a, the associative rate-determining step is shown. What would
happen to the rate of such a reaction as the bulk of the bidentate amine increased?
Simply put, the incoming water ligand would find it more difficult to make its way
into the metal to form the seven-coordinate intermediate, and therefore the rate
would decrease. This is not what the data in Table 5.3 indicate, and therefore such
data are not consistent with an associative mechanism.

In Figure 5.7b, on the other hand, the dissociative rate-determining step is
shown. Here the increased bulk of the bidentate amine would increase the steric
hindrance around the metal and help force the chloride ligand out of the coordi-
nation sphere. (See p. 74 if you need to refresh your memory on the term “steric
hindrance”). The dissociation of the chloride ligand would be more favorable as
the bulk of the amine increased, and therefore the rate of the reaction would in-
crease. This increase with the bulk of the ligand is exactly what Table 5.3 indicates.
Therefore, the data are consistent with a dissociative mechanism.

Finally, consider the effect of changing the overall charge on a complex. Again,
much work has been done with cobalt(III) compounds. For the two reactions shown
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FIGURE 5.7

Associative and dissociative
rate-determining steps.

(a) Associative rate-
determining step. The entering
water ligand attacks the Co®*
to form the seven coordinate
intermediate of the associative
mechanism. As the bulk of the
bidentate amine increases, the
water ligand will find it more
difficult to get to the metal
cation. Therefore, the rate

of the rate-determining

step should decrease with

the increasing bulk of the
amine. (b) Dissociative rate-
determining step. The chloride
ligand dissociates to form the
five-coordinate intermediate of
the dissociative mechanism. As
the bulk of the bidentate amine
increases, the chloride ligand
will experience more steric
hindrance and will be pushed
out of the coordination sphere
more easily. Therefore, the rate
of the rate-determining step
should increase with the
increasing bulk of the amine.
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(b) Dissaciative rate-determining step

in Equations (5.34) and (5.35), note that the faster rate (larger rate constant) goes
with the smaller net charge:

[Co(NH,),C1P* + H,0 —> [Co(NH,)(H,0) P + CI”
(k=6.7%x10 %1
trans-[Co(NH;),CL]" + H,O —> [Co(NH,),(H,O)CI** + CI- IEE
(k=18 %1031

Is this consistent with a dissociative or associative mechanism? In the dissociative step,
the greater the charge on the complex cation, the more difficult it would be to remove
a chloride anion from it and therefore the slower the rate of dissociation. This is con-
sistent with the rates that are given. In the associative mechanism, on the other hand,
the greater the net charge, the more attracted the incoming water ligand would be and
the faster the rate-determining step. Such a mechanism is inconsistent with the data.
To conclude this section, we have seen that various pieces of data from (1) rates of
water exchange, (2) anations, and (3) various aquation reactions all seem to generally
tavor a dissociative mechanism for substitution reactions of octahedral compounds.

Explanation of Inert versus Labile Complexes

Now that we have fairly well established that the dissociative mechanism generally
applies for the substitution reactions of octahedral complexes, we are in a good
position to begin to answer some of our earlier (p. 100) critical questions about inert
versus labile complexes. As defined earlier, /abile and inert are kinetic terms describing
the rates of reactions of coordination compounds. As you should recall from earlier
courses, rates depend on the magnitude of the energy of activation, E,, of the rate-
determining step.

Figure 5.8 shows a typical reaction profile—that is, a plot of potential energy
versus reaction pathway. Recall that the reactants must be converted to a transition
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FIGURE 5.8

A reaction profile: a plot of
potential energy versus
reaction pathway. Reactants
must acquire the energy of
activation, E,, in order to
achieve the transition state
or activated complex before
they can be transformed into Reactants
products. The higher the energy Products

of activation, the slower the -

reaction. Reaction pathway

"Activated complex”
or
" transition state”

Potential energy

state or activated complex before they can be transformed into the products. The
energy difference between the reactants and the transition state is called the energy
of activation and must be attained before a reaction can take place. In general, the
rate-determining steps of slow reactions are characterized by high activation ener-
gies and, conversely, those of fast reactions by low E,’s. The Arrhenius equation, £ =
Ae PRT gives the exact dependence of the rate constant (and therefore the rate
itself ) on the energy of activation. (R is the gas constant, 7'is the temperature in
degrees kelvin, and 4 is a constant often called the co//ision frequency.)

Now, for a substitution reaction in which the rate-determining step is the dis-
sociation of a ligand, what are the various factors that contribute to the activation
energy? Some of these were discussed earlier but not in the context of E,’s. For
example, we said earlier that the size and charge of the metal cation influence the
strength of the M~L bond. Now we can say that, since this bond is broken dur-
ing the rate-determining step, it directly aftects the magnitude of E,. Metals with
larger charge densities [or charge-to-radius (Z/7) ratios] have stronger M—L bonds,
higher energies of activation, and therefore slower rates of substitution. We also
discussed steric hindrance about the metal and the overall charge on a complex as
having a bearing on the rate of substitution reactions. Complexes with little steric
hindrance or a high overall charge will have larger M-L bond strengths, higher
energies of activation, and slower rates of reaction.

Given these factors, can we start to explain why, as noted earlier, the first-
row transition metals (with the exception of Co®" and Cr*") are generally labile
whereas the second- and third-row metals are inert? Based on the preceding factors,
we can appreciate in part why the larger metals are more apt to be inert. Because they
are significantly larger than the first-row elements, there is less steric hindrance
among the ligands about them and therefore less tendency for a given ligand to be
torced from the coordination sphere. In addition, these metals are often more highly
charged than their lighter congeners, leading to stronger M~L bonds that must be
broken during the rate-determining step.

Assuming a significant covalent contribution to the M-L bond interaction
(see the discussion in Chapter 4, p. 75, for further details), an additional rea-
son for the inertness of the second- and third-row metals can be offered. These
larger metals use 44 and 54 orbitals in their sigma-bond interactions with a ligand.
These larger 44 and 54 orbitals extend farther out toward the ligand and over-
lap better with its orbitals. Therefore, this additional covalent contribution to the
M-L bond strength makes these M—L (where M = second- or third-row transition
metals) bonds stronger and more difficult to break in the rate-determining step of a
dissociation reaction.

So now that we have a fair understanding of why the second- and third-row
metals are inert, we can turn to a discussion of the relative labilities of the first-row
ions. Recall that most of these are labile except for Co®* and Cr**, which are inert.
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TABLE 5.4

Changes in Crystal Field Stabilization Energies®

CFSE CFSE
ML ML,
d" (oct) (sp) ACFSE
d! 0.40 0.46 +0.06
d? 0.80 0.91 +0.11
d? 1.20 1.00 —0.20
Low-spin—strong field High-spin—-weak field

CFSE CFSE CFSE CFSE

ML, ML, ML, ML,

(oct) (sp) ACFSE (oct) (sp) ACFSE
df 1.60 — P 146 — P -0.14 0.60 0.91 +0.31
d? 2.00-2P 191 —2P —0.09 0 0 0
d® 240 - 2P 2.00 - 2P —0.40 0.40 0.46 +0.06
d’ 1.80 — P 191 -P +0.11 0.80 0.91 +0.11

CFSE CFSE

ML, ML,

(oct) (sp) ACFSE
d 8 1.20 1.00 —0.20
d’ 0.60 0.91 +0.31
d'® 0 0 0

“The CFSEs (in units of A,) for octahedral (oct) and square pyramidal (sp) fields are shown followed by
the change in CFSE for the process ML (octahedral) —— ML (square pyramidal). A + indicates a gain
in CFSE during the process, and a — indicates a loss in CFSE.

Why should this be? The key to this mystery, it turns out, lies in the change in the
crystal field stabilization energy (CFSE) on going from the octahedral reactant to
the five-coordinate activated complex. Table 5.4 shows CFSEs for octahedral and
square pyramidal fields. Most important to the argument presented here is the
change in CFSE shown in each case. A plus sign means there is a gain in CFSE on
going from the octahedral reactant to the square pyramidal intermediate, whereas a
negative sign represents a loss in CFSE.

What is the consequence of a gain or loss of CFSE on going from the octahedral
reactant to the square pyramidal transition state? It makes sense that if there is
additional CFSE in the transition state, then its formation is favored and the rate-
determining step is faster. On the other hand, if there is less CFSE in the transition
state than in the reactants, this would make it less stable (higher in energy) and more
difficult to achieve. Therefore, the reaction would be slower.

To see the effect of the change of crystal field stabilization energy (ACFSE)

more clearly, consider the general substitution reaction shown in Equation (5.36):
[CrLXP* + Y —> [CrLsYP* + X  5.36 |

The reaction profile for the rate-determining step, the dissociation of the X ligand,
is shown schematically in Figure 5.9.The top curve (dashed line) shows the energy
changes without CFSEs. Now consider the effect of subtracting the CFSEs for both
the starting and transition state complexes. If A, of the octahedral reactant is about
208 kJ/mol (the value for X = L. = H,O),then CFSE = 1.20A, = 250 kJ/mol.(See the
d? entry in Table 5.4 for CFSEs in terms of A, for Cr’" complexes. Puzzled about
where the value 208 kJ/mol for A, comes from? First find the value for A, in cm™?

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



112 Part I: Coordination Chemistry

FIGURE 5.9

The reaction profile for the
rate-determining step of

a substitution reaction of [CrL P
[CrL;X]3*, assuminga =01 q-———--————————-
dissociative mechanism. The
top curve (dashed line) shows
an energy of activation of £,
without considering the effect
of CFSE. The lower curve (solid
line) is the result of subtracting AN
the CFSEs for the complex ——————
reactant, product, and transi-
tion state. If X = L = H,0,
the energy of activation £, is
42 kJ/mol greater in the lower
curve as the result of the loss
of CFSE on going from the
octahedral reactant to the
square pyramidal transition
state.

Rate-determining step: [CrLsX]*" —— [CrLs]*" + X

\‘-_I

——————— i [CrL,YP*

Potential energy

+ M
&
ra

Reaction profile

for [Cr(H,0)4]** in Table 4.2, p. 73. Then convert this to a value in kJ/mol. If you
have trouble doing this on your own, consult the calculation on p. 82. See problem
5.35 for an opportunity to do this calculation and check your answer.) Therefore,
the starting complex is 250 kJ/mol more stable due to the effect of its octahedral
crystal field. For the [Cr(H,O)s]** transition state, CFSE = A, = 208 kJ/mol,
meaning that the transition state is 208 kJ/mol more stable due to the effect of
its square pyramidal crystal field. The resulting change in CFSE (ACFSE =
—0.20A, = —42 kJ/mol) on going from the reactant to the transition state is a loss
of 42 kJ/mol. The lower curve (solid line) is the resulting reaction profile. Carefully
note that the energy of activation of the lower curve is now 42 kJ/mol higher than
that shown in the top curve. The result is that zbe loss of CFSE has been added directly
onto the energy of activation for the reaction.

Can we use the results given in Table 5.4 to explain why Cr’* and Co®* complexes
are inert? The table indicates that 4° 4° (low spin, strong field), and #* have the most
negative ACFSEs. Of these three cases, two also occur in +3 charged metals, Cet (&%)
and Co®*" (4°). (Due to the +3 charge, Co®* complexes are generally low spin, strong
field.) These two cases, then, involve strong M3*—L bonds and a loss of CFSE on going
to the transition state. Accordingly, the dissociative rate-determining steps involving
Cr*" and low-spin Co®* have high energies of activation and are comparatively slow.
Here we have a rationale for the fact that Cr** and Co** complexes are “inert.”

What about other metal cations that have a charge of only +2 but involve a loss
of CFSE? Figure 5.5 shows that V2* (%) and Ni** (4%), although not considered
inert, have some of the lowest rate constants for water exchange among the labile
metals. Also note that Cu?" (4°) and Cr** (4*), with only +2 charges and significant
gains in CFSE on going to the transition state, have among the fastest rates of water
exchange. So we see that data from studies of the rate of water exchange of various
metals correlate well with the results of Table 5.4.
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B3N REDOX, OR ELECTRON-TRANSFER, REACTIONS

In the preceding substitution reactions, the metal oxidation states remain constant;
no electrons are transferred to or from the metal ions. Now we turn our attention to
reactions in which electrons are in fact transferred from one metal to another. Recall
that if an atom or ion, usually a complexed metal cation in the cases we are about to
consider, loses electrons, its oxidation state increases and it is said to be oxidized.
If the metal gains electrons, its oxidation state decreases, and it is reduced. (Some
students remember these definitions by the mnemonic “LEO goes GER,” which
stands for Loses Electrons Oxidized, Gains Electrons Reduced. The theoretical basis
of redox reactions is more fully developed in Chapter 12, where we consider the
strength of various oxidizing and reducing agents using the concept of standard
reduction potentials.)

What is the specific sequence of molecular-level steps that results in an elec-
tron being transferred from one coordinated metal ion to another? That is, what
are the possible mechanisms for these redox reactions? There appear to be two pos-
sibilities, first delineated by Henry Taube in the early 1950s. In the outer-sphere
mechanism, the coordination spheres of the metals stay intact; in the inner-sphere
mechanism, they are altered in some way.

Outer-Sphere Mechanisms

To make it easier for an electron to move from one metal ion to another, it makes
sense that they should be as close to each other as possible. Assuming, for the
moment, that their two coordination spheres stay intact, the distance between two
metal ions will be at a minimum when the two coordination spheres are in contact.
An outer-sphere mechanism occurs when an electron is transferred among metal ions
whose intact coordination spheres are in contact at their outer edges.

Avariety of reactions are thought to occur via such a mechanism. Some examples
with their corresponding (second-order) rate constants are shown in Table 5.5.
The entries at the top of the table are self~exchange reactions in which two coordi-
nated ions, identical in every way except for the oxidation state of the metal, simply
exchange an electron. One metal ion is oxidized, the other reduced, but no net
reaction actually takes place because the products are indistinguishable from the
reactants. The lower set of reactions, called cross reactions, involve a transfer (or a
“crossing over”) of an electron between different coordinated metal ions. These ex-
amples, as shown, do result in net reactions.

Consider as an example for discussion the self-exchange reaction between
the hexaaquaruthenium(III) and the hexaaquaruthenium(II) ions shown in

Equation (5.37):
[Ru(H,0), " + [Ru(H,0"%), " — [Ru(H,0),P* + [Ru(H,0") " EFIA

Reactions like this one are followed by labeling one of the complexes with a
radioactive isotopic tracer. In this case, water molecules in the reactant Ru’* com-
plex might contain the O isotope instead of the normal 0. This reaction has
been determined to be first order in the concentrations of 4ozh reactants (second
order overall) and to have a rate constant (see Table 5.5) of about 44 M s~ 1. On
the other hand, the rate of water exchange in [Ru(H,O),]*" is considerably slower
(with a rate constant between 102 and 10* s~ !, according to Figure 5.5). The rate
of water exchange in [Ru(H,0),]** would be still slower because of the +3 charge
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TABLE 5.5
Some Outer-Sphere Electron-Transfer Reactions

Self-exchange reactions kMgt
[Mn(CN);J*~ + [Mn(CN),]* = — [Mn(CN),1*~+[Mn(CN)¢ ] = 10*
[IrCl,J* ~+[IrCl, >~ — [IrCl, 1>~ +[IrCl 1*~ = 10°
[Ru(NH )¢ **+ [Ru(NH ;) ** — [Ru(NH )¢ > + [Ru(NH ), ** = 8 x 107
[Fe(CN)1*~+[Fe(CN)(* ~— [Fe(CN) I}~ +[Fe(CN)4I* =7 x 102
[Ru(H,0).]**+[Ru(H,0),]* " — [Ru(H,0),** +[Ru(H,0),]*" = 44
[Co(H,0) P+ [Co(H,0),1* " — [Co(H,0),)* "+ [Co(H,0)]** =5
[Colen);1** +[Colen);* " — [Colen);]** +[Colen),)* * =1x10*
[Co(C,0,4); 1~ +[Ca(C;0,);)* ~— [Co(C,0,);]*~+[Co(C50,);) - =1x%x10"*
[Cr(H,0),P* +[Cr{H,0)¢ )+ — [Cr(H,0), P+ +[Cr(H,0) ]** =2x10°°
[Co(NH ;)¢ * +[Co(NH ;)5 J** — [Co(NH ;)¢ 27 +[Co(NH ), ** =1x10°¢

Cross reactions

[Fe(CN)]*~+[IrCl4]*~ — [Fe(CN), *~+[IrClJ*~ =4 x10°
[CH(H,0)6** +[Fe(H,0) ' *— [Cr{H,0)4 ' " + [Fe(H,0),1** = 2% 10°
[CHH,0), Pt +[Ru(H,0), ' — [Cr(H,0), " + [Ru(H,0),** =2 % 102
[Ru(NH;)¢ P+ [V(H,0), P — [Ru(NH;) P+ +[V(H,0)** =8 x 10!
[Co(NH )¢ I’ * +[Ru(NH;) ** — [Co(NH,) ** + [Ru(NH ;) ]** =~1x107?
[Co(NH )P +[V(H,0),]** — [Co(NH ), >t +[V(H,0), P * =4 %1073
[Colen); P+ +[V(H,0),F* — [Colen);* +[V(H,0), ]} =2 % 107*
[Co(NH 3)s P * +[Cr(H,0), > — [Co(NH )4 ]2+ + [Cr{(H,0), P+ =9x10°°
[Colen);** +[Cr(H,0),** — [Colen);**+[Cr(H,O) P+ =2 % 1073

of the central metal ion. Given how slow these water-exchange reactions are, it
follows that the electron-transfer reaction in Equation (5.37) cannot proceed by
a mechanism involving the breaking of the Ru”"—OH, bonds. [Also note that if
the water molecules did dissociate from their respective cations, the H,O'® mol-
ecules would be randomly distributed among the products and not concentrated in
the hexaaquaruthenium(II) product complex.] We are left with an electron trans-
fer between intact coordination spheres as the most plausible mechanism for this
reaction.

So exactly what happens in this outer-sphere electron-transfer mechanism? The
first step, represented in Equation (5.38), would be the collision of the two reac-
tant coordinated ions to form an outer-sphere complex, or what is sometimes called
an ion pair. Next, the electron transfer, represented in Equation (5.39), takes place
instantaneously within this ion pair. Finally, as shown in Equation (5.40), the two
product ions separate:

[Ru(H,0"), "+ [Ru(H,0), " == [Ru(H,0"),F*/[Ru(H,0),}" IR
[Ru(H,0"),P*/[Ru(H,0)¢ " — [Ru(H,0")**/[Ru(H,0),]’" IR
[Ru(Hzolg)s]H/[Ru(Hzo)é]H E— [RU(Hzolg)e]H"‘[RU(H20)6]3+  5.40 |
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There is one additional point to be made. The electron transfer in the outer-
sphere complex will be extremely fast, to the point that we may view it as occurring
instantaneously. (Very light electrons move much more rapidly than the heavier
and therefore more lumbering and cumbersome complex ions.) But there is a prob-
lem here. If the M-L distances of the reactants (the two Ru”*—OH, distances
in the preceding example) are very different there will be a large energy barrier—
that is, energy of activation—involved in bringing about the electron transfer.
Consequently, it makes sense that the greater the difference in the M-L distances
in the reactants, the slower the reaction. Incidentally, the best mental image of this
process is to think of the two different M-L distances coming to an intermediate
point at which the electron transfer takes place. The additional energy needed to
adjust the M-L distances to this intermediate value contributes directly to the
energy of activation. Now, the Ru** —OH, and Ru’* —OH, bond lengths are fairly
similar, 2.03 A and 2.12 A, respectively, so this self-exchange reaction, as we have
noted, takes place fairly rapldly.

What would happen if the M-L bond lengths in the two complex ions were
more radically different? Examples of this situation are the self-exchange reactions
involving Co’* and Co?* ions. (Note how these reactions are concentrated toward
the lower ends of both parts of Table 5.5.) Specifically, the self-exchange reaction
involving the hexaammine complexes, as shown in Equation (5.41), is a case where
the M-L bond lengths are different enough so that this reaction is very slow:

iCO(NH3)6i3+ + iCO(NH3)6i2+ — iCO(NH3)6i2+ + iCO(NHs)6i3+ | 5.41 |

Co*"—NH, Co*"—NH,
=194A =211A E=10"°M 15!

A word is in order as to why the Co”" —NHj distances are so dissimilar. Octa-
hedral Co®* (low spin) has an electron configuration of #5, with all the metal elec-
trons in orbitals pointing in between the ligands. Octahedral Co”* has an electron
configuration of fzg » (if low spin) or t2g (if high spin) In either case, not only is
the charge acting on ‘the water ligands smaller in Co>* but also the seventh electron
(and the sixth if high spin) is in an orbital that points directly at the ligands. There-
fore, M-L distances are considerably greater in Co(II) complexes.

An example of a rapid self-exchange reaction in which the change in M-L
distances is particularly small is that involving hexacyanoferrate complexes as

shown in Equation (5.42):

[Fe(CN)oJ"™ + [Fe(CN)(J'" — [Fe(CN)( '™ + [Fe(CN), "  IEER

Fe2*—CN Fe’*—CN
=1.92A =195 A k=700 M ‘st

Note that in these two cations [Fe* (low spin): z‘gg; Fe** (low spin): tgg] an electron
is merely transferred among the #,, sets of orbitals (that point between the ligands),
and therefore the M-L distances do not change appreciably.

Inner-Sphere Mechanisms

As we have just discussed, the coordination spheres of both reactants remain intact
during an outer-sphere electron-transfer reaction. The same is not true, however, of
the inner-sphere reactions we now start to consider. Inner-sphere electron-transfer
reactions involve the formation of a bridged complex in which the two metal ions are
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connected by a bridging ligand that helps promote the electron transfer. Often, but
not always, the bridging ligand itself is transferred from one metal center to the
other. Ligand transfer, then, is a good sign (but not absolute proof) that an inner-
sphere mechanism is in operation. Of course, if there is not an available bridging
ligand, then the inner-sphere mechanism cannot be correct. If a bridging ligand is
available but not transferred, either an inner- or an outer-sphere mechanism may
be possible.

The first and now classic set of reactions involving inner-sphere electron-transfer
mechanisms was reported in 1953 by Taube and his group. The overall reaction is

given in Equation (5.43):

[Co™(NH)sXP* + [Cr(H,0), P+ + SH;0* — [Cr(H,0)sX "
SRR + [Col(H,0),F" + SNH;

X~ =F,Cl,Br,I,NCS,NO;,CN~  EEXER

Note that Co®* is reduced to Co®*, while Cr** is oxidized to Cr’*. A bridging ligand
(X7) is transferred from the cobalt coordination sphere to that of the chromium.

Aswe did for the outer-sphere case, we start by showing the sequence of the steps
of the mechanism. First we note that, of the two reactants, one [the Co(III) complex]
is inert and the other [the Cr(II) complex] is labile. This leads us to postulate that
the first step [shown in Equation (5.44)] is the dissociation of a water molecule
from the labile complex. The second step [Equation (5.45)] is the formation of the
bridged complex connecting the two metal ions. The third and rate-determining
step [Equation (5.46)] is the actual electron transfer along the bridge set up by the
X ligand. Fourth, as shown in Equation (5.47), Co®" is now the labile metal, and
it dissociates the bridging l1gand formlng two separate complexes again. Last, in
[Equation (5.48)], the ammine ligands in the Co*" complex are protonated and
replaced by waters.

[Cr'(H,0),]*" — [Cr'(H,0)5]*" + H,0
labile

[Co™(NH,)sX]** + [Cr''(H,0)s5]*" — [(NH;)sCo™' =X~ — Cr''(H,0)5]**

inert

[(NHC,)SCOIH_}C - CI’H(HzO)s]4+ E— [(NH3)5C0H_X7 - CTIH(HZO)S]4+
o

[(NH;)sCo"' =X =Cr"'(H,0)s J*" — [Cr(H,0)sX " +[Co' (NH;)s *

labile inert

AR

[Co'(NH;)s " + 5H, o+ 2, [CoH(H 0). " + 5NH;
labile

There are a number of variations on this basic scheme that, taken together, lend
a great deal of support to the inner- sphere or bridging-ligand, mechanism. For
example, if X~ is the chloride ion and it is isotopically labeled with **Cl, the label is
always transferred to the chromium coordination sphere. Conversely, if the reaction
is carried out in a solution containing free **C1” ions, none of these labeled ions are
found in the products. If X~ is S-thiocyanate, SCN™, the product contains predom-
inantly N-thiocyanate, NCS™, as one would predict if the SCN™ acts as a bridging
ligand. (See Problem 5.54 for an opportunity to work through this mechanism.)
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TABLE 5.6
Comparative Rate Constants for
the Inner-Sphere Electron-Transfer

Reaction
X~ kM ls!
F~ 2.5 % 10°
Cl- 6.0 X 10°
Br- 1.4 x 10°
I~ 3.0 % 10°

Source: Data from F. Basolo and R. G. Pearson,
Mechanisms of Inorganic Reactions, a Study of Metal
Complexes in Solution, 2d ed. (New York: Wiley,
1968), 481.

FIGURE 5.10

The electron-transfer step in
the inner-sphere complex,
[(NH;)5Co™-X~Cr"'(H,0);].
The more highly charged Co*
polarizes the bridging ligand
X". The resulting induced
dipole of X~ helps facilitate
the transfer of an electron
from Cr** to Co®*.

Table 5.6 shows the variation of the rates of the above reaction as the X~ bridging
ligand varies among the four halides. Can we come to any conclusions about the rela-
tive abilities of these ligands in facilitating the rate-determining electron-transfer step?
It appears that the larger the halide, the faster the reaction. Why would this be? The
reason seems to be connected to the polarizability of the halide. (Polarizability is the
ease with which the electron cloud of an atom, molecule, or ion can be distorted so as
to set up a dipole moment. Generally, large and diffuse species whose electron clouds
are held relatively weakly by their nuclear charges are more polarizable than small and
compact ones. This property is discussed in somewhat greater detail in Chapter 9,
p-237.) Once the bridged intermediate is formed, as shown in Figure 5.10, the halide,
polarized by the more highly charged Co®* cation, attracts the electron from the Cr**
and facilitates the electron transfer. It follows that the larger and more polarizable the
halide is, the greater the dipole moment that can be induced in it and the easier the
electron transfer.

W SUBSTITUTION REACTIONS IN SQUARE PLANAR COMPLEXES:
THE KINETIC TRANS EFFECT

A general substitution reaction of square planar complexes is shown in Equation

(5.49):

L, b L, 2%

M + X — M + L [ 5.49 |
L/ N L \‘L

Although the overwhelming bulk of evidence for substitution reactions of octahe-
dral complexes indicates that they most often proceed via a dissociative mechanism,
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FIGURE 5.11

The kinetic trans effect. An
entering ligand (E) can displace
either of two leaving ligands
(L), depending upon the trans-
directing ability of the nonla-
bile ligands (A and B). If A is

a better trans director than B,
reaction I occurs. If B is the
better trans director, reaction
IT occurs.
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most of the evidence gathered in working with square planar complexes indicates that
they are substituted via an associative pathway. This difference is not particularly
surprising. After all, a square planar complex has two places (above and below the
plane of the molecule) where an incoming ligand can readily attack the metal to
form a five-coordinate intermediate.

As we have seen, square planar complexes usually occur with the &* metals such
as Pt(II), Pd(II), Ni(II), and Au(III). The platinum(II) complexes are particularly
inert and, because these rather slow reactions can be followed by fairly traditional
and straightforward methods, have been extensively studied and analyzed.

A particular feature of these substitution reactions is the inetic trans effect,defined
as the relationship between the rate of substitution of square planar complexes and
the nature of the species trans to the ligand being displaced. To understand this effect
more clearly, consider the general substitution reactions given in Figure 5.11. The
nonlabile ligands A and B can be ranked in order of their abilities to displace the
ligands trans to them. For example, if the nonlabile A ligand is a better trans director
than B, then reaction I occurs. Conversely, if B is the better trans director, then the
ligand trans to B is preferentially displaced and reaction II occurs.

After a large number of comparative experiments have been carried out, a #7ans-
directing series, such as the one shown below, can be constructed:

CN™ = CO >NO; >17, SCN™ > Br~ > CI” > py = NH, > H,0

Such a series, although empirically derived, can be most useful in preparing high-
purity isomers of square planar complexes. To demonstrate this, suppose we start with
the tetrachloroplatinate(II) ion, [PtCl,]*~, and examine some of its typical substitu-
tion reactions. First, consider two additional empirical facts: (1) It is generally easier to
replace a chloride ligand bound to Pt(II) than it is to replace other ligands; that
is, other ligands will most always displace chlorides. The only way to carry out the
reverse is to swamp the system with a large excess of C1™ (an example of LeChatelier’s
principle), as indicated by the unequal arrows in Equation (5.50):

[PeCLP + L ~= [PtCLL]” + CI” 5.50 |

(2) In a substitution reaction in which there is more than one possibility about
which chloride will be replaced, the trans-directing series is used to predict which
possibility will be realized.

For example, suppose we wish to prepare cis- and #7ans-amminedichloronitro-
platinate(II). How would we proceed? The procedure is outlined in Figure 5.12. If we
start with the tetrachloroplatinate(II) and treat it first with ammonia and then
with nitrite, the cis isomer is prepared in high purity. Note that when ammine-
trichloroplatinate(II) is treated with nitrite, a chloride trans to another chloride
is replaced preferentially to the chloride trans to ammine. This takes advantage of
the fact that chloride is higher in the trans-directing series than is ammonia. On the
other hand, when trichloronitroplatinate(Il) is treated with ammonia, the chloride
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FIGURE 5.12

The preparation of cis- and
trans-[Pt(NH;) (NO,)CL,].

(is- and trans-amminedichloro-
nitroplatinium(II) can be
prepared in high purity by
varying the order in which

the ammine and nitrite
ligands are added to
tetrachloroplatinate(II).

FIGURE 5.13

The polarization theory

for explaining the kinetic
trans effect in square planar
platinum(II) complexes.

(a) The platinum(II) cation
induces a dipole in the
polarizable trans-directing
ligand A. (b) The induced
dipole in ligand A induces

a dipole in the polarizable
Pt** cation. (c) The chloride
anion trans to A is more
easily released due to the
extra repulsive forces between
its negative charge and

the induced dipole of the
platinum(II) cation.
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trans to the nitro ligand is replaced preferentially. Here, the nitrite ion is higher in
the series than is chloride.

How can we rationalize the kinetic trans effect? One still popular but only partial
explanation was devised by A. Grinberg in the 1930s. It maintains that the trans-
directing ability of a ligand is related to its polarizability. As noted in the section on
inner-sphere electron-transfer reactions, polarizability can be thought of as the ease
with which a dipole moment can be induced in a species. Figure 5.13 illustrates
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the polarization theory. The first step is the induction of an instantaneous dipole in
the trans-directing ligand by the platinum cation. Second, this latter dipole in turn
induces a dipole in the large, polarizable platinum cation. The Pt** —Cl~ bond is
somewhat weakened by the repulsion between the negatively charged ligand and
the negative end of the dipole induced in the cation. Therefore, the chloride trans
to A is preferentially replaced. Support for this theory is demonstrated by looking
at the trans-directing series. The more polarizable ligands, such as —SCN™ and I~
and the ligands containing 7 clouds (for example, CO and CN"), are high in the
series, whereas the less polarizable ligands such as ammonia and water are lower
in the series. Additional support comes from the observation that platinum com-
plexes demonstrate a more pronounced trans effect than those of the less polarizable

palladium(II) and nickel(II) cations.

SUMMARY

This chapter starts with a brief survey of five types of reactions of coordination
compounds: (1) substitution; (2) dissociation; (3) addition; (4) redox, or electron
transfer; and (5) reactions of coordinated ligands. The tendency for a coordination
compound to undergo a substitution reaction is tabulated by means of stepwise and
overall equilibrium constants. Aquation and anation reactions are special examples
of substitution reactions. Addition and dissociation reactions involve adding or re-
moving ligands from the coordination sphere, respectively; reduction and oxidation
reactions involve adding or removing electrons from the metal. Oxidative-addition
and reductive-elimination reactions, each combining two of the above reaction
types, are logical opposites of each other. Reactions of coordinated ligands occur
without breaking or forming any metal-ligand bonds.

Labile and inert are kinetic terms that classify coordination compounds by how
fast they react. Labile compounds react quickly and inert compounds slowly. These
kinetic terms should not be confused with the thermodynamic terms szable and
unstable. Compounds can be thermodynamically unstable but kinetically inert or,
conversely, stable but labile. Complexes of the first-row transition metals, with the
exception of Cr** and Co®*, are generally labile, whereas coordination compounds
of second- and third-row transition metal ions are inert.

There are two possible starting points for the study of the mechanisms of
octahedral substitution reactions. The rate-determining step of the dissociative (D)
mechanism involves the breaking of an M~L bond to form a five-coordinate inter-
mediate that then rapidly adds a new ligand. In the associative () mechanism, the
rate-determining step is the collision of the new ligand with the octahedral reactant to
produce a seven-coordinate intermediate from which an original ligand is then rapidly
expelled. The D mechanism, which predicts the rate of the reaction to be first order
only in the original coordination compound, should be clearly distinguishable from an
A mechanism that is consistent with a rate law that is first order in bozh reactants.

'There are, however, two experimental complications that blur these distinctions.
First, the D and A4 mechanisms turn out to be idealized and oversimplified extremes.
Reactions more likely proceed by an interchange (I) mechanism in which bond break-
ing and forming happen nearly simultaneously. If bond breaking is favored (even if
only slightly), the mechanism is termed I, (interchange-dissociative); if bond making
is favored, an I, (interchange-associative) is indicated. These last two terms are par-
ticularly favored if no five- or seven-coordinate intermediates, respectively, can be
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Chapter 5: Rates and Mechanisms of Reactions of Coordination Compounds 121

isolated or positively identified. The second experimental complication involves the
masking of the rate dependence on the concentration of the incoming ligand. This
masking eftect is common, particularly in reactions carried out in aqueous solution.

Despite these complications, many pieces of evidence (drawn from the analysis
of water-exchange, anation, and aquation reactions) favor a dissociative mechanism.
First, rates of water exchange are consistent with a dissociative mechanism in which
the rate-determining step is the breaking of the M—OH, bond. Among other factors,
this bond-breaking step depends on the charge density of the metal ion. The
larger the charge density, the stronger the M—OH, bond and the slower the bond-
severing step. The rates of anation reactions of hydrated metal ions are consistent with
the breaking of the M—OH, bond as the initial and rate-determining step. Finally,
the rates of aquation reactions depend on the strength of the bond between the metal
and ligand being replaced. The rates of aquation reactions vary considerably with
the identity of the displaced ligand, the bulk of the inert ligands remaining in the
coordination sphere, and the overall charge of the complex.

With the dissociation mechanism firmly established for octahedral substitution
reactions, an explanation of the lability of complexes can be formulated in terms of
the energy of activation of the bond-breaking step. The size and charge of a metal
ion, as well as any changes in the crystal field stabilization energy (CFSE) upon bond
dissociation, influence the energy of activation. Using these parameters, the trends in
the lability of coordination compounds can be rationalized. Specifically, complexes
of Cr’* (4°) and Co®" (4°) are inert because of their high charge and significant
loss of CFSE upon bond dissociation.

Taube formulated two principal mechanisms for electron-transfer reactions:
outer sphere and inner sphere. A variety of self-exchange reactions and cross-
reactions occur by an outer-sphere mechanism. After the formation of an ion pair
composed of the intact coordination spheres of the two reacting metals, an electron
is transferred, and the ion pair is dissociated. The faster outer-sphere redox reac-
tions are those whose M~L distances need only be adjusted slightly in the course
of the reaction. An inner-sphere mechanism involves the formation of a bridged
complex in which the bridging ligand facilitates the electron transfer and is often
itself transferred from one metal to the other. The more polarizable the potential
bridging ligand, the faster the reaction.

Substitution reactions in square planar complexes take place via associative mech-
anisms. In the kinetic trans effect, a series can be constructed in which species are
put in order of their ability to labilize ligands trans to themselves. Using this series,
high-purity square planar isomers can be readily synthesized. The trans-directing
ability of a ligand is also directly related to its polarizability.

PROBLEMS

5.1 Demonstrate that the product of X; to K| for the stepwise replacement of waters
in [Cu(H,0),]*" by ammonias [given in Equations (5.4) through (5.7)] results in
the expression for B, given in Equation (5.8).

5.2 The water ligands in the hexaaquanickel(II) cation can be replaced by ammonia.

(a) Show chemical equations and write mass-action expressions for the stepwise
replacement of each water with one ammonia.

(&) Write an equation for the overall replacement of the six water ligands by six
ammonia ligands and then demonstrate that By, the overall equilibrium con-
stant, is given by the product of the six stepwise constants.
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122 Part I: Coordination Chemistry

5.3 Write the stepwise and overall mass action expressions for the reaction

Cr(CO)4 + 3PPh; —> Cr(CO);(PPh,); + 3CO
5.4 Write the stepwise and overall mass action expressions for the reaction
[Fe(H,O)¢** 4+ 3en — [Fe(en);]** + 6H,O
5.5 Write the stepwise and overall mass action expressions for the reaction
[Cr(H,0)6]’ " (ag) + 3C,07 (ag) — [Cx(C,0,)5] (ag) + 6H,0

5.6 If you were to write the mass-action expression to represent the reaction of dilute
aqueous acetic acid, HC,H;0,(ag), with water to yield aqueous acetate and
hydronium ions, would water generally be included? Why or why not? Where
would the value of [H,O] be found?

5.7 Write the mass-action expression for the equilibrium constant of the weak base
ammonia, NHj, in aqueous solution corresponding to the following reaction:

NH, + H,0 = NH; + OH"

5.8 Classify each of the following reactions. More than one of the five basic classifications
may apply.
(@) W(CO), —> W(CO); + CO
() [Co(CN)s]*~ + 1~ —— [Co(CN),I]*~
(¢) [PACL)*" + C,H, — [PACL(C,H,)]” + CI™
(d) IrBr(CO)(PPh;), + HBr —— IrBr,(CO)H(PPh;,),
() [Co(NH;)sCI*" + [Cr(H,0)) " — [Co(NH,)s(H,0)]**
+ [Cr(H,0);C1]**

5.9 Classify each of the following reactions. More than one of the five basic classifica-
tions may apply.

(a) [CO(NH3)5N03]2+ + [RU(NH3)6]2+ - [00(1\11_13)51\103]+ + [RU(NH3)6]3+
(4) [PtCL >~ — [PtCL]*” + CL,

(0) [Cr(H,0)s*" + H,0 — [Cr(H,0);OH*" + H,0*

(d) Cr(CO); + 3PPhy — Cr(CO)4(PPhy); + 3CO

(¢) [Zn(NH,),]*" + 2NH;—— [Zn(NH,),]**

5.10 Nickel complexes of ethylenediamine and its substituted analogs undergo a vari-
ety of reactions, depending on the bulk of the ligand. Four representative reactions
are depicted below. Classify each reaction as one or more of the reaction types
shown in Figure 5.1. Are any of these reactions anation or aquation reactions?

(ﬂ) [Ni(HzO)Z(deCn)z](CF3SO3)2 — [Ni(deen)2](CF3SO3)2 + 2H20
(4) [Ni(H,O),(dmen),]|Br, — NiBr,(dmen), + 2H,0

() NiCly(en), + 2H,0 —— [Ni(HLO),(en),]CL

(d) [Ni(deen), ]Br, + 21,0 ——> [Ni(F,O),(deen),]Br,

(

Note: CF;SO3 = the triflate anion; dmen = N,N-dimethylethylenediamine,
(CHj3),NCH,CH,NH,; deen = N,N-diethylethylenediamine, (CH;CH,),
NCH,CH,NH,.)

5.11 In Equation (5.19) (repeated below), if the hydroxide reactant were to be labeled
with 80, where in the products would the label end up? Briefly explain your answer.

[Cr(H,O)** + OH™ — [Cr(H,0)s(OH)]** + H,0
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Chapter 5: Rates and Mechanisms of Reactions of Coordination Compounds 123

5.12 In Equation (5.20) (repeated below), if the oxygen atoms of the carbonate ligand
were labeled with O, where in the products would the labels end up? Briefly ex-
plain your answer.

[CO(NH3)5CO3]+ + 2H30+ — [CO(NH3)5(H20)]3+ + 2H20 + CO2

*5.13 Briefly speculate on why many cobalt(III) compounds are prepared by oxidizing
Co(II) salts rather than by substituting ligands in cobalt(I1I) complexes.

*5.14 Briefly speculate on why many chromium(I1I) compounds are prepared by
reducing chromates and dichromates rather than by substituting ligands in
chromium(III) complexes.

5.15 Classify the following complex ions as inert or labile:

(@) [Co(NHy),**

(%) [(:0(1\11‘13)51\102]2+
(0 [Colg*

(d) [Fe(H,0)s(NCS)P**
(¢) [Ni(en);]**

(f) [IxCleJ*

5.16 Classify the following complex ions as inert or labile:

(@) [RU(NH3)5PY o
(6) Cr(acac),

() [Cr(en);]ClL,
(d) [Mo(CN)sJ*~
() [VHO) "

( f ) [MnF6]37

5.17 Of the following cyanide complexes, [Ni(CN),]*~, [Mn(CN)]*~, and
[Cr(CN)¢]*~, which one would you most expect to be () labile or () inert?
Briefly justify your answer.

5.18 In terms of Figure 5.2, would you expect the concentration of MLs to be relatively
low or high (compared with the concentrations of the reactants and products)
throughout the reaction? Briefly explain your answer in terms of its relative
production and consumption during the reaction.

*5.19 Suppose the rate-determining step in Figure 5.2 was the second step in which the
intermediate ML; and Y come together to form the product. In this case, what
rate law is predicted?

*5.20 Suppose the rate-determining step in Figure 5.3 was the second step in which the
seven-coordinate intermediate breaks apart to form MLsY and X. In this case,
what rate law is predicted?

*5.21 Suppose the rate-determining step in Figure 5.3 was the second step in which the
seven-coordinate intermediate breaks apart to ML;Y and X. Would you expect
the concentration of ML;XY to be relatively low or high (compared with the con-
centrations of the reactants and products)? Briefly explain your answer in terms of
its relative production and consumption during the reaction.

5.22 Draw a diagram showing an interchange (I) mechanism in the following three stages:

(@) 'The resulting situation after an incoming Y ligand has taken its place just
outside the coordination sphere of the starting MLsX complex.

“Problems marked with an asterisk (*) are more challenging.
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124 Part I: Coordination Chemistry

(0) 'The midpoint of the interchange between the attacking Y and the leaving X
ligand when the M-X and M-Y bonds are approximately at half strength.

(¢) 'The situation after the M—X bond has been fully replaced by the M-Y bond
but the X ligand now resides just outside the coordination sphere of the
product MLsY complex.

(d) Classify this mechanism as either I, or I,

5.23 Assuming no experimental complications, explain, in your own words, some ways
in which one might expect to differentiate between an associative (4) and disso-
ciative (D) mechanism for the substitution of octahedral complexes.

*5.24 Suppose the exchange of water reactions of Figure 5.5 were carried out by an
associative mechanism rather than a dissociative mechanism. Would you expect,
in this case, the rates to increase or decrease with (a) increasing charge of the
metal or (4) increasing size of the metal? Briefly explain your answer.

5.25 In one well-written paragraph, summarize the evidence that favors a dissociative
or interchange-dissociative mechanism for the substitution of octahedral coordi-
nation compounds.

5.26 The anation of [Co(H,0)(CN);]*~ in which the water ligand is replaced by a
variety of anions (X ) has been shown to proceed by a dissociative (D) mechanism.
(In this case, the five-coordinate intermediate has been identified.) Write the steps
for this mechanism. Do you expect the rates of these reactions to depend upon the
identity of the X~ ligand? Why or why not?

5.27 The rate constants for some anations of [Cr(NH;)sH,O** are shown below. Are

these data consistent with a dissociative or associative mechanism? Write an equation

for the rate-determining step of these reactions and briefly justify your answer.

[Cr(NHL)H,OF* + L~ —% [Cr(NH,)L]* + H,0

L~ by M5t log %
NCS™ 42x107* -3.38
crr 0.7x 107 4.1

Br~ 3.7x 107 -3.43
CF;CO0~ 1.4x 107 -3.85

Source: Data from the work of T. Ramasami and A.G. Sykes,
J.C.S. Chem. Commun. (1976): 378.

5.28 The rate constants (at 45 °C) for the anation of [Co(NH;)sH,O]** with three
anions are shown below. Are these data consistent with a dissociative or associa-
tive mechanism? Write an equation for the rate-determining step of these reac-
tions and briefly justify your answer.

[Co(NH,)sH,OF* + L' —2 [Co(NH,)sL]® "+ + H,0

L7~ kys! log %
NCS™ 1.6x107° —4.80
CI- 21x107° —4.68
Nera 2.4x107 ~4.62

Source: From R. G. Wilkins, The Study of Kinetics and Mechanism
of Reactions of Transition Metal Complexes, (Boston: Allyn and
Bacon, 1974), 188.

*Problems marked with an asterisk (*) are more challenging.
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5.29 The rate constant for the exchange of the water ligand in [Co(NH;)sH,O** is
1.0 X 107 *s ' at 45°C. Compare this value with the data shown in Problem 5.28.
What conclusions can be drawn from the comparison?

*5.30 'The rate constants at the same temperature for the anation of [Cr(H,O)¢]*" with
a series of four anions are shown below.

(a) Are these data consistent with a dissociative or associative mechanism?

(6) Write an equation for the rate-determining step of these reactions and briefly
justify your answer.

(¢) Rationalize the trends in the rate constant data.

[Cr(HZO)6]3+ + L~ i) [(:1‘(1_12())5L]2+ + Hzo

L- by M1 log #
NCS~ 1.8x10°° -5.74
NO3 7.3 %10~ -6.14
Ccr- 2.9%x10°8 —7.54
I 8.0 x 10-10 -9.10

Source: From the work of S. T. D. Lo and D. W. Watte,
Aust. J. Chem. 28 (1975): 491, 501.

*5.31 As noted in the text on p. 106, we need to demonstrate that for reactions of the
general type

[Co(NH;);H,O]*" + L™ = [Co(NH;);L]** + H,0O

log K, is proportional to Dy;_p. Recall that AG® = AH® — TAS® and that
AG® = —RTInK = —2.3RTlog K. First determine the relationship between
AH" and the M-L bond strength (Dy;_1) by analyzing what bonds are broken
and formed in this reaction. Assume that AS® is approximately constant for
various reactions of this type.

5.32 'The rate constants at 25 °C for the aquation of complexes of general formula
[CoCI(L)(en),]"" are given in the following table. Are these data consistent with
an associative or dissociative mechanism? Brieﬂy rationalize your answer.

cis-[Co(L)Cl(en),]"* + H,O —'é> cis-[Co(H,O)Cl(en),]*" + L

L kys7! log %
OH~ 1.2x1072 -1.92
CI- 2.4x107* -3.62
NH, 5x1077 -6.3

Source: From the work of M. L. Tobe et al.: For example,
see Sci. Prog. 48 (1960): 484.

5.33 Compare and rationalize the rate constants for the aquation reactions of the fol-
lowing #rans-cobalt(I1I) complexes:

= —6 . —1
[Co(NHL)Br(en),]** + H,0 *—2—

_ —4.-1
[CoBry(en),]" + H,0 210 *  [Co(H,0)Br(en),* + Br~

[Co(NH;)(H,O)(en),]** + Br~

*Problems marked with an asterisk (*) are more challenging.
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5.34 Write a concise paragraph explaining the relationship between the rates of
substitution reactions and changes in the CFSE. Assume that the dissociation of
a ligand from an octahedral reactant to form a five-coordinate intermediate is the
rate-determining step.

5.35 InTable 4.2, A, for [Cr(H,O)¢]*" is given as 17,400 cm ™', Convert this to a value
in kJ/mol.

5.36 The hexacyanoferrate(Il) ion, [Fe(CN),]*", is a strong-field/low-spin complex.
Calculate the change in crystal field splitting energy (ACFSE) in kJ/mol for this
complex ion when one of the cyanide ligands is dissociated to form a square pyra-
midal intermediate. (Hinz: Consult Tables 4.2 and 5.4 for necessary information.)

5.37 The splitting diagram for a square pyramidal crystal field is given below. Verify
the change in CFSE given in Table 5.4 for a metal ion with a d° electronic
configuration.

= +0.914A

— +0.086A
—————— Barycenter

- —0.086A

= == —0.457A

5.38 Using the square pyramidal crystal field splitting diagram given in Problem 5.37,
verify the change in the CFSE given in Table 5.4 for a metal ion with a low-spin

d° electronic conﬁguration.

5.39 The splitting diagram for a trigonal bipyramidal crystal field is given below.
Calculate the change in CFSE for a d° metal ion when it loses a ligand from its
initial octahedral configuration to produce a trigonal bipyramidal transition state.
Compare your result with that given in Table 5.4. Given your result, would you
conclude that these ions are kinetically inert?

—d 0.707A
d
—————— Barycenter
dy 22— —d,, —0.0824
d,,— —d,, —0272A

5.40 Using the splitting diagram for a trigonal bipyramidal crystal field given in
Problem 5.39, calculate the change in CFSE for an M?* 4% ion when the field
changes from octahedral to trigonal bipyramidal. (Assume high-spin states.)

(a) Would you conclude that these ions are kinetically inert?
(4) On the basis of ACFSE would you also conclude that a trigonal bipyramidal

transition state is favored over one that is square pyramidal? Why or why not?

5.41 Concisely and precisely discuss the reasons that, of all the first-row transition
metal ions, only Cr** and Co®" ions are inert. Carefully define the terms iners and
labile as part of your answer.
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5.42 The Fe’* and V" ions, although +3 charged like Cr** and Co®*, are not classi-
fied as inert. Briefly explain why not.

5.43 Octahedral Ni*" complex ions, although experiencing reductions in CFSEs upon
losing ligands to form square pyramidal transition states, are not classified as inert.

Briefly explain why not.

*5.44 Although octahedral Cu’* complexes would most likely be inert, not many have
been observed.

(a) Explain why such compounds would be expected to be inert.
(4) Explain why there are not many known compounds of Cu’*.

*5.45 Which of the following substitution reactions would you speculate to be faster?
Briefly discuss your reasoning. State your assumption about the nature of the rate-
determining step as part of your answer.

(a) [NiCly(dmen),] + 2H,0 — [Ni(H,0),(dmen),]Cl,
(6) [NiCly(deen),] + 2H,0O — [Ni(H,0),(deen),]Cl,

[Note: dmen = N,N-dimethylethylenediamine, (CH;),NCH,CH,NH,; deen =
N,N-diethylethylenediamine, (CH;CH,),NCH,CH,NH,.]

*5.46 Which of the following elimination reactions, sometimes called deaguation reac-
tions in this case, would you speculate to be faster? Briefly discuss your reasoning.

(a) [Ni(H,O),(en),]Br, — [Ni(en),]Br, + 2H,O
() [Ni(H,O),(deen),]Br, — [Ni(deen),]Br, + 2H,O

[Note: deen = N,N-diethylethylenediamine, (CH;CH,),NCH,CH,NH,.]

*5.47 Both [Fe(CN)]*" and [IrCL]*" exchange their ligands rather slowly, yet the cross-
reaction between them (shown below) occurs very rapidly (£ =4 X 10° M~ 's™1).
Propose a mechanism to account for this observation.

[Fe(CN)(]*~ + [IrClg]*” —— [Fe(CN)]*~ + [IrCl]*~
5.48 Discuss the probable mechanism of the following reaction:
[CO(NH:s)f,]3+ + [RU(NH3)6]2+ - [CO(NH3)6]2+ + [RU(NH:;)e:P+

Also speculate why this reaction is rather slow (=1 X 1072 M 's71).
(Hint: Examine the d-orbital occupancy during the reaction.)

5.49 The self-exchange electron-transfer reaction between [Co(en);]** and [Co(en);]**
is rather slow (¢ = 10™*). Explain this observation on the basis of d-orbital
occupations.

5.50 Are the units of the rate constants in Table 5.5 consistent with an overall second-
order reaction? Demonstrate your answer clearly.

5.51 'The M-L distances in #is-(ethylenediamine) complexes of Ru(II) and Ru(III) are
212 A and 2.10 A, respectively. Speculate on the mechanism and rate of the self-
exchange electron-transfer reaction between these two complexes. As part of your
answer, write an equation representing the reaction.

*5.52 In addition to the energy involved in readjusting the M-L bond lengths in the
coordinated metal ions that serve as reactants, there are several other contribu-
tions to the energy of activation of an outer-sphere redox reaction. Speculate on
what these contributions might involve.

“Problems marked with an asterisk (*) are more challenging.
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128 Part I: Coordination Chemistry

5.53 For each of the following electron-transfer reactions, speculate whether the
mechanism is outer sphere or inner sphere:

(a) [IrCL™ + [W(CN)g]*™ — [IrCL P~ + [W(CN)g]*
(8) [Co(NH;)sCNJ** + [Cr(H,0),}*" — [Cr(H,0)s NCJ**

+ [C()(I\H_Is)s(l_lzo)]2+
(0 [*Cr(H,O)e)** + [Cr(HO0)sF*" — [*Cr(H,O)sFI** + [Cr(H,0)()*"

5.54 Write the mechanism for the inner-sphere electron-transfer reaction between
[Co(NH;)sSCN]** and [Cr(H,0),]*" that produces the pentaaqua-/N-

thiocyanatochromium(III) cation as one of its products.

5.55 While the N-thiocyanato form of the [Cr(H,0)sNCS]** is the principal product
(approximately 70%) of the above inner-sphere electron transfer (see Problem 5.54),
the S-thiocyanato linkage isomer also forms. Write a mechanism that shows how
the §-linked isomer might be formed.

5.56 Lor reactions of the general type
[*Cr(H,0)]** + [Cr(H,0)s XI*" — [*Cr(H,0)s XI** + [Cr(H,0)(]**

rate constants increase in the order X~ = F~, Cl™, Br~. Write the mechanism for
the above reaction and discuss the trend in the rate constant data in the light of
your proposed mechanism.

5.57 Given that the substitution of square planar complexes occurs by an associative
mechanism, speculate (@) on the order of the reaction with respect to the various
reactants and (%) on the dependence of the rate of these reactions on the steric
bulk of the nonreacting ligands of the complex, the bulk and charge of the enter-
ing ligands, and the overall charge carried by the reactant complex.

5.58 Using the kinetic trans effect, show how the #rans-amminebromochloro(pyridine)
platinum(II) could be prepared starting with [PtC1,]*".

5.59 “Cisplatin,” cis-diamminedichloroplatinum(Il), is an extremely potent antitumor
agent. Show how it can be prepared in high purity to the exclusion of the trans
geometric isomer by employing the kinetic trans effect.

5.60 Given the polarization theory for explaining the kinetic trans effect, where would
you speculate that the hydroxide ion, OH ™, might show up in the trans-directing
series? Justify your answer.

5.61 Given the polarization theory for explaining the kinetic trans effect, where would
you speculate that the organic sulfides, R,S, might show up in the trans-directing
series? Justify your answer.

5.62 Predict the products of the following reactions:
(a) [PL(CO)CL]™ + py—

(%) Cl Cl -
\ /
Pt + NH;—
/ 0\
H;N NO,

() [PtCLSCN]*~ + H,0 —>
(d) [PtCLLCN]~ + NH; —>
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N CHAPTER

6

Applications of
Coordination Compounds

What do winning silver and gold from their ores, blueprints, nickel purification,
photographic hypo, food preservation, detergent builders, the color of blood, carbon
monoxide poisoning, laetrile, antidotes for lead poisoning, British anti-Lewisite,
blue cross, and antitumor agents all have in common? The answer is that each
involves an application, in one way or another, of coordination compounds. In this
chapter we systematically investigate the above applications and a number of others.
We start with complexes involving monodentate ligands and then move on to those
involving various chelating multidentates.

B APPLICATIONS OF MONODENTATE COMPLEXES

Many students have prepared coordination compounds in prior chemistry courses
but often have not fully understood or even identified them as such. For example,
in the Group I qualitative-analysis scheme, lead(II), mercury(I), and silver(I) are
isolated as the white precipitates PbCl,, Hg,Cl,, and AgCl, respectively. To separate
the silver from the other two cations, aqueous ammonia is added to form the linear

diamminesilver(I) complex, [Ag(NH;),]", as shown in Equation (6.1):
AgCI(s) + 2NH;(ag) — [Ag(NH,),] " (ag) + CI (ag) [ 6.1 |

Since neither lead(II) chloride nor mercury(I) chloride react similarly, the silver is
successfully separated from the other two metals.

Copper(Il) is sometimes included in the Group I qualitative-analysis scheme.
Its chloride is soluble, but it does form a tetraammine complex, as shown in

129
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130 Part I: Coordination Chemistry
Equation (6.2):

Cu2+(aq) + 4NH3(aq) — [Cu(NH3)4]2+(ag) | 6.2 |
deep blue

'This square planar complex absorbs visible light to produce a characteristic deep-
blue color that can be used to indicate the presence of copper ions.

Similarly, the presence of iron(III) in a water supply can be detected by adding a
small amount of potassium thiocyanate, KSCN, to produce the characteristic deep-
red thiocyanatoiron(III) complex, as shown in Equation (6.3):

Fe’*(ag) + SCN™(ag) — FeSCNd%(ag) [ 6.3 |
re

To be more specific, the product of this reaction is actually pentaaquathiocyanato-
iron(III), but it is often abbreviated as shown.

These latter two coordinated cations, FeSCN?* and [Cu(NHj3),]**, are deeply
colored due to their strong absorption of visible light. We know from Chapter 4 that
the energy differences among 4 orbitals caused by various crystal fields most often
correspond to visible frequencies of light. Therefore, transition metal complexes are
almost invariably colored. (Although, it should be pointed out, /—4 transitions may
not be responsible for all of these deep colors. The color of FeSCN?**, for example, is
more likely due to a phenomenon called a charge-transfer transition, a topic beyond
the scope of this text.) In fact, their intense and vibrant colors have made various
transition metal coordination compounds useful as the components of pigments,
dyes, inks, and paints. For example, Prussian blue, first discovered in the early 1700s,
is an iron cyanide complex produced by adding potassium hexacyanoferrate(II) to
any iron(III) salt, as shown in Equation (6.4). Turnbull’s blue, long thought to be
a different compound but now known to be identical to Prussian blue, is produced
analogously by adding potassium hexacyanoferrate(III) to any iron(II) salt:

FeHI(ag) + K4[FeH(CN)6](ag)\

FCAI‘H [FCH (CN)6]3 ° 4H20
Prussian or Turnbull’s blue | 6.4 |
Fe''(ag) + K;[Fe"™(CN)](ag)”

'The structure of these hexacyanoferrate pigments eluded characterization for many
years, but in the 1970s it was demonstrated to be as shown in Figure 6.1. Here, the
cyanide ligands bridge between the iron(II) and iron(I1I) cations.

These iron cyano complexes were also the basis of the original blueprinting
process, invented by the astronomer John Herschel in the mid-1800s. He found that
coating a sheet of paper with a solution of “potassium ferricyanide” {or, using mod-
ern nomenclature, potassium hexacyanoferrate(I1I), K;[Fe(CN),]}, letting it dry, and
then exposing it to sun for several hours produced a dark-blue coating on the paper.
If an object was placed on the paper before exposure, a negative print of the object
was produced on the blue background, that is, the result was a “blue print.” This is
an example of photolysis because photons of light promote the reduction of some
of the iron(III) to iron(II) and produce the Prussian blue. Subsequently, Herschel
added ammonium ferric citrate to the coating solution to yield a crisper color that
was produced with less exposure to the sun. (The original method also produces
small amounts of the poisonous hydrogen cyanide gas! No evidence has come to
light, sunlight or otherwise, that Herschel suffered any ill effects from this gas!)
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FIGURE 6.1

A portion of the structure of
Prussian or Turnbull’s

blue, iron(III)
hexacyanoferrate (II)
tetrahydrate. Waters of
hydration have been omitted
for clarity. The cyanide ligands
bridge between the iron(II)
and iron(III) cations. Some

of the cyanide ions are
occasionally replaced with
water molecules bound to

the Fe(III) cations. Occasional
vacancies (not shown) are also

in the structure. (Adapted from
Inorganic Chemistry, vol. II, by

H. J. Buser. Copyright © 1977 American
Chemical Society.)

Blue printing is an example of the “cyanotype” printing process, so named
because of its reliance on cyanide complexes of iron. A large-scale architectural or
engineering plan of a building, ship, railroad locomotive, or other structure, originally
prepared with black ink on a translucent sheet of tracing paper, was laid over the
unexposed paper coated with both potassium ferricyanide and ammonium ferric
citrate. A short exposure to ultraviolet light produced the blueprint (the citrate
is the electron donor). Unexposed iron cyanide compounds were washed away in
water or a solution containing iron(III) salts. These prints could be produced
quickly and inexpensively and distributed to the various workers on the project at
hand. For nearly a century (until the 1950s), blueprints were the dominant method
for copying large-scale drawings. Although replaced by digital methods, the term
“blueprint” has left an indelible mark on the English language as it still refers to a
plan of action or a guide to doing something. Cyanide derives its name from the
Greek £yanos meaning “blue” due to its role in Prussian blue. We still refer to blue
inks used in modern printers as “cyan” for the same etymological reason. (Check
this out at the store where you buy your printer inks.)

Cyanide complexes are also used to separate gold and silver from their ores
(a process known as cyanidation). The crushed ore, containing minute quantities of
the free metal, is subjected to a dilute solution of a cyanide salt while simultaneously
being oxidized by blowing air through it. As a result, soluble dicyanoargentate(I)
and dicyanoaurate(I) complexes are formed, as shown in Equation (6.5). The silver
or gold (or sometimes an Ag—Au alloy) is then isolated by reaction with a good
reducing metal such as zinc, as shown in Equation (6.6).

4M(s) + 8CN(ag) + O,(g) + 2H,0(/) —>
4[M(CN),] (ag) + 4OH  (aq) (M = Au, Ag) | 6.5 |

Zn(s) + 2[M(CN),] " (ag) — [Zn(CN),J*" (ag) + 2M(s) [ 6.6 |
(M = Au, Ag)
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132 Part I: Coordination Chemistry

As detailed in Section 6.5, cyanide is an extremely toxic material and must be
handled with great care. The cyanide spill in Baia Mare, Romania, in early 2000
demonstrated the devastating effects of cyanide wastes when a dam ruptured and
allowed about 100 tons to spill out of a holding pond. In this case, several local
rivers and the entire Danube River system were affected. The Danube forms parts
of the borders of Hungary, Romania, Serbia, and Bulgaria and then empties into
the Black Sea. In Hungary alone, a quarter of the drinking water was polluted, and
1360 tons of fish were killed.

Another valuable transition metal, nickel, is purified by a process first formulated by
Ludwig Mond in the 1890s. In the Mond process, the impure nickel metal is subjected to
awarm (approximately 75°C) stream of carbon monoxide gas. The gaseous, tetrahedral
tetracarbonylnickel(0), Ni(CO), (often commonly called nickel tetracarbonyl), is
immediately formed and allowed to pass into another chamber at about 225°C. (Other
transition metals present as impurities are not similarly complexed.) At the higher
temperature, the equilibrium between solid nickel, carbon monoxide, and the nickel
carbonyl [as shown in Equation (6.7)] is reversed, and pure nickel is deposited.

0

75°C
Ni(s) + 4CO(g) = Ni(CO),(g) [ 6.7 |
225°C

'The highly toxic carbon monoxide gas is recycled continuously throughout the pro-
cess. Nickel tetracarbonyl, even more toxic than CO and certainly the most hazard-
ous nickel compound known, is a volatile liquid at room temperature. Extreme care
must be taken in its handling.

A final example of the application of complexes involving monodentate ligands
is the formation of bis(thiosulfato)argentate(I) ions during the use of photographic
“fixers.” Black-and-white photography depends upon the sensitivity of various sil-
ver halides to visible light. These salts, most often silver bromide, but occasionally
the iodide for particularly “fast” film, are evenly embedded into the gelatinous sur-
face of film. When exposed to visible light, the halide loses its electron that is in
turn taken on by the silver cations to produce atomic silver and a dark, or “exposed,”
spot on the film. After developing (the term for enhancing these dark spots), the
excess (and unexposed) silver halide must be removed from the film. This “fixing” of
the image is accomplished with sodium thiosulfate (“4ypo”) or ammonium thiosul-
tate (“ammonium hypo”) as illustrated in Equation (6.8):

AgBr(s) + 2Na,S,0;(ag) — Na[Ag(S,0;),](ag) + NaBr(ag) | 6.8 |

Both the ionic products of this reaction are water-soluble and easily washed away
from the surface of the film.

B3 TWO KEYS TO THE STABILITY OF TRANSITION METAL COMPLEXES

To understand more fully the preceding applications as well as those to come, it is
useful to introduce two ideas at this point. The first is the theory of hard and soft
acids and bases, and the second is the chelate effect.

Hard and Soft Acids and Bases

As discussed in Chapter 4, coordination compounds are Lewis salts or adducts
composed of a Lewis acid (the metal atom or ion) and various numbers of Lewis
bases (the ligands). Lewis acids accept electron pairs, while Lewis bases donate

them. In the early 1960s, Ralph Pearson introduced the idea of hard and soft acids
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and bases. Hard acids are defined as small, compact, highly charged electron-pair
acceptors, and hard bases are small, highly electronegative electron-pair donors. Sof?
acids and soft bases, on the other hand, are large, diftuse, and polarizable species.
Under these definitions, metal cations such as A" and Cr** are hard acids, whereas
ligands such as F~, NH;, and H,O are hard bases. Conversely, metal cations
like Hg**, Ag*, and Au”" and ligands containing phosphorus, sulfur, and diffuse
7 bonds (e.g., CN™ and CO) are soft. A more complete listing of hard and soft
acids and bases is given in Table 6.1.

The special utility of the hard-soft—acid-base (HSAB) idea is that sof? acids
preferentially bind with soft bases and hard acids with hard bases. This rule, largely
empirical (i.e., based on observations), is useful for rationalizing and predicting the
relative stabilities of transition metal complexes and other compounds. For example,
take the last three applications of coordination compounds covered in the preceding
section. The bis(thiosulfato)argentate(I) complex formed in fixing black-and-white
photographic images is characterized by a soft—soft Ag"—S coordinate-covalent bond
rather than a soft—hard Ag”—O one. Nickel(0), a soft metal atom, forms stable com-
plexes with soft carbonyl molecules that have large, diffuse 7-electron clouds. Finally,
note that silver(I) and gold(I), large, diffuse second- and third-row +1 transition
metal cations, form strong bonds with the soft cyanide ligand.

We can see from these examples that the HSAB idea is certainly a useful one.
However, some caution is in order. Although many complexes follow the HSAB
rules, a number of perfectly stable ones do not. For example, the diamminesilver(I)
complex in Equation (6.1) involves a soft acid and a hard base, whereas the
thiocyanatoiron(III) complex has the converse. So, although the HSAB rule is a
handy way to organize our ideas about the stability of transition metal complexes, it
certainly is not foolproof and must be regarded only as a useful rule of thumb.

‘There have been various attempts to rationalize the HSAB idea, but to date its
theoretical basis is incompletely understood. Most of these rationales center around
the idea that hard—hard interactions tend to be stabilized by strong ionic forces,
whereas soft—soft interactions are stabilized by covalent bonds and/or London
dispersion forces.

TABLE 6.1
Partial List of Hard and Soft Acids and Bases
Acids Bases®
Hard H*, Li*, Nat, K+ NH,, RNH,
Be2*, M2+, Ca?* H,0,0H™, 02~
A3+ F,Cl™
Cr3t, Co®™, Fe?* NOj, ClO;
T ZE o BT SOZ-
Cré+ PO;~
CH,COO0~
Borderline Fe2™*, Co?™, Ni?™, Cu?™ N,, py
Zn?*, Sn**, Pb?* NO;, SO%~
Ru?*, Rh?*, Ir** Br-
Soft Cd**, Hg2*, Hg?", H-

Cu*, Ag*, Au*, TI"
Pd%*, P2 Prh
MY (metal atoms)

CN~, C,H,, CO
PR, AsR, R,S, RSH
SCN-, 8,03~

I

4R = CH;—, CH;CH,—, C¢Hs—, etc.
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The Chelate Effect

'The chelate effect may be defined as the unusual stability of a coordination compound
involving a chelating, multidentate ligand as compared with equivalent compounds
involving monodentate ligands. To see the magnitude of this effect, consider the
tollowing two reactions represented in Equations (6.9) and (6.10):

Ni**(ag) + 6NH;(ag) — [Ni(NH;),** (B=40x10%) MNXH

Ni2+(aq) + 3en(ag) —> [Ni(en); " (B =2.0x10%) | 6.10 |
Note that the overall stability constant B of the tris(ethylenediamine) complex
is about 10 orders of magnitude greater than that of the equivalent hexaammine
complex.

Wohat could be the cause of such a large difference in thermodynamic stability?
After all, the number of Ni**~N coordinate-covalent bonds is six in both the products
of these two reactions, so the enthalpy changes (AH) involved when these bonds are
formed should be fairly similar. That seems to leave entropy as the major explanation
for the effect. Indeed, the rationale for the chelate effect can be understood in two
ways, both related to the relative probabilities that the two reactions will occur. First,
consider the number of reactants and products in the two cases. As written more
explicitly in Equations (6.11) and (6.12), it is apparent that the number of ions and
molecules scattered throughout the water structure in the first reaction stays the same
(seven in both the reactants and the products). In the second reaction, however, three
ethylenediamine molecules replace six water molecules in the coordination sphere,
and the number of particles scattered at random throughout the aqueous solution
increases from four to seven. The larger number of particles distributed randomly in
the solution represents a state of higher probability or higher entropy for the products
of the second reaction. Therefore, the second reaction is favored over the first due to
this entropy effect.

Ni(H,0).P*+6NH; — [Ni(NH;),]*"+6H,0
[ 1( 2 )6] 3 [ 1( 3)6] 2 76.11 |

7 “particles” 7 “particles”

Ni(H,O) " + 3en ——> [Ni >t + 6H,0
[ 1( 2 )6} cn [ 1(en)3] 2 76.12 |

4 “particles” 7 “particles”

Recall that the relative importance of the enthalpy and entropy changes in a reac-
tion is given by the expression for the free-energy change shown in Equation (6.13):

AG® = AH® — TAS® XER

A large increase in the entropy of a reaction is reflected in a more negative value for
AG”.'The equilibrium constant is in turn related to the change in free energy by the
expression given in Equation (6.14):

AG° = —RTIn K | 6.14 |

It should be clear that a more negative AG* will be reflected in a larger positive value
for the equilibrium constant. (You may find it useful to review these concepts from
your previous chemistry experiences.) So we see that the significant increase in the
entropy in the second reaction is what causes, in large part, the higher value of S,
the overall stability constant for that reaction.
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FIGURE 6.2

The chelate effect. (a) The
second amine of an ethylene-
diamine molecule complexes
to a nickel(II) cation to form
a five-membered ring. (b) A
second ammonia molecule
binds to the same cation. The
probability of the first reaction
occurring is greater because
the second ligand is tethered
to the nickel by the chelate
chain. The “local concentra-
tion” of the second ligand in
the vicinity of the metal ion is
greater in the first case.
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.NH, . NH, . NH, .. NH,
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Ni#* ‘ — Ni** | Ni** Water —> Ni**
CH, '\ CH, structure \
G Nt NH,
:NH, 'NH,
(@) ®)

A second way to explain the chelate effect is to look at what happens once one end
of the bidentate ethylenediamine ligand attaches to the metal. The situation is shown
in Figure 6.2. Note that the concentration of the second nitrogen Lewis base (the
other amine group of the ethylenediamine) is now greater in the vicinity of the Ni**
ion than it would be if the second nitrogen Lewis base (e.g., a second monodentate
NHj; ligand) were free to roam about randomly any place in the solution. Often this
situation is expressed in terms of the “local” or “effective concentration” of the second
ligand. In other words, the concentration of the second Lewis base in the local vicinity
of the metal ion is effectively larger when the second group is attached to the first by
a relatively short two-carbon chain. Therefore, the reaction involving the bidentate is
more probable and has a correspondingly higher equilibrium constant.

Given these comments about local concentration, it is not surprising that the
length of the chelate chain has a direct bearing on the probability of the second
Lewis base forming a coordinate-covalent bond with the metal. An ethylenedi-
amine ligand has two carbons between the Lewis bases and forms a five-membered
ring (including the metal) when both ends are coordinated. Such a ring struc-
ture is very stable. Six-membered rings are also stable, but when the chains and
rings become much larger than this, the enhancement of the local concentration is
diminished, and the resulting complexes become less stable.

B3N APPLICATIONS OF MULTIDENTATE COMPLEXES

Not surprisingly, a large number of applications take advantage of the chelate effect.
In this section, we start by discussing complexometric quantitative analytical methods,
which are those involving the formation of a complex as the key to the measure-
ment of the amount of a material in a sample.

Gravimetric methods are those that involve the production, isolation, and weighing
of a solid to determine the amount of a material in a sample. Perhaps the example of
this method most often cited, although not complexometric, is the precipitation of
AgCl(s) in the determination of the percentage of silver and/or chloride in a sub-
stance. One of the most common complexometric gravimetric procedures involves the
use of a bidentate chelating agent, dimethylglyoximate (dmgH ™), to determine nickel.
The structure of dimethylglyoxime, dmgH,, is shown in Figure 6.3a as well as the
Ni(dmgH), complex. Note that two five-membered rings are formed in the complex
and, incidentally, that the two rings interact with each other via hydrogen bonding.

Another common gravimetric procedure involves the determination of alu-
mium with a chelating agent known as 8-hydroxyquinoline (sometimes called
8-quinolinol, or oxime). This complexing agent, shown in Figure 6.3b, is an example
of what is called a heterocycle. One of the delocalized rings in the compound
contains more than one type of atom—in this case, carbon and nitrogen. Again, the
bidentate ligand forms stable five-membered rings with the metal ion.

Complexometric titrimetric methods involve the formation of a metal complex as
the end point of a titration. In these procedures a solution of the metal ion is usually

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



136 Part I: Coordination Chemistry

FIGURE 6.3 hydrogen bond
The structures of the \ He /
uncoordinated ligands and —0 TTo—:
the resulting coordination % | ‘
compounds involved in the :—O/H N N
gravimetric determinations | H,C._ A~ 'y __-CH;
of nickel(II) and HiC_ %N\ C \ / C
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titrated against a known concentration of a chelating agent. Before the titration
begins, a minute amount of an indicator (also a ligand) is added. The indicator
forms a colored coordination compound with a small amount of the metal ion. The
remainder of the metal, the so-called free metal, is uncomplexed. As the titration
progresses, the free-metal ions are first complexed by the chelating agent. However,
when all the free metal has been reacted, the chelating agent then starts to remove
the metal from the M-indicator complex. The free indicator is of a different color
than the M-indicator complex, and the solution changes color to indicate that the
stoichiometric end point has been reached.

Examples of complexometric titrations include the use of triethylenetetramine
(trien) to titrate copper(II), 1,10-phenanthroline (phen) to titrate iron(III), and
ethylenediaminetetraacetic acid (H,EDTA) to titrate a large variety of 2+ and 3+
metal ions. These chelating agents and their representative metal complexes are
shown in Figure 6.4. Note that HJEDTA can be thought of as a derivative of
ethlyenediamine in which the four amine hydrogens are all replaced with acetic
acid moieties (-CH,COOH). When EDTA chelates a metal cation, it can occupy
all six octahedral sites and forms five stable rings with each metal.

Due to the especially stable complexes formed by EDTA, it is put to a large
number of uses. In one of the most common, EDTA titrations are used to deter-
mine the concentrations of hard-water ions, Ca?* and Mg?*, in a natural water
supply. (More on hard water can be found in Section 6.4 as well as in Section
13.3, pp. xxx—xxx.) Because EDTA ties up so many 2+ and 3+ cations in complex
form, these metals are not chemically available to participate in ways they normally
would. For this reason, EDTA is sometimes referred to as a sequestering agent, one
that isolates and chemically sets aside metal ions. Left free, these trace metals often
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catalyze various reactions, many of which are undesirable. For example, trace metals
catalyze the decomposition of food and various other consumer products, making
them rancid and discolored. To retard these metal-catalyzed decomposition reac-
tions, small amounts of EDTA are added to meats, salad dressings, mayonnaise,
sauces, sandwich spreads, and even soap (among other products), to increase their
shelf life. Moreover, EDTA is used to control the levels of trace metal ions in a
number of manufacturing situations including the textile, paper, dairy, and rubber
industries.
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EDTA is also used to remove the calcium carbonate and sulfate scales that form
in hot-water boilers and heaters. Calcium carbonate precipitates out when hard
water is heated because the bicarbonate present in any naturally aerated water sup-
ply decomposes under the action of heat into carbonate, water, and carbon dioxide,
as shown in Equation (6.15). (This reaction is the source of some of the very small
bubbles that form on the sides of a beaker before water heated in it comes to a
boil.) The carbonate is then available to be precipitated by calcium, magnesium, or
iron cations that are often present in a natural water supply. This precipitation reac-
tion is shown for calcium in Equation (6.16):

2HCO; (ag) 25 H,0 + CO,(g) + CO3 (ag) [6.15

Ca2+(ag) + COg_(czq) —> CaCO;(s) | 6.16 |

Calcium sulfate forms in hot-water boilers and heaters because it is less soluble in

hot water than cold. EDTA is also used as an antidote for heavy-metal poisoning, a
topic we will take up in Section 6.5.

B3 CHELATING AGENTS AS DETERGENT BUILDERS

In the late 1940s, when automatic clothes washers first came on the market, a large
problem was soon encountered. When ordinary laundry soap was used in these
appliances, a white (more often gray when used to clean something dirty), gelati-
nous, gummy precipitate—the product of various reactions between soap and hard-
water ions such as Ca**, Mg?", and Fe’*—often formed. This “soap scum”was not
only unpleasant because it was often deposited on the wash but, more important
to the washer manufacturer, it also literally gummed up the works of the washer.
The tiny holes that allow the wash water to be drained from the tub of an appliance
were soon plugged by this gummy precipitate. The solution to this problem was the
formulation of new synthetic detergents (syndets).

Procter & Gamble (P&G) had introduced the first syndet in the 1930s. It
contained the first synthetic cleansing agent or surfactant, which is the soaplike
molecule that does the actual cleaning. It did not precipitate a soap scum but did not
do a particularly good job at cleaning heavily soiled clothes, either. P&G researchers
realized that they could improve the syndet by “building” the surfactant, that is, by
adding chemicals that more effectively dealt with the hard-water ions. After extensive
research they determined that the best “builder” was sodium tripolyphosphate,
Nas[P;04,], which set aside or “sequestered” these aqueous cations. Tripolyphos-
phate (TPP), as shown in Figure 6.5a, is actually a tridentate chelating agent that
complexes hard-water ions, represented by Ca*" in the figure. The sodium salt was
inexpensive to manufacture, able to establish and maintain the proper pH for the

FIGURE 6.5 (9] CH
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Fd ~
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tive hard-water ion. O/ O ‘"“*Cah = :0. \0 -O‘: o \Caz+ /.. .
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most effective action of surfactants, and an excellent sequestering agent. P&G
called the resulting product 7ide. The introduction of this “Washday Miracle” in
1947 revolutionized the soap/detergent industry.

‘There really appeared to be only one problem with phosphates. As many gar-
deners know, phosphates (as well as carbonates, nitrates, potassium and magnesium
salts, etc.) are nutrients. As the popularity of phosphate detergents grew, tons and
tons of them, largely untreated by wastewater treatment plants, were dumped into
our streams, rivers, ponds, and lakes. There, it was found, these phosphates (along
with a large and complicated variety of nutrients from other sources like phos-
phates, nitrates, nitrites, and ammonia from nondetergent domestic and industrial
sources, as well as phosphates from agricultural and feedlot runoffs) were respon-
sible for vast blooms of algae and other water plants.

By the late 1960s, detergent-related phosphates had become identified as one of
the primary, controllable causes of advanced eutrophication. Eutrophication is a natural
process by which a body of water gradually ages by filling up with aquatic plant life,
eventually becoming first a swamp and ultimately a meadow. Normally, such a process
takes thousands of years. Advanced eutrophication is the acceleration of the natural aging
process of a body of water caused by overfertilization with nutrients, resulting in a
rapid and excessive growth of aquatic plant life. As a result of their association with
advanced eutrophication, detergent-related phosphates were severely limited in some
areas and even banned in others. Many states passed laws limiting the phosphorus
content in detergents to 8.7%, which corresponds to 34% sodium tripolyphosphate.

'The search was on for a replacement for phosphates as the primary detergent
builder. One candidate, developed at considerable cost by P&G, was the quadri-
dentate chelating agent nitrilotriacetic acid (H;N'TA). In a thought process similar
to what we went through with H,EDTA, H;NTA can be thought of as a deriv-
ative of ammonia in which all three hydrogen atoms are replaced with acetic acid
moieties (-CH,COOH). In Figure 6.5b the resulting anion, nitrilotriacetate, is
shown chelating a representative hard-water ion. It is an excellent chelating agent
and syndet builder. Unfortunately, some early reports (1970) suggested that NTA
could also complex mercury, cadmium, and lead and, in these complexed forms, carry
them across various body barriers (the placental barrier and the blood—brain barrier,
to name two) and cause birth defects and brain damage. In the mid-1970s, NTA
was also implicated as a cause of kidney damage and cancer. These early reports now
appear to be largely unsubstantiated. In 1980, in fact, the Environmental Protection
Agency reported that there was no reason to regulate NTA in detergents. The dam-
age was done, however, and N'TA is still not widely used as a syndet builder although
it has found significant use in other countries such as Canada and Germany.

So what has replaced phosphates in syndets? A quick survey of laundry prod-
ucts shows that many of them use “suspended sodium carbonate,” Na,COs, as a
builder. Carbonates precipitate out hard-water ions as a fine, granular precipitate,
a process represented in Equation (6.17); silicates also precipitate out hard-water
ions [Equation (6.18)] and have found limited use as phosphate replacements:

Ca*"(ag) + CO3 (ag) — CaCOxs(s) | 6.17 |
Ca“(aq) + SiO%f(ag) —> CaSiOs(s) | 6.18 |

More recently, zeolites or aluminosilicates have also been used to sequester these ions.
(See Section 15.5 for more on the structure and function of aluminosilicates.) Phos-
phates themselves are still used (although limited to 8.7% in laundry detergents in
many states), particularly in industrial-strength cleaners and in dishwasher detergents.
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B BIOINORGANIC APPLICATIONS OF COORDINATION CHEMISTRY

Biochemistry, the chemistry of living systems, is substantially informed by a knowledge
of inorganic chemistry in general and coordination chemistry in particular. In fact,
bioinorganic chemistry is a relatively new and still-growing interdisciplinary field
of chemistry. One of the most productive areas investigated by bioinorganic chem-
ists over the last 50 years is the nature and action of hemoglobin in the transport of
oxygen as part of cellular respiration. Others include therapeutic chelating agents
and platinum antitumor agents.

Oxygen Transport

Cellular respiration is the process of using oxygen to break down glucose to produce
carbon dioxide, water, and energy for use by the cell. In higher animals, oxygen is
transported to the cells by the action of hemoglobin, a tetrameric protein with an
astounding molecular weight (at least to an inorganic chemist) of about 64,500 u. Two
views of hemoglobin are given in Figure 6.6. The first is an overall representation of
the entire molecule, not easy to do in any great detail for a molecule of this size! Most
of this four-part molecule is protein and not dealt with here, but embedded in these
protein chains are four planar disk-like structures called Aerme groups. Figure 6.6b shows
a more detailed view of one of them. In each heme, four nitrogen atoms are coordinated
to an Fe*" cation to form a square planar array. Directly beneath the iron cation, a histi-
dine group, derived from the protein infrastructure of the molecule, occupies a fifth site.
'The sixth position around the iron is available to transport an oxygen molecule from
the lungs, gills, or just the skin of an organism to the various cells that need it.

In human beings and most animals, hemoglobin is found in the blood and
gives blood its characteristic color. (In those species without hemoglobin, the blood
is either a different color or colorless.) A vastly oversimplified representation of
respiration is given in Equation (6.19):

Hb + O,(g) = HbO, [ 6.19

Here Hb represents one of the heme sites in hemoglobin. Oxygen and the
hemoglobin (a dark purplish red) are in equilibrium with HbO,, oxyhemoglobin
(a bright scarlet). When the free heme sites in blood encounter a high concentration or
partial pressure of oxygen gas in the alveoli (small air sacs) of the lungs, the equilibrium
shifts to the right. When the oxyhemoglobin encounters a cell in which the partial pres-
sure of oxygen is low, the equilibrium shifts back to the left, and the oxygen is released.
There has been a great deal of discussion among bioinorganic chemists over
the years about the mode of bonding of the diatomic oxygen molecule to the Fe"
in heme. As shown in Figure 6.6b, most of the evidence seems to favor a bent
structure consistent with the oxygen donating one of its lone pairs to the iron. The
ability of each heme group to take on an oxygen molecule seems to depend on how
many of the other three groups are currently coordinated to other oxygen molecules;
that is, the four heme groups seem to bind oxygen molecules cooperatively. When
one heme group takes on an oxygen, the other groups become even more receptive
to the binding of a second oxygen. Evidently, the binding of one oxygen, through
a series of not particularly well-understood steps, opens up channels, making
it easier for succeeding oxygen molecules to make their way to other heme groups.
Rather surprisingly, when one thinks about it in some detail, the oxygen does
not oxidize the Fe2* ion to Fe’*. Evidently, the protein structure provides pro-
tection, sometimes referred to as a “hydrophobic pocket,” against this oxidation.
In the absence of this protective sheathing, the iron is oxidized and no longer binds
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FIGURE 6.6
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oxygen. Instead, a water molecule occupies the sixth site, and the compound is a
brown color. (This oxidation also occurs in hemoglobin outside the body of the
organism and is responsible for the color of dried blood and old meat.)

When hemoglobin is exposed to both oxygen and carbon monoxide gas, the
carbonyl complex, called carboxyhemoglobin, is formed preferentially. The resulting
reaction is represented in Equation (6.20):

Hb + CO(g) = HbCO [ 6.20 |

'The equilibrium constant for the formation of carboxyhemoglobin is about 250 times
larger than that for oxyhemoglobin. The result is that breathing carbon monoxide de-
prives the cells of oxygen, and the victim is ultimately asphyxiated. A few hemoglobin
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sites (about 0.5%) are normally occupied by carbon monoxide in healthy individuals.
Smokers are at a greater risk because 5-12% of their Hb is tied up as HbCO. As the
percentage of HbCO increases, the health effects are more telling. The nervous system
starts to be impaired at 2.5%, headaches occur at 10-20%, dizziness and vomiting at
30-40%, collapse at 40-50%, and death results when HbCO is above 60%.

'The cyanide ion, CN™, isoelectronic with carbon monoxide, also binds to the
iron cation in heme groups. Instead of primarily attacking hemoglobin, however,
cyanide interferes with the function of a group of compounds called the cyzochromes.
Cytochromes of various types (labeled ¢, a, a3, etc.) are proteins having one or more
heme groups. They are integrally involved in the electron transport that serves to
reduce molecular oxygen to water as part of the cellular respiration process. When
the iron cations in these heme groups at the end of this electron-transport process
are bound preferentially by the cyanide ion instead of molecular oxygen, O,, cellular
respiration essentially stops.

Cyanide poisoning can come about in a variety of ways. In the chemical labora-
tory and workplace, one must always be on guard when employing cyanide salts (such
as potassium cyanide, KCN) or gaseous hydrogen cyanide, HCN. HCN smells like
bitter almonds, but about one in five people cannot detect this odor—making it neces-
sary to exercise great vigilance in areas where cyanides are utilized. In addition to being
used to extract gold and silver from their ores and to make various dyes (as previously
mentioned), cyanides are also used in metal refining and plating and to extract silver
from exposed photographic and X-ray films. HCN gas is used in gas chambers and as a
fumigant to kill various pests found in houses, warehouses, and ships’holds.

Other sources of cyanides are less obvious. For example, the seeds of various
fruits such as apples, cherries, peaches, apricots, and plums contain compounds
called cyanogenetic glycosides that release cyanide on digestion. The fatal dose for a
small child is only 5 to 25 seeds. They are only dangerous, however, if the seed cap-
sules are broken. Laetrile, claimed to be a cancer cure, is reported to be made from
apricot kernels and contains a cyanide-releasing substance. It has caused fatal cya-
nide poisoning. Finally, sodium pentacyanonitrosylferrate(III), Na,[Fe(CN);NO],
sometimes called sodium nitroprusside, is useful for controlling high blood pressure,
but it, too, releases cyanide ions, and an overdose may lead to cyanide poisoning.

Therapeutic Chelating Agents for Heavy Metals

What is to be done when a young child is brought into a hospital emergency room
with lead poisoning caused by eating lead-containing paint chips or drinking orange
juice from improperly treated earthenware pottery? These and other similar emergen-
cies occur daily all over the world. Indeed, lead is sometimes called the everywhere
poison because it is distributed so pervasively, some would say perversely, in and
among the places we live and work. (Lead is found in paint, pottery, solder, crystal
glass, water pipes, and the soil and vegetation around older houses and roadside areas,
just to name a few places.) The average levels of lead found in modern adults is about
10 times that found in Egyptian mummies. (See Section 15.4 for more information
on lead compounds and toxicology.) Children are particularly susceptible to the many
effects of lead poisoning: fatigue, tremors, impairment of motor ability, diminished
1Q, behavior and attention problems, slower reaction times, and poorer eye—hand
coordination. Lead can also cross the placental and blood-brain barriers and cause
brain damage and birth defects. In severe cases, it produces coma and death.

'The mode of action of lead and other heavy metals is to bind to various amino
acids that make up proteins. Proteins, huge biological macromolecules that control
a wide variety of functions in the body, often contain sulfur groups that can function
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as Lewis bases. These soft sulfur atoms are easily coordinated to various heavy-metal
cations. The resulting stable, soft—soft complexes render the protein incapable of
functioning normally.

When a child suffering from lead poisoning is brought in for treatment, the
first priority is to reduce the concentration of lead in the bloodstream as quickly
as possible. The first line of treatment is most often EDTA therapy. As we saw in
Section 6.3, ethylenediaminetetraacetic acid is an excellent hexadentate chelating
agent. It effectively complexes and sequesters almost all the 2+ and 3+ metals
including lead. It is for this very reason, however, that EDTA cannot be used for
long-term treatment; it is an indiscriminate chelator and, left to its own, would
chelate vital metal ions including Mg**, Fe?*, Cu®*" and, most importantly, Ca*".
(To help minimize calcium loss, EDTA is commonly administered as calcium salts
such as CaH,EDTA and CaNa,EDTA.) Moreover, EDTA cannot be administered
orally because lead in the gastrointestinal tract may be chelated and spread to the
rest of the body. Instead, it is given intravenously or intramuscularly. EDTA therapy
is also used for iron, manganese, zinc, copper, beryllium, and cobalt detoxification.

Another therapeutic chelating agent for lead poisoning involves the uniquely
named British anti-Lewisite (BAL). It was originally developed during World War I
as an antidote against the arsenical (arsenic-containing) blistering agents Lewisite
(named after Winford Lee Lewis, an American chemist; it was sometimes referred
to as the “dew of death”) and b/ue cross, shown in Figures 6.7a and 6.7b. (Some further
information on arsenicals can be found in Section 16.1.) BAL, shown in Figure 6.7,
is more properly called 2,3-dimercapto-1-propanol. Its two soft mercapto (-SH)
groups make it particularly effective against soft metals. In the body, BAL loses
its two S-H protons, and the resulting 2- anion complexes with the Pb** cation
to yield a neutral species that is readily excreted. The lead complex is shown in
Figure 6.7d. Given its origin, it is not surprising that BAL is also effective against
arsenic poisoning even if a lethal dose has been taken. It also can be used for gold
detoxification but should not be used against mercury or bismuth because the che-
lated metals may be spread throughout the body. BAL is not water-soluble and
cannot be administered orally. BAL is also referred to as “dimercaprol,” a name that
reflects its two mercapto and one alcohol groups.

Another dimercapto chelating agent commonly used to treat lead poisoning is
2,3-dimercaptosuccinic acid (DMSA), also known as “succimer” or “Chemet.” Its
structure is shown in Figure 6.8a. The primary advantage of succimer is that it can
be administered orally. Like BAL, it is also effective against arsenic poisoning.

FIGURE 6.7
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A third line of treatment against lead poisoning is penicillamine, sometimes called
“cuprimine.” It is used if the patient has unacceptable reactions to CaNa,EDTA,
BAL, and DMSA. Its structure is shown in Figure 6.8b. As shown in Figure 6.8c, it
is a tridentate chelating agent, but the deprotonated mercapto group is the most
important of the three chelating sites in the molecule. The soft—soft interaction
between a sulfur lone pair and a Pb** cation makes penicillamine a specific antidote
for lead and other heavy, soft metals such as gold, bismuth, and mercury. It is also
effective against the soft nickel tetracarbonyl. Penicillamine is water-soluble and
can be administered orally.

Both penicillamine and BAL have been used for treatment of Wilson’s dis-
ease, a metabolic disorder characterized by the buildup of copper in the body. One
striking symptom of this disease is Kayser—Fleischer rings of the cornea, copper- or
bronze-colored rings that develop in the eyes of people afflicted with this malady.
'This symptomatic buildup of copper is best treated with penicillamine. After the
copper levels have been reduced to a safe level, Wilson’s disease can be controlled
by the administration of zinc salts that block the intestinal absorption of copper
and prevent it from reaccumulating. Another chelating agent effective against
Wilson’s disease is the tetradentate triethylentetramine (“trien” or “trientine”) shown
in Figure 6.4a. The bidentate tetrathiomolybdate, [M0S,]*”, commonly found as
the red ammonium salt, (NH,),MoS,, is presently in clinical trials as a treatment
for Wilson’s disease. Its simple tetrahedral structure is shown in Figure 6.9. Since
ammonium tetrathiomolybdate generally removes extra copper ions from the body,
it is also being investigated as an anticancer therapeutic agent. The presence of cop-
per promotes “tumor angiogenesis,” the formation of new blood vessels that tumors
need to grow.

'The first incident in the modern era to bring mercury and its hazards to the
public eye occurred at Minamata Bay, Japan, in 1953. Here many fishermen and
their families were stricken with mercury poisoning when they ate fish and shell-
fish that contained high amounts of mercury, ultimately traced to the effluent of a
nearby poly(vinylchloride) factory. Mercury in fish, particularly those such as tuna,
marlin, and swordfish at the top of aquatic food chains, soon became a newsworthy

Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



Chapter 6: Applications of Coordination Compounds 145

issue. Another significant source of mercury is seed grain, which is often treated
with a mercurial fungicide. Unfortunately, this seed grain is not always used as
it was intended. When it is fed directly to humans or to farm animals used for
human consumption, it often causes tragic results. Other sources of mercury in the
environment include mining, fuel combustion, the chlor-alkali process for making
chlorine (see Section 18.1), paints, thermometers, explosives, electrical devices, and
batteries.

The symptoms of mercury poisoning include tremors, dizziness, lack of
coordination, thirst, vomiting, diarrhea, and ultimately, at high-enough exposures,
coma, brain damage, and death. Mercury poisoning often results in irreversible
damage, but under some circumstances it can be treated with penicillamine and
other mono- and dimercapto chelating agents that contain soft Lewis bases.

Platinum Antitumor Agents

In 1964, Barnett Rosenberg and his associates were trying to assess the effect of
electric fields on the rate of growth of Escherichia coli (E. coli) cells. They found,
quite by accident, that a small amount of the platinum from the electrodes they
were using was transformed into cis-diamminedichloroplatinum(II), PtCl,(NHj3),,
and was responsible for a radical slowing of the rate of cell division. By the early
1970s, direct clinical studies had shown that this coordination compound, which
quickly became known as cisp/atin, was able to stop completely the growth of vari-
ous solid tumors, particularly those associated with testicular and ovarian cancers.
Additional animal studies showed that it also had activity against a wide variety of
carcinomas including those of the bladder, head, neck, and lung. Like most antitu-
mor drugs, however, cisplatin was found to have some serious side effects, the most
notable being severe kidney damage.

'These discoveries led to a concerted effort to determine how cisplatin works against
these tumors. Such information, it was hoped, would be useful in leading to modifica-
tions that would be more effective and/or have fewer and less severe side effects. The
result has been a second generation of antitumor agents based on Rosenberg’s initial
discovery. Cisplatin and two of the more recent antitumor compounds are shown in
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FIGURE 6.11

A deoxyribonucleic acid (DNA) unit and two types of cross-links formed between DNA and platinum anticancer compounds.

(a) Deoxyribonucleic acid (DNA) is a polymer made of a series of nucleotides, each in turn composed of a phosphate, sugar, and
nitrogen base. The nitrogen base shown here is guanine. The lone pair on the nitrogen atom of the guanine unit can bind to the
platinum atom of cisplatin or its relatives. (From Insights into Specialty Inorganic Chemicals, ed. by David Thompson, p. 41. Copyright © 1995 The Royal Society of
Chemistry. Reprinted by permission.) (b) Intra- and interstrand cross-links formed between guanine (G) nitrogen atoms and platinum anticancer
compounds. (Also shown is an intrastrand cross-link between an adenine (A) nitrogen atom and a platinum anticancer compound.)

(From “Metals in Medicine” by Peter J. Sadler in Biological Inorganic Chemistry: Structure and Reactivity by Bertini et al., University Science Books, 2007, Reprinted by
permission.)

Figure 6.10. Carboplatin is less toxic than cisplatin, with fewer and less severe side
effects. It is clinically approved to treat a wide range of cancers. Oxaliplatin is approved
for use against colorectal cancer. It is significant to note that these compounds possess
two cis-oriented, relatively labile (easily lost) ligands. In cisplatin, these are chloride
ligands; in carboplatin, they are ammines; in oxaliplatin, they are the amine groups
of the diaminocyclohexane. This common cis structural similarity is important, as the
corresponding trans compounds show little to no antitumor activity.

The mechanism of these compounds against tumors seems to be related to
their ability to form complexes with some of the nitrogen bases of deoxyribonu-
cleic acid (DNA), one of the molecular building blocks of life. Specifically, when
DNA replicates, it splits apart into two strands, each of which must be faithfully
copied. (A single strand of DNA is composed of a series of nucleotides, each of
which in turn is composed of three parts: a phosphate, a sugar, and a heterocyclic
nitrogen base.) (See p. 135 for a definition of a heterocycle.) The relative arrange-
ments of these are represented in Figure 6.11a. (In this figure the specific hetero-
cyclic nitrogen base shown is called guanine.) The lone pair of the nitrogen atom
in guanine is the most likely point of attack of the platinum-containing antitumor
compounds.

'The neutral platinum complexes can be transported through cell and nuclear
membranes, where they are most likely hydrolyzed to produce species that are in
turn attracted to the DNA. Once a guanine nitrogen is coordinated, several second
points of attack are possible. These involve the oxygen on the same guanine (so
the guanine acts as a bidentate ligand), the nitrogen of a neighboring guanine in
the same strand of DNA (an “intrastrand cross-1link”) or the nitrogen of a guanine
in the second strand of the DNA (an “interstrand cross-link”). The two types of
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FIGURE 6.12

Satraplatin. Trans-
bis(acetato)ammine-cis-
dicholoro(cyclohexylamine)
platinum(IV), satraplatin,
also known as IJM-216.

FIGURE 6.13

Triplatin. Trans-
diamminechloroplatinum(II)-
p-(1,6-hexanediamine)-trans-
diammineplatinum(II)-p-
(1,6-hexanediamine)-trans-
diamminechloroplatinum(II)
cation, triplatin, also known
as BBR3464.
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cross-links are shown in Figure 6.11b. In some cases, a nitrogen of an adenine base
may successfully compete to complex the platinum. Detailed investigations show
that the intrastrand cross-link is the most prevalent mode of interaction. With
these cross-links in place the DNA can no longer be faithfully replicated. Instead,
the presence of this complex leads to a mistake (or mutation) in the DNA replica-
tion and the destruction of the cancerous cell. For reasons that are not clear, can-
cerous cells cannot repair such mistakes quickly enough but normal, healthy cells
often can. In all these cases, the cis structure is necessary to bring about the desired
interaction with DNA. Various proteins such as cysteine and methionine possess
“soft” sulfur atoms that can bind to the platinum. (See Problem 6.37 for the struc-
tures of cysteine and methionine.) These interactions deactivate the platin and lead
to some of its various side effects.

Not all cisplatin relatives are square planar platinum(II) compounds. Figure 6.12
shows the octahedral, platinum(IV) compound known as satraplatinum (previously
referred to as JM-216) that, at this writing, is nearing the end of its clinical trials.
It appears to be effective against prostate, breast, and lung cancers and also has the
advantage that it can be delivered orally. It is also active against cisplatin-resistant
malignancies. This kinetically inert compound can survive to pass through cell
membranes where it can be reduced 7 vivo to platinum(II) and loses its axial acetate
ligands. From that point, it acts in a similar fashion to cis-, carbo-, and oxaliplatins.

Figure 6.13 shows the tri-nuclear platinum(II) compound known as triplatin.
As the name indicates, it has three platinum centers that can interact with DNA.
'This long chain compound seems to act by both intra- and interstrand cross-links
that can be up to six base pairs apart. Unfortunately, it has large dose-limiting side
effects. Future molecular modifications may ameliorate these side effects.

Ruthenium Antitumor Agents

Cisplatin, carboplatin, and other platinum analogues were the first coordination
compounds to show anticancer properties. Not surprisingly, that serendipitous
discovery inspired a search for other such compounds. The palladium analogues
of cisplatin had no such parallel properties, but some titanium and molybdenum
asymmetrically substituted acetylacetonato complexes did. Ruthenium complexes
were the next such breakthrough. First the cis-tetraamminedichlororuthenium(I1I)
chloride and fac-triamminetrichlororuthenium(III) showed excellent anticancer
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activity but were not soluble enough for clinical use. A variety of ligands and coun-
tercations were used to increase both the solubility and the anticancer properties
of both Ru(III) and Ru(IV') complexes. Using heterocyclic N-containing ligands
and counterions (materials somewhat similar to the heterocyclic nitrogen bases of
DNA) has yielded compounds that are particularly effective against carcinomas that
develop resistance to cisplatin or against which cisplatin was never eftective. Three
such compounds are shown in Figure 6.14. The HIm trans-[RuCl,(im),] and HInd
trans-[RuCl,(ind),] were discovered by Bernard Keppler in 1989. “Im” and “Ind”
stand for imidazole and indazole, respectively,and HIm and HInd are the protonated
forms of these two nitrogen heterocycles. The imidazole complex is particularly
effective against colorectal carcinomas and is only slightly toxic. The indazole complex
is effective against lung, breast, and renal cancers and is even less toxic (therefore, it
causes fewer and less severe side effects). There is evidence that these ruthenium(III)
complexes are reduced to the corresponding Ru(II) compounds in vive. As was
the case with cisplatin and its derivatives, the ruthenium(II) complex is hydrolyzed
in the cell, and these products attack the guanine nitrogen-base in DNA. Both
of these complexes seem to be selective for tumor cells over normal cells because
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tumor cells have a great need for iron, and ruthenium is similar to iron, being in
the same group of the periodic table. There also seems to be more to the anticancer
activity of these two compounds than just their attack on guanine. There is evidence
that these compounds interfere with the ability of DNA to keep its proper topo-
logical structure during replication, and the resulting structural anomalies lead to
cancer cell death.

'The third compound in Figure 6.14, NAMI, is a complex of dimethylsulfoxide
(DMSO). DMSO is an ambidentate ligand capable of bonding through both its
sulfur and oxygen atoms. Since Ru(II) is a soft metal, the DMSO is preferentially
S-bonded in this imidazole complex. Incidentally, you might wonder how a com-
pound whose official name is sodium tetrachloro-trans-(S-dimethylsulfoxide)(imi-
dazole)ruthenate(IlI), Na[RuCl,-trans-(S-DMSO)(im)], gets a name like NAMI.
Sometimes drug names seem totally unintelligible, but in this case, NAMI is simply
an acronym for New Antitumour Metastasis Inhibitor. It earned this designation
because it shows excellent activity against metastasized carcinomas, that is, those
that are spread from the original site to other sites in the body. In this case, NAMI
is particularly effective against lung metastases. The mechanism of action of NAMI
is not known and may be unrelated to its interaction with DNA. It may be related
to its interference with nitric oxide, NO, in the body [see Section 16.3 (pp. xxx—xxx)
for more on nitric oxide].

SUMMARY

Coordination compounds have a wide variety of applications. Complexes of
monodentate ligands are used in qualitative analysis, identification of copper(1I)
and iron(II), dyes [Prussian (Turnbull’s) blue], the cyanotype printing process, the
separation of gold and silver from their ores, the purification of nickel, and as fixers
in black-and-white photography.

Two ideas that aid in a fuller understanding of the applications of coordination
compounds are the hard-soft—acid-base (HSAB) theory and the chelate effect.
Metals (Lewis acids) and ligands (Lewis bases) can be categorized as hard or soft.
Hard refers to substances with small, compact, difficult-to-distort electron clouds,
whereas soff substances are large, diffuse, and easily distorted. Hard—hard and soft—
soft interactions are often found to be more favorable than hard—soft. The chelate
effect refers to the unusual stability of a coordination compound involving a
chelating multidentate ligand. This effect can be explained in two different ways,
both of which are related to changes in entropy upon complexation.

Complexometric analytical methods are based on an understanding of
coordination chemistry. Gravimetric complexometric procedures include the
production, isolation, and weighing of a coordination compound, often involving
multidentate chelating agents. The analysis of nickel using dimethylglyoxime and
iron with 8-quinolinol are two examples. The best example of a complexometric
titration involves the use of ethylenediaminetetraacetic acid (EDTA) to titrate a
wide variety of 2+ and 3+ cations in the presence of suitable complexometric
indicators. The special stability of M—EDTA complexes leads to a number of
applications of this hexadentate chelating agent.

Synthetic detergents are composed of a surfactant and a builder. The latter is
often a chelating agent such as the tripolyphosphate ion. It sequesters hard-water
cations, rendering them incapable of interfering with the surfactant. Phosphates,
however, are nutrients and have been implicated as a major cause of advanced
eutrophication. A variety of phosphate replacements have been considered including
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the controversial nitrilotriacetic acid (NTA). Suspended sodium carbonate and
aluminosilicates are currently popular detergent builders, but phosphates are still
used in a large number of products.

Bioinorganic applications of coordination compounds include hemoglobin,
therapeutic chelating agents, and antitumor compounds. Hemoglobin is respon-
sible for oxygen transport in most higher animals. The working part of hemoglobin
is a heme group containing an Fe?" cation coordinated to four nitrogen atoms and
a histidine group. The sixth octahedral site is available to bind oxygen molecules.
'The cooperative interaction between oxygen molecules and the four heme groups
of hemoglobin involve bent Fe—O=0 bonds but no oxidation of the iron(II) cat-
ions. Carbon monoxide and cyanide bind more strongly to the iron cations in the
heme groups of hemoglobin and various cytochromes, respectively, than does oxy-
gen, making these extremely dangerous reagents.

Therapeutic chelating agents are used as antidotes for heavy-metal poisoning.
Lead poisoning renders proteins incapable of performing their normal functions
but can be treated with chelating agents such as EDTA, British anti-Lewisite
(BAL), succimer, and penicillamine. EDTA is a nonselective chelating agent and
must be quickly replaced with BAL, succimer, or penicillamine, which contain soft
sulfur-containing Lewis bases, which are more selective for heavy-metal cations.
Wilson’s disease and mercury poisoning are also treated with a variety of therapeutic
chelating agents.

Almost 40 years ago, cisplatin, a square planar coordination compound of
platinum(II), was found to be an effective antitumor agent. It forms complexes
with some of the nitrogen bases of DNA, producing mutations during the
replication of cancer cells. Second-generation square-planar platinum(II) complexes
such as carboplatin and oxaliplatin that have less severe side eftects are now avail-
able. Octahedral platinum(IV') complexes such as satraplatin as well as triplatin, a
tri-nuclear platinum(II) complex, are in various stages of development. A new class
of ruthenium(III) anticancer complexes hold promise of targeting additional cancer
types with fewer side effects.

PROBLEMS

6.1 In terms of electronic configurations and crystal field theory, why is diamminesilver(I)
colorless whereas tetraamminecopper(l) is colored? Be specific.

6.2 Speculate on the colors of aqueous solutions containing the [Au(CN),]™ and
[Ag(CN),]” ions. Briefly justify your answer.

*6.3 Given what you know about the temperature dependence of the Mond process,
would you suspect the formation of nickel tetracarbonyl from nickel and carbon
monoxide to be endothermic or exothermic? Briefly explain your answer.

6.4 Like nickel, iron can also be purified using a carbonyl compound. Iron purified
this way is called carbonyl iron, and the iron has an oxidation state of zero. Briefly
rationalize why iron(III) does not form a complex with carbonyls whereas Fe(0)
does. Based on the EAN rule, speculate on the most likely homoleptic carbonyl
complex formed by iron(0).

6.5 In a short paragraph, rationalize why ionic forces should be more important in
hard-hard—acid-base interactions than in soft-soft.

* Problems marked with an asterisk (*) are more challenging.
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6.6 In a short paragraph, rationalize why London dispersion forces should be more
important in soft-soft—acid-base interactions than in hard-hard.

6.7 Briefly rationalize why S-thiocyanato complexes are found with metals such as
mercury but N-thiocyanato are found with cobalt.

6.8 Briefly speculate on and draw a sketch of the geometry of the coordination sphere
in K[ W(SCN),Br,]. Briefly speculate on whether the ambidentate SCN™ ligand
will prefer to be S-bonded or N-bonded in this compound. Provide a brief ratio-
nale for your answer.

6.9 Many English majors are wordsmiths. An English major notices that the word
used for blue printer inks is “cyan.” She recognizes this as a word derived from
chemistry, notes its similarity to the word “cyanide,” and asks you to explain the
chemical origin of these terms. Write a short paragraph that summarizes your
response. Extra points may be awarded if you can document that you actually
explained the etymology of cyan and cyanide to an English major.

6.10 'The overall equilibrium constant for the reaction of hexaaquairon(II) with 2 mol
of acetate to form diacetatotetraaquairon(II) is 120, whereas that for the reaction
with 1 mol of malonate, " OOCCH,COO", is 630. Write equations representing
these reactions and briefly rationalize the differences in the magnitudes of the
equilibrium constants.

6.11 Nickel(II) cyanide is soluble in aqueous solution to produce hexaaquanickel(1I)
and cyanide ions. Suppose [Ni(en),(H,0),](CN), could be made fairly straight-
forwardly from an aqueous solution of Ni(CN), and free ethylenediamine.

(a) Write a balanced net equation for its synthesis.

(4) Assuming also that tetraamminediaquanickel(II) cyanide could be made from
an aqueous solution of Ni(CN), and aqueous ammonia combined in appro-
priate stoichiometric proportions, write the balanced net equation for this
synthesis. Of these two nickel complexes, which would you suppose to be the
more thermodynamically stable? (i.e., which of the two synthetic reactions
would have the most negative value of AG” or greatest value of K?) Briefly
rationalize your answer.

6.12 'The overall equilibrium constant for the reaction of hexaaquacobalt(II) with 2 mol
of acetate to form diacetatotetraaquacobalt(I) is 80, whereas that for the reaction
with 1 mol of oxalate, ” OOCCOQ7, is on the order of 5.0 X 10*. Write equa-
tions representing these reactions and briefly rationalize the differences in the
magnitudes of the equilibrium constants.

6.13 Briefly rationalize the fact that complexes of acetone

CH,CCH,
n
o)

are not particularly stable but those of acetylacetonate are.

*6.14 'The equilibrium constant for the reaction of hexaaquacobalt(II) with 2 mol of
malonate, ” OOCCH,COQ7, is approximately 5.0 X 10° . Use this and the
information given in Problem 6.12 to decide whether malonate or oxalate com-
plexes of Co?* are more stable. Draw the possible structures of the resulting
chelate complexes. What does your answer lead you to conclude about the relative
stability of five- and six-membered chelate rings in this case?

* Problems marked with an asterisk (*) are more challenging.
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6.15 Using the information given in this chapter, determine an equilibrium constant
for the following reaction:

[Ni(NH3)6]2+(aq) + 3en(aq) — [Ni(en)3]2+(aq) + 6NH3(ag)
Is this reaction thermodynamically favorable? Briefly rationalize your answer.

6.16 Using the data given in Problem 6.12, determine an equilibrium constant for the
following reaction:

[CO(CH3COO)2(H20)4] + Czoi_ —> [CO(H20)4(C204)] + 2CH3COO_
Is this reaction thermodynamically favorable? Briefly rationalize your answer.

6.17 A 0.3456-g sample of a nickel ore yields 0.7815 g of Ni(dmgH), in a gravimetric
determination. Determine the percentage of nickel in the sample.

6.18 An aluminum ore contains approximately 24% aluminum. About what mass,
in grams, of ore should be treated with 8-quinolinol to produce about 0.50 g of
precipitate?

6.19 A 0.2000-g sample containing calcium is titrated against a 0.04672 M EDTA
solution. If 23.94 mL of the solution is required to reach an end point using a
complexometric indicator, determine the percentage of calcium in the sample.

6.20 An aqueous solution containing Pb*" and Cd** can be titrated using EDTA. If
an excess of cyanide is added to the solution, the cadmium is said to be masked by
the formation of a cyanide complex. Suppose 20.00 mL of a solution containing
only lead and cadmium is first titrated against 45.94 mL of a 0.02000 M solution
of EDTA. After adding an excess of sodium cyanide, only 34.87 mL of the same
EDTA solution produces an end point. Calculate the molarities of both the lead
and the cadmium in the original solution.

*6.21 A 0.2005-g sample of copper ore is dissolved and diluted to the mark in a
100-mL volumetric flask. Then 10.00 mL of the solution is removed and titrated
against a 0.01000 M solution of trien. If 22.75 mL of the trien solution is
required, calculate the percentage of copper in the original sample.

6.22 Suppose 43.28 mL of a 0.1000 M solution of 1,10-phenanthroline is required to
titrate a Fe3 "(agq) solution. How many grams of iron were present in the solution?

6.23 Verify that the limit of 8.7% by weight of phosphorus in a detergent corresponds
to 34% sodium tripolyphosphate, NasP;0.

6.24 Sodium pyrophosphate, Na,[O;POPO;], acts as a sequestering agent to help keep
potatoes from darkening after heating. The darkening is due to the formation of
an iron complex. Draw a diagram showing the nature of this complex. Assume an
Fe-pyrophosphate ratio of 1:1.

6.25 Explain to an economics major who paid reasonably close attention in his or her
high school chemistry class why phosphates have been an important component
of synthetic detergents. Extra points may be awarded for presenting evidence that
this was done in person.

* Problems marked with an asterisk (*) are more challenging.
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6.26 'The pentasodium salt of diethylenetriaminepentaacetic acid can be used for
chelating hard-water ions and a variety of heavy-metal ions. Draw the structural
formula of this multidentate ligand. Would you suspect that the full denticity of
this ligand would be employed in its interaction with these metals?

*6.27 Explain to a biology major who struggled through his or her introductory college
chemistry class why human blood is of two shades of red, a dark red when return-
ing to the heart and a bright red when leaving the lungs. Extra points may be
awarded for presenting evidence that this was done in person.

6.28 Sketch a diagram (details of the organic chemistry need not be shown) showing
the structure of carboxyhemoglobin. Identify a// Lewis bases and acids in this
structure.

6.29 Sodium nitroprusside, Na,[Fe(CN);NO], is used to control high blood pressure.
It liberates CN ™ after its administration. Explain to a physician who has
forgotten all but his or her most elementary chemistry why this might be
a problem.

*6.30 When an oxygen molecule binds to hemoglobin, substantial evidence shows that
the iron(IT) changes from a low-spin 4° state to a high-spin state. How might
this affect the size of the iron cation and its ability to fit in the square planar site
in heme? Evidence shows that this size change is what initiates the cooperative
interaction among the four heme sites in the protein.

6.31 Lead is more often found in nature as its sulfide than its oxide. Provide a brief
rationale for this fact.

6.32 'The word mercaptan, from which the phrase “mercapto group” (-SH) is
derived, comes from the Latin words for “mercury capture.” Mercury is often
found associated with sulfur-containing groups. Provide a brief rationale for
this fact.

6.33 Of EDTA, penicillamine, and BAL, which, if any, would be optically active?

Briefly discuss your answer.

6.34 Histidine and cysteine are used for cobalt detoxification. Based on the structures
given below, rationalize this fact.

NHZ—(|3H—COOH

CH,
(|: NH,—CH—COOH
N
HN” SCH CH,
\ / |
HC=N SH
histidine cysteine

6.35 Of histidine and cysteine (see Problem 6.34 for structures), which would be a
better antidote against heavy metals?

* Problems marked with an asterisk (*) are more challenging.
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6.36 The structures of serine and cysteine are shown below. Which of these amino
acids would be the better antidote against heavy metals? Briefly rationalize your

answer.
NH,—CH—COOH NH,—CH—COOH
Ln, L,
O sH.
serine cysteine

*6.37 The structures of methionine and cysteine are shown below. Which of these
amino acids would be the better antidote against heavy metals?

NH 2—(|3H—COOH

CH,

('sz NH,—CH—COOH

; &,

(|.‘H3 éH
methionine cysteine

*6.38 Explain to an English major who paid reasonably close attention in his or her
high school AP chemistry class why cisplatin works against tumors but the
corresponding trans compound does not. Extra points may be awarded for
presenting evidence that this was done in person.

6.39 Do an Internet search for “cisplatin carboplatin oxalipatin comparison” and write a
paragraph updating the relative effectiveness of these three platins against various
carcinomas.

6.40 Use an Internet search or some other source (perhaps a fellow student familiar
with biochemistry) to determine the structure of the nitrogen-base adenine. Cite
your source. Use your results to draw a structure similar to Figure 6.11a in which
adenine is shown instead of guanine.

6.41 Use an Internet search to determine if satraplatin has completed its clinical trials
and is now an approved anticancer medicine.

6.42 Use an Internet search to determine the present status of triplatin as an
anticancer drug.

6.43 Write a Lewis structure and determine the molecular geometry of dimethyl-
sulfoxide (DMSO), (CH;),SO. Draw a sketch of DMSO acting as a ligand in
the NAMI anticancer complex.

6.44 Use an Internet search to determine what is presently known about the
mechanism of action of NAMI as an anticancer complex.

* Problems marked with an asterisk (*) are more challenging.
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I PA RT

SOLID-STATE
CHEMISTRY

In this self-standing section, solid-state chemistry is introduced over the
course of two chapters. These chapters are

CcHAPTER 7 Solid-State Structures

cHAPTER 8 Solid-State Energetics
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N CHAPTER

Solid-State Structures

As outlined in Chapter 1, the realm of inorganic chemistry was considerably
expanded in the early twentieth century when Max von Laue showed that crys-
tals had just the right dimensions to diffract X rays. The discovery proved that
X rays were high-frequency, short-wavelength forms of electromagnetic radiation and
that the resulting diffraction patterns could yield detailed information on solid-state
structures. At the same time that the intricacies of the crystalline state gradually came
to light, the theoretical basis describing the forces that hold these structures together
was conceived, tested, and refined. These next two chapters explore some of what is
now known about both the structures and the energetics of the inorganic solid state.

Solids are usually composed of atoms, molecules, or ions arranged in a rigid,
repeating geometric pattern of particles known as a crysta/ lattice. Before looking at
a variety of crystal lattices, we start this chapter with a survey of crystal types based
on the nature of the forces among particles.

B AN TYPES OF CRYSTALS

Crystals are usually categorized by the type of interactions operating among the
atoms, molecules, or ions of the substance. These interactions include ionic, metallic,
and covalent bonds as well as intermolecular forces such as hydrogen bonds, dipole—
dipole forces, and London dispersion forces.

Ionic Crystals

As you know from general chemistry, when two elements, one a metal with a low
ionization energy and the other a nonmetal with a highly exothermic electron
affinity, are combined, electrons are transferred to produce cations and anions. These

157
Copyright 2011 Cengage Learning. All Rights Reserved. May not be copied, scanned, or duplicated, in whole or in part. Due to electronic rights, some third party content may be suppressed from the eBook and/or eChapter(s).
Editorial review has deemed that any suppressed content does not materially affect the overall learning experience. Cengage Learning reserves the right to remove additional content at any time if subsequent rights restrictions require it.



158 Part II: Solid-State Chemistry

FIGURE 7.1

The formation of sodium
chloride. In a hypothetical
view the constituent ele-
ments are combined, electrons
are transferred, and ionic
bonds among the sodium and

chloride ions are formed.
(From The Joy of Chemistry, 1st ed.,
by S. M. Cherim and L. E. Kallan.
Copyright © 1976 Brooks/Cole, a part
of Cengage Learning, Inc. Reproduced
by permission. www.cengage.com/
permissions.)

Chlorine atom

/ Chloride ion

I_/f/

-«—— Chloride ion

~———— Sodium ion

0 Chloride ion

@' Sodium ion

ions are held together by nondirectional, electrostatic forces known as ionic bonds.
Figure 7.1 illustrates a hypothetical view of the formation of sodium chloride, NaCl,
perhaps the most common example of an ionic crystal, from its constituent atoms.
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FIGURE 7.2

Electrical conductivity in a
metallic lattice. A lattice of
cations is held together by a

—_ o
“sea of electrons.” An electron
enters from the left and bumps @ \\‘
other electrons down through
]
Q.

the lattice until an electron

emerges from the right side.
(From Ebbing and Gammon,

General Chemistry, 9th ed., p. 352.
Copyright © 2009 Brooks/Cole, a part
of Cengage Learning, Inc. Reproduced
by permission. www.cengage.com/
permissions.)

0-0-0-0-0-0-0

Picking any sodium cation at random, note that a chloride anion could approach
from any direction; that is, there is no particular direction in which the cation—anion
interaction will be stronger. Stated another way, the anion could come toward the
cation from any direction or point in space and still experience the same electrostatic
force. Thus, we say that ionic bonding is nondirectional. As we will see later, the
arrangement of the anions around the cation is not determined by a preferred
direction necessary for maximization of the ionic interaction but rather by the rela-
tive sizes and charges of the cations and anions. Some examples of compounds that
form ionic crystals are cesium chloride (CsCl), calcium fluoride (CakF,), potassium

nitrate (KNOj;), and ammonium chloride (NH,CI).

Metallic Crystals

Metals, those elements generally from the left side of the periodic table, form crystals
in which each atom has been ionized to form a cation (of charge dependent on its
electronic configuration) and a corresponding number of electrons. The cations are pic-
tured to form a crystal lattice that is held together by a “sea of electrons™—sometimes
called a Fermi sea. The electrons of the sea are no longer associated with any particular
cation but are free to wander about the lattice of cations. Given this description, we
can define a metallic crystal as a lattice of cations held together by a sea of free electrons.
A general two-dimensional representation of such a crystal is shown in Figure 7.2. Note
that the sea analogy allows us to picture electrons flowing from one place in the lattice
to another. That is, suppose we shape the metal (copper is a good example) into a wire.
If we put electrons in one end of the wire, electrons will be bumped along the lattice of
cations until some electrons will be pushed out the other end. The result of this electron
flow is electric conductivity, one of the most characteristic properties of metals.

Covalent Network Crystals

A covalent network crystal is composed of atoms or groups of atoms arranged into a
crystal lattice that is held together by an interlocking network of covalent bonds.
Covalent bonds (the result of the sharing of one or more pairs of electrons in a
region of orbital overlap between two or perhaps more atoms) are directional inter-
actions as opposed to ionic and metallic bonds, which are nondirectional. A good
example of a covalent network crystal is dlamond shown in Figure 7.3. Note that
each carbon atom is best thought of as being sp -hybridized and that to maximize
the overlap of these hybrid orbitals,a C—~C—C bond angle of 109.5° is necessary.
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160 Part II: Solid-State Chemistry

FIGURE 7.3

The diamond structure: An
example of a covalent network
crystal in which directional
covalent bonds are formed
among the individual atoms.
(a) A segment of the lattice
showing each carbon atom
surrounded by a tetrahedron of
four other carbons.

(b) Each carbon is sp*-
hybridized, and the overlap

of these hybrid orbitals is
maximized by maintaining
C-C-C bond angles of 109.5°.

®)

These interactions are therefore directional in nature. Other compounds that form
covalent network crystals are silicon dioxide (quartz or cristobalite, SiO,), graphite,
elemental silicon (S1), boron nitride (BN), and black phosphorus.

Atomic-Molecular Crystals

When the atoms or molecules of a crystal lattice are held together by relatively weak
intermolecular forces such as (in increasing order of strength) London dispersion
forces, dipole—dipole forces, or hydrogen bonds, an azomic or molecular crystal results.
You may want to go back and review these forces from your general chemistry course.
Hydrogen bonds, particularly those in water, are covered in Chapter 11. Intermolecular
forces can be either nondirectional, as in the case of crystals of argon (Figure 7.4a), or
directional, as in the case of ice (Figure 7.4b). In the latter case, the H-O——-H angle
is 109.5%, an angle determined by the geometry of individual water molecules. Other

compounds that form atomic—molecular crystals are dry ice (CO,) and the solid forms
of methane (CH,), hydrogen chloride (HCI), and white phosphorus (P,).
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FIGURE 7.4

Two examples of
atomic-molecular crystals.
(a) Argon atoms held together
by nondirectional London
dispersion intermolecular
forces. (Adapted from Chemical
Principles, 3rd Ed. by R. E. Dickerson,

H. B. Gray, M. Y. Darensbourg, and

D. J. Darenshourg. Copyright © 1979

by The Benjamin/Cummings Publishing
Company, Inc., Reprinted by permission
of Pearson Education, Inc.) (b) Water
molecules held together by
directional hydrogen bonds.
Due to the structure of an
individual water molecule, the
most effective H-0eesH bond
angle is 109.5°.

(From Ebbing and Gammon, General
Chemistry, 9th ed., Fig. 11.51, p. 463.
Copyright © 2009 Brooks/Cole, a part
of Cengage Learning, Inc. Reproduced
by permission. www.cengage.com/
permissions.)

B3 A-TYPE CRYSTAL LATTICES

Space Lattices and Unit Cells

Independent of the nature of the forces involved, a crystal lattice can be described
using the following concepts. A space lattice is the pattern of points that describes
the arrangements of ions, atoms, or molecules in a crystal lattice. A unit cell is the
smallest, convenient microscopic fraction of a space lattice that (1) when moved a
distance equal to its own dimensions in various directions generates the entire space
lattice and (2) reflects as closely as possible the geometric shape or symmetry of the
macroscopic crystal. Before looking at a variety of three-dimensional examples of
space lattices and unit cells, we consider the simpler two-dimensional portion of a
space lattice shown in Figure 7.5.

Note that we do not know what the points in this lattice represent or the type of
interaction that exists among them. Furthermore, we must assume that these points
represent a crystal that contains, for the sake of argument, 1 mol or Avogadro’s number
(6.02 X 10%) of atoms, molecules, or ions. In other words, these points stretch out in
two dimensions as far as the mind can imagine. Our task is to describe this entire space
lattice in terms of a single unit cell. What geometric shapes should we consider for this
cell? We start with the equilateral triangle marked (2) in Figure 7.5. Is it a unit cell?
When moved a distance equal to its own dimensions in a variety of directions, it gen-
erates other equilateral triangles, which are shaded in the figure. Can we generate the
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FIGURE 7.5 . . . . .

A portion of a hexagonal,
two-dimensional space
lattice showing four possible
unit cells: (a) An equilat-
eral triangle, which does not
generate the entire lattice;

(b) a rhombus; (c) a rectangle,
which do generate the lattice
but do not reflect the overall
symmetry of the macroscopic
crystal; and (d) a hexagon,
which is the unit cell of
choice.

entire space lattice this way? No, we cannot, because half of the space lattice (that in the
upside-down equilateral triangles) is unaccounted for. This triangle is not a unit cell.

Consider the rhombus marked (4). Would it be a unit cell? It would be a better
candidate than the triangle because all the space can be accounted for when it is
moved. How about rectangle (c)? Again, it generates the entire lattice. Note, however,
that neither the rhombus nor the rectangle reflects the overall shape or symmetry
of the space lattice, or at least that section of lattice represented in the figure. Finally,
look at the hexagon marked (4). Note that in addition to generating the entire
space lattice, its shape is the most reflective of the overall shape of the lattice. The
hexagon is therefore the best unit cell for this space lattice. (Note that it does not
matter that the hexagonal unit cells overlap each other.)

A-Type Lattices

A-type lattices are those in which all the atoms, ions, or molecules of the crystal are the
same size and type, “type A.” We will explore many of the various lattices that are possible
in this, the simplest of the lattice types. First, however, we should briefly consider an
important simplification. It turns out to be convenient to represent the particles of a
crystal as hard spheres. Of course, we know that atoms, ions, and molecules are not
hard spheres; atoms and simple ions are electron clouds with a nucleus in the center.
Molecules are overlapping electron clouds that hold a given number of nuclei together.
Nevertheless, the model employing spheres to represent such entities works very well
indeed, although later we will need to point out where this model starts to break down.
With the hard-sphere simplification in mind, we can proceed to look at the various
possibilities for A-type lattices. We start with the easiest case to visualize, the simple
cubic lattice, and work our way up in complexity. [As we move into this systematic
exploration of various lattices, it would be instructional (and fun!) to obtain some
Styrofoam balls of various sizes. Several dozen 2-inch spheres would work well with
perhaps a few other sizes (1%, 1,and3 inches) in reserve for fancier structures and a box
of toothpicks to hold the spheres together—be careful, toothpicks can be sharp! With
these at hand, you might try building the structures as we take them up in this chapter.
(If you want to be able to eat your products later, consider buying some gumdrops!)]

A visualization of the simple cubic lattice starts with the layer of hard spheres shown
in Figure 7.6a. Notice that all the spheres touch at right angles to one another and that
each sphere has four nearest neighbors, atoms that touch a given sphere. We define the
coordination numéber as the number of nearest neighbors; it follows that the coordination
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FIGURE 7.7

The simple cubic lattice.

(a) The unit cell of the lattice is
shown in solid lines. The shaded
sphere has a coordination
number of 6. (b) A close-up
showing that the shaded sphere
is one-eighth in the unit cell.
(c) A portion of the space
lattice showing that the
highlighted point (shown as an
open circle) is in eight different
unit cells (numbered on the top
faces of the cubes). The original
unit cell is shown in bold solid
lines; the remaining seven unit
cells are shown in dashed lines.
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FIGURE 7.6

One layer of a simple cubic lattice. (a) A layer of spheres in which a given sphere (shaded) has four nearest
neighbors (lightly shaded spheres) and a coordination number of 4. The square unit cell (solid lines connecting the
centers of four spheres) contains one-fourth of each of the four spheres and therefore a total of 1(= 4 X %)
sphere. The given sphere is in four different unit cells (numbered). (b) A portion of the space lattice for the layer
and a corresponding unit cell. Three other unit cells are shown with dashed lines.
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number is 4 in this case. Figure 7.6b shows a portion of the two-dimensional space
lattice corresponding to the same arrangement. Both representations illustrate a unit
cell (a square) for this layer. Note that the unit cell connects the centers of four spheres
and that only one-fourth of each sphere is actually in the unit cell. It follows that the
number of complete spheres in the unit cell is 1(= 4 X ). Another way to visualize this
situation is to note that the shaded sphere is in four different unit cells (three others are
shown with dashed lines) and therefore can only be one-fourth in the original unit cell.
If we stack another layer of spheres directly on top of the first, we have a simple cubic
lattice. Figure 7.7a shows a portion of this lattice, which illustrates that the coordination
number of each sphere is now 6. The unit cell is now a cube connecting the centers of
the appropriate eight spheres. Figure 7.7b shows a close-up of a given sphere, which
illustrates that it is only one-eighth in the unit cell. Figure 7.7c shows a portion of
the corresponding space lattice. Notice that the highlighted point is in eight unit cells
(seven others are shown with dashed lines) and therefore can only be one-eighth in a
given unit cell. It follows from both of the above arguments that the number of com-
plete spheres in the unit cell is 1(= 8 X D

Three other aspects of the simple cubic lattice are appropriate to discuss at this
point: the dimensions of the unit cell, the fraction of space occupied by the spheres,
and the density. First, note in Figure 7.7b that the spheres touch one another along
the unit-cell edge. If we let /be the cell edge and 4 be the diameter of a sphere,
it follows that / = 4. Second, we can calculate the fraction of the unit cell actually
occupied by the spheres. Since the unit cell reflects the entire lattice, this fraction
also indicates what percentage of the entire lattice is occupied by the spheres and
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164 Part II: Solid-State Chemistry

is a measure of the effectiveness with which the spheres are packed. Since there is
only one sphere per unit cell and the volume of a cubic unit cell is given by /* (and
therefore &° ), it follows that

[(47/3)(d/2)°] x 1
d3

Note that the 4° terms cancel and that the fraction of space occupied is 0.52; that

is, about half of the space is occupied by the spheres.

Third, we can calculate the density of such a configuration. Remember that
each sphere represents an atom, ion, or molecule for which we can calculate a mass.
If we assume that the sphere is an atom and that its mass, as commonly calculated
in general chemistry, is its atomic weight (AW) divided by Avogadro’s number (in
units of grams/mole divided by atoms/mole, which equals grams/atom), then the
expression for the density in a simple cubic lattice is

1 atom (AW/6.02 X 10*)(g/atom)
3 | 7.2 |

= 0.52

Fraction of space occupied by spheres =

. 3
Density (g/cm’) o
Table 7.1 summarizes our discussion of the simple cubic lattice.

A second A-type lattice is called body-centered cubic (bee) and, as the name
implies, differs from the simple cubic lattice in that a second sphere is placed in the
center of the cubic cell. A unit cell is shown in Figure 7.8b. Whereas the eight spheres
at the corners are only one-eighth in the unit cell, the center sphere is completely
incorporated in the body of the cell and therefore has a coordination number of 8.

TABLE 7.1

A-Type Lattices

Spheres Fraction of
Coord. No. of spheres touching space occupied Density
Name no. per unit cell along by spheres expression
Simple 6 8x t=1 Cell edge [.;.,,(d/zf] x1 1atom(AW/6.02 x 10%)(g/atom)
cubic =l=d _d‘_ emd
=052

Body- 8 1+ (8x3) Body [;ﬁ(d/z)‘*] x 2  2atoms(AW/6.02 x 10%*)(g/atom)
centered =32 diagonal —‘ 3 5
cubic =2 =13 (2d/V3) (2d/V3)" em
(bec) = 0.68
Cubic 12 6(4) +8(4) Face [%-n-(d/Z)J} x4  4atoms(AW/6.02 x 102*)(g/atom)
close- = diagonal e T ER
packed = 2d =13 (av2) (dv2) em
(cep) or =0.74
Face-
centered
cubic
(fee)
Hexagonal 12 2(3) +3 See [;,r(d /2)3] x 6 6atoms(AW/6.02 X 10%)(g/atom)
close- +12(1 problem 13
packed -6 () set |24\/2_(d/2)3l 242 (d/2)" em
(hep) solutions = (.74

for

Problem 7.16
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FIGURE 7.8

Unit cells of (a) simple,

(b) body-centered, and

(c) face-centered cubic
lattices. The top drawings
represent the actual “space-
filling” unit cells. The bottom
drawings show only the cen-
ters of each sphere in the
space lattice. Note that the
unit cell includes only the
volume of the cube connecting
the centers of the spheres at
the corners of the cube. The
number of spheres per unit cell

is shown under each unit cell.
(TOP: From Moore, Chemistry: The
Molecular Science, 4th ed., Fig. 11.13,

p. 502. Copyright © 2011 Brooks/

Cole, a part of Cengage Learning, Inc.
Reproduced by permission. www.cengage
.com/permissions; MIDDLE: From Ebbing
and Gammon, General Chemistry, 9th ed.,
Fig. 11.33, p. 450. Copyright © 2009
Brooks/Cole, a part of Cengage Learning,
Inc. Reproduced by permission. www.
cengage.com/permissions. )

FIGURE 7.9

The relationship between
sphere diameter and cell
edge in a body-centered
cubic unit cell. (a) The
spheres touch along the

body diagonal but not along
the face diagonal or the cell
edge. (b) If the cell edge is [,
the face diagonal is [ V/2, and
the body diagonal is [ V/3.
Solving for the cell edge
yields [ = 2d/V/3.
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The number of spheres per unit cell is accordingly 2[= 1 + 8(3)]. Since the corner
spheres no longer touch each other (and therefore / # 4), we must derive a new
relationship between the cell edge and the sphere diameter.

In Figure 7.9a, note that the spheres o touch each other along the body diagonal
of the cube and that the body diagonal = 24. The relationship between the body
diagonal and the cell edge is shown in Figure 7.9b. Therefore, it follows that

/=24/\3 7.3 |

With this result, we can rationalize the expressions for the fraction of space occupied
by the spheres and the density as given in Table 7.1. Note that the bec lattice is a
more efficient way to pack spheres (68% compared with 52%) than the simple cubic.

You may already have noticed that Figure 7.6a is not the best (that is, the most
efficient) way to pack spheres in a layer. To increase the efficiency of packing, we
can fit a given sphere in the crevice or depression between two others, as shown
in Figure 7.10a. Consider this to be layer A of the cubic close-packed (ccp) and
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FIGURE 7.10

Cubic and hexagonal
close-packed (hcp)
structures. (a) Layer A of both
structures. (b) Layers A and B
of both structures, showing
two types of depressions. T
(c) ABCABC layer scheme which a Id,y“'r
produces the cubic close- B sphere is
packed structure. (d) ABABAB placed

layer scheme produces the hcp

This sphere fits in the
crevice or depression
between spheres 1 and
2 (and also between
spheres 3 and 4)

Triangular
depression on

structure.
(b) "a" depressions have no
spheres below them; "b"
depressions have layer A
spheres below them
Layer B
(dark lines)
If third-layer
spheres are placed If third-layer spheres
over "a" are placed over "b"
depressions depressions

B

A

B

A

B
Cubic A Hexagonal
close- B close-
packed A packed
(ccp) (hep)

(d)

hexagonal close-packed (hcp) structures. The second layer (layer B) is laid down
such that a given sphere fits in the triangular depression left by three spheres in
layer A.These two layers together are shown in Figure 7.10b. Note that there are
now two types of triangular depressions in layer B: those marked 4, which have no
spheres below them, and those marked 4, which have layer A spheres directly below
them.

If the third layer is placed in the a depressions, they create a new layer C. The
resulting ABCABC packing scheme (shown in Figure 7.10c) is known as the cubic
close-packed (ccp) structure and is our third A-type lattice. Although it is not apparent
from the view shown in Figure 7.10c, the ccp structure, as its name indicates, has
a cubic unit cell. The relationship between the ABC layers and the unit cell is
more clearly shown in Figures 7.11 and 7.12. Note that when the three layers of
Figure 7.11a are reoriented to the views shown in Figures 7.11b and 7.11c, the face-
centered cubic (fic) unit cell (a cubic unit cell with additional points in the center of
each of the six faces of the cube) becomes apparent. Figure 7.12 shows clearly that the
coordination number of a given sphere is 12. It is most important that you convince
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FIGURE 7.11

Three views of the cubic
close-packed (ccp) structure
that has a face-centered
cubic (fcc) unit cell. (a) The
three ABCABC layers. (b) A
space-filling view of the fcc
unit cell showing the orienta-
tion of the ABCABC layers.

(c) A space lattice view of the
fcc unit cell with the ABCABC
layers.

(a) (b) (c)

FIGURE 7.12

This sphere is in contact
with three spheres above
it in layer A, six spheres
around it in layer C, and
three spheres below it

in layer B

The face-centered cubic unit
cell with extra spheres to
show both the ABCABC
layering scheme and that a
given sphere (center of
hexagon) has a coordination

number of 12.

(From Harry B. Gray, Chemical Bond:
An Introduction to Atomic and
Molecular Structure, p. 208.
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yourself that a ccp structure has an fec unit cell. A good summary is the “equation”
ccp = ABCABC = fcc

The fec unit cell, which is also shown in Figure 7.8¢c, contains a total of four
spheres. As in the simple cubic, the eight corner spheres are one-eighth in the cell.
The six spheres in the cube faces are one-half in a given unit cell. Accordingly, as
shown in Figure 7.13a, there are 4[= 83 + 6(3)] spheres per cell. Also note that
the spheres are now in contact along a face diagonal, which leads, as shown in
Figure 7.13b, to the relationship / = dV/2. As we did previously with the simple cubic
and body-centered cubic cases, we can use this result to rationalize the expressions for
the fraction of space occupied by the spheres and the density of an fce (= ccp) unit
cell as given in Table 7.1. Note that the fcc unit cell (along with the hexagonal close-
packed) is the most efficient way to pack spheres in three-dimensional space (74%).

Return now to Figure 7.10b. If the spheres of the third layer are placed in the
b depressions, they generate another layer A, and the ABABAB packing scheme as
shown in Figure 7.10d results. This is the sex