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What the Experts Say About this Book

(continued from the book’s back cover)

“Keeping the logic of organic chemistry, Professor Green leads the reader through
the most important topics of this field of science in an unusual fashion. Reading the
manuscript allows the knowledge to be absorbed without an awareness that one is
learning. The book is therefore not only very useful, but even very entertaining,
Important parts of the history of chemistry are embedded in an excellent manner into the
appropriate places of the text allowing the subject to be presented in a broad sensible
context. | recommend this book to all students and teachers dealing with organic
chemistry.”

— Peter Huszthy, Budapest University of Technology and Economics,
Hungary

“This unusual textbook boldly questions our current approach to teaching organic
chemistry and provides an alternative that is both unique and sensible. All too often,
textbooks of organic chemistry present context-less elementary principles that rely on
rote memorization, and only later do the “cool” and breathtaking applications of those
principles come to be discussed. By drawing on riveting examples, this book reverses
that approach by discovering the elementary principles in the wonderful applications of
organic chemistry in our lives and uses this context to spur student learning. Such an
approach, which more closely aligns with the natural learning process, could well be
the answer to teaching this fascinating subject in a fun and effective way.”

— Dasan M. Thamattoor, Colby College

“I looked at this book out of pure curiosity. I opened the book at random and
started to read. After a while I became so interested that I read on and on and
missed a prior appointment. The book describes organic chemistry, the way it came
about in the last 200 years. It is an irresistible read.”

— Arnost Reiser, Polytechnic Institute of New York University



“The idea of your book is new and revolutionary. It may take time for many people to
accept it, but I consider your book highly valuable. I would encourage you to publish it
and believe that eventually many people would like it.”

— Lin Pu, University of Virginia, Charlottesville

“This is an organic chemistry textbook that deviates from the traditional bottom-
up approach, which begins with atoms and ends with biomolecules. In stark contrast,
this book takes us first to the real molecular world through an active dialog that
illustrates the importance of organic chemistry to our lives — what organic chemistry
deals with. Perhaps, many students will then grasp the basic concepts for the first time.
The book should be a useful reference and a gem for years to come”

— Pedro Cintas, Facultad de Ciencias-UEX, Badajoz, Spain

“You have confronted, in the specific case of organic chemistry, the two big
problems in the teaching of experimental sciences in the University at the twenty
first century.

1) How is it possible to learn the permanently increasing amount of knowledge
necessary to achieve expertise in a discipline of science, which is additionally
including information from other scientific fields?

2) How is it possible for this learning to occur by real understanding, which is the only
path to true expertise, and not by simply overcoming evaluations and examinations?

Organic Chemistry Principles in Context, in starting from a complex relevant topic,
which is the final objective of learning, dissects the elements and basic scientific
knowledge necessary to explain the topic. Taking a story telling historical approach
attracts the student’s attention, which together with starting with an attractive topic is
very probably the only way to explain complementary scientific disciplines in superior
education.”

— Ribo, JM, Department of Organic Chemistry and Institute of Cosmos
Science, University of Barcelona, Catalonia, Spain



“This book is anything but traditional. It opens with carbohydrate chemistry, a
subject often relegated to the end of a beginning organic course because it is ‘so
complicated’. Mark Green makes in a few beginning pages this “complicated”
subject simplicity itself and moves effortlessly on into stereochemistry, organic
reaction mechanisms and pretty much everything else that belongs in an organic
chemistry course. The difference is that he tells organic chemistry as an adventure story.
Everything is there. It’s fun. It’s interesting. It’s about chemistry and people and how it
all came about and what it means. Surely this is why students (should) go to the
university — to learn about ideas rather than only facts. The good student will learn
organic chemistry the way it should be learned from this book. Curriculum committees
are likely to find this book a square peg in a round hole. Maybe we need a bit more of
that for good teaching?”

— Richard M. Kellogg, University of Groningen (retired), Syncom
Corporation, The Netherlands.

“Starting with the pictures of the scientists that significantly contributed to our
knowledge as a human factor, organic chemistry is brought to us as an adventure,
an exciting story. Almost all important issues dealt with in organic chemistry appear in
this book, however, not in the conventional order. With complex, real life examples, all
fundamentals of organic chemistry are explained. The way the references to the
scientists are made makes the book a report of a human endeavor coherent in time and
place and not simply a collection of facts. The book is an entertaining, context-based
treatise of organic chemistry that is very rich for students and teachers with at least the
basic knowledge presented in general chemistry. The book is decorated with more than
250 figures and includes more than 640 problems. The textbook is written by a well-
documented and extremely knowledgeable organic chemist.”

—J. A. J. M. Vekemans, Eindhoven University of Technology, The
Netherlands

“This book should be read by every organic chemist, academic or industrial.”

Harold Wittcoff, Process Evaluation and Research Planning, Nexant, Inc.

(ret.)



“For beginning students, it is not necessary to study all the details and all the
reactions, old and new, in organic chemistry. The important thing is to study the
fundamental principles, which brings the student to understand how the science is
the product of human works and thoughts, the art and culture of organic chemistry.
Your textbook just fits to this objective, I believe.

The book starts with: “Both cellulose and starch are polymers”. At first students might
ask why the book starts with this sentence. As they are reading Chapter 1, they see that
an organic molecule is an artistic composition in three dimensions and come to
understand the beauty of this three dimensional character, which is well represented by
the difference between cellulose and starch. Finally their study will lead them to
understand and even create new molecules using the art and culture of organic
chemistry.

This book is not an accumulation or a compilation of organic reactions but shows an
interesting series of historical stories or victories and how organic chemistry has
progressed. Nylons, elastomers and polyolefins are important stories of
macromolecular chemistry from both a scientific and industrial point of view, with
attention to scientists who played important roles. Your narrative description and
writing style makes it easy for the students to understand the principle and importance in
our life of the area which they are studying. The developments of these macromolecules
are good examples of the fusion of science and engineering. I can turn over every page
excitingly imagining what is written on the next page. The book is helpful and useful for
every student to find the ways of the futures which they should follow.”

— Koichi Hatada, Professor Emeritus of Osaka University

“Any serious students or practitioners of Organic Chemistry will realize significant
benefits and deepen their understanding of this beautiful science by reading this
book.”

— James A. Moore, Rensselaer Polytechnic Institute

“The book’s one-of-a-kind approach to teaching organic chemistry gets rid of the
fears that usually come with a college organic chemistry textbook. The historical
accounts, along with important organic chemistry principles, are narrated in such a
unique way that makes the whole subject fun to learn! Prof. Green’s book prepares



students interested in pursuing science by teaching the fundamental ideas in chemistry
and the end-of-the-chapter questions guide students through thinking like an organic
chemist. This is so unlike all of the other textbooks that teach the subject only through
pages and pages of reactions to be memorized!

— Jinhui Zhao, Biomolecular Science B.S., Class of 2012, Polytechnic
Institute of NYU

“Organic Chemistry Principles in Context is a wonderful textbook for any
student of organic chemistry. This textbook harmoniously combines fundamental
chemistry principles with the historical context of their development, allowing the
student to understand not only the chemical mechanisms, but also the social and
scientific context of the development of organic chemistry. But most importantly,
this textbook manages to avoid all of the clutter seen in conventional organic chemistry
textbooks — given by the huge lists of chemical reactions that students have to
memorize, along with their catalytic conditions — and focuses the students’ attention on
the basic mechanisms that underlie this wonderful scientific field. Personally, I think
that by doing this, Professor Mark Green has managed to remove the fear of memorizing
organic chemistry from the hearts of the students and replace that fear with a desire to
understand organic chemistry. I have used this textbook during my two semesters of
Organic Chemistry with Professor Green and it has helped me understand organic
chemistry at a level which allowed me to pursue a Masters degree in Chemistry and
also obtain a high score on the MCAT exam.”

— Radu Iliescu, Biomolecular Science B.S./Chemistry M.S., Class of 2013,
Polytechnic Institute of NYU
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“Those ignorant of the historical development of science are not likely ever to understand fully the nature of
science and scientific research.”

Sir Hans Adolf Krebs, 1970.



WITH GRATITUDE AND LOVE TO MY PARENTS, who opened the door to

accomplishment for their children by making so much more out of life than they were
given, and to Ruth Schulman for demonstrating the value of strength in adversity and
her love and support, and always to my many students over the years who showed me

the treasures accessible to a teacher’s life.

To my wife, children, sons-in-law and grandchildren—thank you for family life and
all its wonders, which continue to supply the foundation.

Finally, to my teachers for showing me the way, Kurt Mislow, Carl Djerassi, Herbert
Morawetz, Arnost Reiser and Harold Wittcoff.



outsthe Author:

EN is a 1958 graduate of the City College of New York. He received his

.D. from Princeton University working with Kurt Mislow followed by a National
Institutes of Health postdoctoral fellowship with Carl Djerassi at Stanford University.
He served as professor of chemistry at several universities with long experience in
teaching organic chemistry to students of widely varying abilities. He has been at his
current position at the Polytechnic Institute of New York University since 1980.
Professor Green’s over 40 year career of academic research has been widely
recognized. He was awarded a National Science Foundation “Special Creativity
Award” in 1995, elected chair of the Polymer Chemistry Gordon Conference for the
year 2000, elected a “Fellow of the Japan Society for the Promotion of Science” in
2003 and was named a winner of the Society of Polymer Science of Japan award for
“Outstanding Achievement in Polymer Science and Technology” in 2005. He has been
elected as a “Fellow of the American Association for the Advancement of Science” for
“pioneering work in important new areas of polymer science.” He serves on the
editorial board of “Topics in Stereochemistry,” and has served on the editorial board of
the American Chemical Society journal “Macromolecules.” Professor Green received a
Jacobs’ Excellence in Teaching Award by the Polytechnic Institute of NYU in 2006. His
interest in communicating science to general audiences has led to several years of
writing columns for two newspapers, which are published in a blog,
sciencefromaway.com.

In recent years Professor Green has turned his attention to further developing his
long interest in teaching organic chemistry in context by using a story-telling historical
approach. His first book, Organic Chemistry Principles and Industrial Practice (2003
Wiley-VCH) written with Harold A. Wittcoff, has been widely praised as a resource
for chemistry teachers seeking material to enhance their classes and has been used as a
text for both chemical engineering students studying beginning organic chemistry as well
as for graduate courses in the chemical sciences.

Organic Chemistry Principles in Context, designed for the motivated student
and to motivate students, has been used successfully in manuscript form as a
primary text for beginning organic chemistry classes at the Polytechnic Institute of
New York University.

Rather than accepting offers for traditional publication the author has
maintained control of the copyright to set an affordable price ($25) as a primary
text—or to also allow Principles in Context to be used as an adjunct text along
with more conventional textbooks.

Organic Chemistry Principles in Context has been written with the intent to
increase the author’s own appreciation and love for the subject. As Mark Van
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Doren of Columbia University pointed out in 1964: “A teacher can fool his
colleagues; he may even fool his president; but he never fools his students. They
know when he loves his subject and when he does not.”

Books Co-Authored and Co-Edited:

Organic Chemistry Principles and Industrial Practice,
Mark M. Green and Harold A. Wittcoff, Wiley-VCH, 2003.

Materials-Chirality, edited by Mark M. Green, Roeland Nolte and Bert Meijer,
Volume 24 in the series, Topics in Stereochemistry, Wiley-Interscience, 2003.

Popular Science Articles:
Sciencefromaway.com
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Adyvice to students using
Organic Chemistry Principles in Context

EAD EACH CHAPTER’S SECTIONS WITH A PENCIL IN HAND to
molecular structures, putting in all the atoms and electrons, including lone
pairs until you feel these drawings are second nature to you and you can use just the line
drawings. Organic chemistry is a combination of the image with the idea and facility
with drawing organic chemical structures is key to understanding the concepts of the
science.

LOOK FOR FUNCTIONAL GROUPS AND REACTIONS on here that correlate
with what you’ve just read and learn to draw the structures so you can easily recognize
a functional group. As you read the sections, imagine new molecules that can
demonstrate the principles discussed and draw their structures. In general, a pencil and
paper should be in hand whenever you are studying organic chemistry.

TRY THE “STUDY GUIDE QUESTIONS” FOLLOWING EACH SECTION. We
have attempted to use the “Study Guide Questions™ to guide you as to what is expected
from each section. The term study guide is also consistent with the nature of some of the
questions, which often contain information that amplify the text or ask you to reason
about subject matter that is about to be discussed in a subsequent section. At the same
time some of these questions are designed to help you to dig deeper into the subject, to
take the material further along. This latter aspect is supported by a downloadable
answer book, which can be seen in part, as an extension of the material presented in the
text. (see here)

READ THE “CHAPTER SUMMARY OF THE ESSENTIAL MATERIAL” at the
end of each chapter and make certain you can reproduce, using that pencil, the images
and 1deas noted in this summary. When it is not clear, then go back and reread the
section of the chapter about that area and get it down until you are certain of it — using
that pencil. The purpose of the summary is to point to the material that should be known
when the work on the chapter is over.

ENJOY THE HISTORICAL MATERIAL AND THE STORIES AND THE
PICTURES of the scientists as you go, realizing that you are not responsible for



http://OrganicChemistryPrinciplesInContext.com

reproducing that information, although I hope that the flow and context — the stories -
will help you to remember why you are learning this subject and will help you to
remember it. Read the Introduction on here, which although intended more for the
teacher in the course will nevertheless give you an idea of what the book is trying to do.

AND ONE FINAL NOTE: use those curved arrows to follow the electrons. So much
can be figured out about the reactions and mechanisms in organic chemistry by making
certain your drawings show all the electrons involved, bonding and nonbonding, and
where they are going in the transformation you are following.
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Source: International Union of Pure and Applied Chemistry (IUPAC), 2007
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CHEMICAL REACTIONS

Outline of examples of some of the types of chemical reactions discussed in the text
{mot all the reactants and products are shown)
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= Functional Groups & Chemical Reactions

INTRODUCTION
CHAPTER 1:
From Cellulose and Starch to the Principles of Structure and
Stereochemistry
1.1: Starch and cellulose are polymers

1.2:

1.3:

1.4:
1.5:

1.6:

1.7:

1.8:

1.9:

Organic chemical structures are presented in ways where all the atoms in
the formula may or may not be shown

How can starch and cellulose have such similar chemical structures and
yet have such different properties?

Why do molecules have three dimensional structures?

There is more to understand: electrons, structure, formal charge and
the octet rule.

The mirror images of glucose are different; they differ as we differ from
our mirror image. What is the consequence of this fact at the molecular
level?

Stereoisomers are pairs of molecules, which although having the same
formula and identical bonding, nevertheless differ from each other.

To understand diastereomers we have to understand isomers that are
not stereoisomers, 1somers that we call constitutional or structural
1Somers.

Chirality and handedness and how two molecules that are mirror image
related can be distinguished from each other.

1.10: The experiments of Biot and Pasteur in the nineteenth century led to the

first realization that molecules can exist in mirror image forms and that
molecular mirror images could be studied with light, that is, optical
activity could be measured from such molecules.



1.11: Eventually, as the three dimensional structure of molecules came to be
understood, it became clear which structural features of a molecule
could lead to mirror image isomerism, to enantiomeric pairs of
molecules.

1.12: As experiments arose that could portray the three dimensional
structures of mirror image molecules, it becpme necessary to
develop a nomenclature that could distinguish left from right.

1.13: A molecule can rapidly change its shape by motions about the bonds that
hold the atoms together; and the differing shapes of a single molecule are,
by definition, stereoisomerically related to each other.

Chapter Summary of the Essential Material

CHAPTER 2:

A Survey of the Experiments Usually Performed by Chemists to
Understand the Structures of Organic Molecules: Mass
Spectrometers, Infrared Spectrometers and Nuclear Magnetic
Resonance Spectrometers

2.1: Mass Spectra
2.2: Infrared Spectra
2.3: Nuclear Magnetic Resonance Spectrometry (NMR)
2.4: NMR Chemical Shift
2.5: Spin-spin Coupling in Proton NMR
Chapter Summary of the Essential Material

CHAPTER 3:

From Galactosemia to the Properties of Six-membered Rings: An
Introduction to the Mechanisms of Chemical Reactions

3.1: What is the childhood malady called galactosemia?

3.2: To understand the molecular basis of galactosemia we have to
understand the nature of six-membered rings



3.3:

3.4:

3.5:

3.6:

3.7:

3.8:

3.9:

3.10:

3.11:

3.12:

3.13:

3.14:

It took many years for chemical science to accept early ideas that rings
did not have to be flat and that acceptance of this idea could explain
many aspects of the chemical behavior of cyclic molecules. An important
advance, as is often the situation in science, was the use of a new kind of
instrument applied to the problem.

The Conformational Properties of Cyclohexane

The conformational properties of n-butane permit judging the relative
energies of the equatorial versus axial methyl cyclohexane: torsional and
steric strain

Why should the difference between an equatorial and an axial bond on
a six-member ring sugar molecule be the difference between life and
death for a stricken infant?

A background in the sugars, including their history, will help to set the
stage for understanding the fundamental difference between glucose and
galactose and [therefore galactosemia.

Solving the wide variety of problems glucose presented, in order to
come to a full understanding of its structure, was a central theme in the
development of chemistry

We need a slight diversion from our story to understand the concept of
functional groups.

There were two kinds of problems with the first structure proposed for
glucose. One of these problems could not be solved until it was realized
that glucose was a cyclic molecule. The second problem could not be
solved until a chemist with extraordinary experimental skills took up the
task of figuring out the stereochemistry

The Second Problem in Determining the Structure of Glucose

How does glucose differ from the other seven diastereomers shown in
Figure 3.12? The answer can be found in the cyclic structure formed.
Glucose is the fittest molecule in the Darwinian sense.

The Aldehyde Functional Group: n-Bonds and the Consequences of
Electronegativity

Reactive Characteristics of Aldehydes and other Carbonyl containing
Functional Groups: Mechanism, Curved Arrows, Nucleophiles and



Electrophiles

3.15: Galactosemia is caused by the reactivity of an aldehyde functional
group. A healthy infant supplies an enzyme to convert a derivative of
galactose to a derivative of glucose to avoid the reactivity of an exposed
aldehyde functional group.

3.16: What can we now understand about the difference between cellulose
and starch?

Chapter Summary of the Essential Material

CHAPTER 4:

Understanding Carbocations: From the Production of High Octane
Gasoline to the Nature of Acids and Bases

4.1: What did Eugene Houdry do that revolutionized the petroleum industry
and had an important effect on the outcome of World War 11?

4.2: What’s happening in these catalysts?

4.3: It took a great deal of time before chemists allowed the possibility that
the carbon skeleton of a molecule could change, and then even longer
to realize that the agent of change was a chemical intermediate with
positively charged carbon, a carbocation

4.4: What are carbocations and what is the basis of their ability to
rearrange molecular structure? It’s all about that empty p-orbital.

4.5: We are shortly going to find it convenient to name the hydrocarbons
involved in gasoline production. Let’s therefore take a moment to step
into the nomenclature of these molecules.

4.6: How do carbocations produced in catalytic cracking increase the octane
number of gasoline?

4.7: Why do carbocation rearrangements lead to branched structures? The
answer has to do with how the stability of carbocations varies with
molecular structure.

4.8: Getting the lead out of gasoline made the problem of producing better
fuels even more critical and therefore it became essential to understand
what structural features were necessary to produce higher octane number



hydrocarbons.

4.9: Industrial chemists invented an efficient reaction path to high octane
gasoline using chemicals obtained in large quantities from the catalytic
cracking of petroleum. To understand how this was accomplished
requires some understanding of the behavior of acids and bases

4.10: Chain Mechanisms and the Rule of Vladimir Vassilyevich Markovnikov

4.11: The Bronsted-Lowry concept of acidity and basicity is too narrow and
needs to be broadened to understand the industrial process that produces
high octane gasoline. One of the great chemists of the twentieth century,
G. N. Lewis, took the idea further.

Chapter Summary of the Essential Material

CHAPTER 5:
Carbocations in Living Processes

5.1: We’ve seen the chemical properties of carbocations to be essential for
the industrial production of high octane gasoline. Now we’ll discover
that these identical chemical properties are of no less use for nature’s
purposes — terpenes to steroids.

5.2: Terpenes and the Terpene Rule: The treasures of our existence, color,
odor and taste, are greatly dependent on a class of molecules, the
terpenes, which derive from a single five carbon molecule, isopentenyl
diphosphate, and if this were not enough this molecule is also the
building block of the steroids that control our sex, our nature and our
behavior.

5.3: Carbocations may arise by the breaking of a chemical bond with the
two electrons in that bond leaving with one of the participants of the
bond. The participant that gets the bonding electrons is appropriately
called the leaving group. Leaving groups act as an important driving-
force in biological pathways.

5.4: Resonance is the word used when a single molecular representation, a
structural drawing for example, is inadequate to describe the
distribution of electron density in a molecule. We compensate for this
inadequacy by drawing multiple representations in which the atoms do
not move but we draw the electrons as distributed differently. When



multiple representations are necessary, when resonance is necessary, the
actual molecule is more stable than that of any single representation:
resonance stabilization.

5.5: Carbocations are the key to the synthesis of terpenes and steroids, but
not without enzyme catalysis. Markovnikov’s rule is demonstrated in
Vivo.

5.6: Just as two molecules, which are constitutionally identical, can have a
stereoisomeric relationship, two parts of a single molecule, which are
constitutionally identical, can also have a stereoisomeric relationship.

5.7: Why is a five carbon entity with the carbon skeleton of isoprene so well
suited to produce such a wide variety of biologically important
chemicals, the terpenes?

5.8: Nature chooses the terpene route to gain entry to the family of
steroids.

5.9: The conversion of the open chain 30 carbon molecule to a molecule
with many fused rings requires the open chain to fold into a state
bringing many atoms in close proximity and as well requires the
presence of a small strained molecule, which springs open to start the
process.

5.10: Given the proper conformation of oxidosqualene, the derived
carbocation simply has to add to double bonds and carry out 1,2 shifts
to produce lanosterol.

Chapter Summary of the Essential Material

CHAPTER 6:
Aromatic — A Word that Came to Mean Something Other than Odor
in the Chemical Sciences

6.1: The Discovery of Benzene

6.2: A Short Diversion about the Ratio of Hydrogen to Carbon in Various
Organic Molecules

6.3: When Faraday discovered benzene, the formula for a molecule was a
key piece of information—really the most important, if not the only piece



of information available.

6.4: The stage was now set to propose a structure for benzene that would
explain its properties.

6.5: A Brief Stop for Benzene Nomenclature

6.6: Objections to Kekulé’s hexagonal ring structure for benzene required
an explanation that was equivalent to the concept of resonance.

6.7: Hydrogenation of benzene yields a quantitative measure of the
aromatic stability of benzene

6.8: Understanding Benzene: Erich Hiickel’s Theory
6.9: Applications of Hiickel’s Theory to Biologically Important Molecules

6.10: Cumene, the common name for isopropyl benzene, is produced by the
world chemical industry at the level of billions of pounds. The
industrial process introduces us to electrophilic aromatic substitution and
the Friedel-Crafts reaction and a confrontation between industry’s goals
and organic chemistry principles.

6.11: Energy of Activation, Reaction Rate Constants, and Reaction
Coordinate Diagrams

6.12: Resonance Resurrected

6.13: Application of the Ideas of Resonance Stabilization of Wheland
Intermediates in Electrophilic Aromatic Substitution

Chapter Summary of the Essential Material

CHAPTER 7:
Fatty Acid Catabolism and the Chemistry of the Carbonyl Group

7.1: The fatty acids in living organisms are saturated and unsaturated.
7.2: Fatty Acids.
7.3: Saponification

7.4: Similarities and Differences between Ketones and Aldehydes and
Derivatives of Carboxylic Acids: Mechanism of Saponification



7.5: Hydrolysis of the Triglyceride Ester Bonds: Nature’s Path.

7.6: Biochemical Conversion of Fatty Acids to their Thioesters with
Coenzyme A: The Key Role of Leaving Groups

7.7: Breaking a fatty acid down into two carbon pieces first requires
introducing a double bond using an oxidizing coenzyme.

7.8: The Next Step in the Catabolism of the Fatty Acid: Conjugate Addition
to a Double Bond

7.9: Oxidation of B-Hydroxyl Fatty Acyl Coenzyme A Using an Enzyme and
an Oxidizing Coenzyme

7.10: Cleaving a Two Carbon Fragment from the Fatty Acid Chain: The
Retro-Claisen Reaction

Chapter Summary of the Essential Material

CHAPTER 8:

Carbanions and Carbonyl Chemistry: Sugar Catabolism, Isopentenyl
Diphosphate Synthesis and the Citric Acid Cycle

8.1: Nature’s Problem with the Catabolism of Glucose and its Solution

8.2: Tautomerism: Enediols are a special case of the dynamic
interconversion between enol and keto tautomers.

8.3: We’ve seen how the reverse of the Claisen condensation in the
catabolism of both fats and sugars causes breaking of carbon-carbon
bonds. Let’s see how nature uses the Claisen reaction in the other
direction, to make carbon-carbon bonds

8.4: The Aldol Condensation

8.5: Continuing on the Path to Isopentenyl Diphosphate

8.6: The Citric Acid Cycle: what is it about?

8.7: The Organic Chemistry of the Krebs Cycle

8.8: Stereochemistry: Why Krebs’ proposal was thought to be impossible.

8.9: Why is adenosine triphosphate, ATP, life’s way of storing energy? In
organic chemical terms we find an answer in the concept of leaving



groups.
Chapter Summary of the Essential Material

CHAPTER 9:

Investigating the Properties of Addition and Condensation Polymers:
Understanding more about Free Radicals, Esters and Amides

9.1: “If we knew what we were doing, it wouldn’t be called research, would
it?”

9.2: Polyethylene: The Background Story.
9.3: The Mechanistic Path to LDPE—Free Radicals

9.4: An important reaction of free radicals is responsible for the production
of ethylene and other alkenes in large volumes from the steam cracking
of petroleum fractions.

9.5: Contrasting Thermodynamic Factors Control Polymerization of
Ethylene and Steam Cracking of the Naphtha Fraction of Petroleum

9.6: Resonance works against the chemical industry again.
9.7: A Short Story about a Nobel Prize

9.8: We’ve followed the polyethylene thread that led from ICI’s foray into basic
research. Now let’s follow the nylon fiber that unwound out of
DuPont’s move in the same direction: Polyesters first

9.9: Nylon. But first let’s take a look at proteins on which the nylons are
modeled.

9.10: Nylon 6,6

9.11: Hexamethylene diamine and adipic acid react together in the industrial
process to produce nylon 6,6

9.12: Why is nylon such an excellent fiber forming substance? Because it
mimics a property of silk — interchain hydrogen bonds.

Chapter Summary of the Essential Material



CHAPTER 10:

The Industrial Road Toward Increasing Efficiency in the Synthesis of
Hexamethylene Diamine with Stopovers at Kinetic Versus
Thermodynamic Control of Chemical Reactions, Nucleophilic
Substitution, and with a Side Trip to Laboratory Reducing Agents

10.1: Benzene to Adipic Acid

10.2: Nylon 6,6: Hexamethylene Diamine—The Classic Route From Adipic
Acid

10.3: A Side Trip to Laboratory Reducing Agents
10.4: Hexamethylene Diamine — An Attempt at a Better Route

10.5: How industry overcomes a supposedly insurmountable problem arising
from thermodynamic versus kinetic control in addition of halogen to
double bonds, to invent an elegant and commercially viable route to two
commercial polymers, only to finally fail because of an unforeseen
environmental consequence of their path.

10.6: The reactions of the isomeric dichlorobutenes with cyanide ion leads us
to investigate one of the most studied reactions in organic chemistry,
nucleophilic substitution at saturated carbon, which can take place at the
extremes via the Sy 1 or Sy2 mechanism.

10.7: Stereochemical Probes of Nucleophilic Displacement
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CHAPTER 11:

Much can be learned about organic chemistry from the study of
natural rubber and other elastomers.

11.1: Two Different Trees
11.2: Cis and Trans Alkenes

11.3: Why should the difference between a cis and trans double bond make
the difference between an inelastic and an elastic material?

11.4: Why does rubber get hotter when stretched and why does rubber get



stiffer at higher temperatures? The answer increases our knowledge
of thermodynamics.

11.5: Crosslinking of rubber is necessary.
11.6: How do crosslinks form when rubber is heated with sulphur?

11.7: Synthetic elastomers: Hypalon—crosslinking without double bonds
requires introducing a functional group to a polyethylene chain.

11.8: Crosslinking of Hypalon: The Parallel Reactive Character of
Carboxylic Acid Chlorides and Sulfonyl Chlorides

11.9: A Review of Nucleophilic Attack at Carbonyl and Sulfonyl and the Role
of Leaving Groups

11.10: Sulfonamides: Crosslinking of Hypalon and Sulfa Drugs

11.11: Industrial tradition rejects a perfectly good elastomer: more about free
radicals.

11.12: Elastomers without Covalent Crosslinks—The Glassy State
11.13: A thermoplastic elastomer that is not based on a glassy state: Spandex.

Chapter Summary of the Essential Material

CHAPTER 12:
Synthesis Part One
12.1: Synthesis is important.

12.2: R. B. Woodward

12.3: Cholesterol: The First Step

12.4: Cholesterol: Adding the Third Fused Ring

12.5: Cholesterol: Setting the Stage for Adding the Fourth Fused Ring
12.6: Woodward uses a Grignard reagent to form the fourth fused ring.

12.7: A diversion from the synthesis of cholesterol to understand how
Woodward used a ketal to protect a double bond.

12.8: The End Game



12.9: Addition, Substitution and Elimination Reactions—Paying More Attention

to the Latter

Synthesis Part Two

12.10:
12.11:
12.12:

12.13:
12.14:
12.15:
12.16:
12.17:

12.18:
12.19:

12.20:
12.21:

Elias J. Corey
Prostaglandin, the Beginning Steps

Two remarkable rearrangements: The Baeyer-Villiger reaction forms a
lactone, which is then rearranged to another lactone

A Diversion into Ring Closing Chemistry

Boron and Phosphorus: Useful Elements in Synthetic Chemistry
The Wittig Reaction

Hydroboration and Oxymercuration

The Importance of the Wittig Reaction to Corey’s Synthesis of the
Prostaglandins

Protecting groups are necessary.

The End Game—The Wittig Reaction One More Time and a Protecting
Group in Disguise

Retrosynthesis

The Mechanism of No-Mechanism Reactions—Frontier Molecular Orbitals
Applied to the Diels-Alder Reaction, and Other Pericyclic Reactions

Chapter Summary of the Essential Material



ORGANIC CHEMISTRY PRINCIPLES IN CONTEXT
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roduction

HE ACADEMIC STUDY OF THE ARTS, the principles necessary to create a
of art such as a painting or a poem or a musical composition are discovered by
studying the completed work. In this way the student encounters the beauty arising from
the use of these principles at the very beginning, with the pleasure of this encounter
stimulating the desire to understand what stands behind such an accomplishment. The
method of learning of the arts is close to how we learn outside of the academic world,
how a child learns from the start. We don’t learn the alphabet before we hear people
speaking. We don’t learn the colors or the shapes of common objects before seeing the
world around us. The wonders of sound and shape and color intrigue us and stimulate
our desire to figure out what is going on and what it all means.

The study of science rarely takes this context-based path found in the study
of the arts, insisting instead that the student learn the principles, and only later see how
these principles lead to the complexity of, for example, the production of an industrial
product such as nylon, or the in vivo catabolism of a fatty acid. Although we may point
to the complex result of the use of the principles we teach as we go along, we don’t use
this result as a template for introducing these principles.

/23%56

“We don’t learn the alphabet before we hear people speaking.”

The intention in writing this book is to demonstrate that the approach taken



in the arts can be successfully used in organic chemistry and perhaps in other
disciplines of science as well and can act to enhance the learning experience of students
of the subject. For this approach to be successful, both the teacher and student must be
willing to allow that material will be presented that it is not possible to fully explain.
Normally, the material in a chapter in an organic chemistry textbook can be bounded,
that 1s, the author creates a logical framework and chooses material for each chapter so
that it can be explained in full detail at the level of the book. Here, a chapter may
contain varied subjects that would not usually be treated within a single unit but are held
together by a narrative.

The material is often presented as a complex application of the science, in a
story telling historical context with particular attention paid to scientists who have
played important roles. Subjects are treated that could have been the focus of a large
number of lectures, if not a large part of a course. However, such a subject will be
presented if it offers a source for a principle of organic chemistry that the student is
ready for. The criterion is that the principle appears in an understandable manner at the
level of beginning students, even if only a general understanding is offered of the larger
picture. That general understanding then supplies the context, which we feel is valuable
to the learning process.

We have taken this new approach at the Polytechnic Institute of New York
University in teaching organic chemistry to sophomores majoring in chemical
engineering and chemistry by utilizing complex processes from industry and
biochemistry and academic laboratories. In this manner we are allowed a wide range
for choosing what works best for the principles we present. Our experience shows that
students will accept and even treasure this approach as long as they know what is
expected. The student sees the big picture, understands its importance and even beauty,
and hopefully i1s stimulated to work hard at learning some of the principles of our
science that contribute to this picture. It is the acceptance and enthusiasm, and even
gratitude of our students, that encouraged writing this text.

The approach taken here allows the opportunity to present the same
principles multiple times in different contexts, therefore reinforcing and
demonstrating the wide ranging importance of these principles. Consider
stereochemistry for one example: its principles can be found throughout the complexity
of organic chemistry. But rather than waiting to present these complex phenomena until
the principles of stereochemistry have been demonstrated in simpler molecular terms
we attempt to find the principles of stereochemistry, for just a few examples, in the
structure of glucose and its polymers, in the formation of isotactic polypropylene, in the
prochiral specificity of enzyme catalyzed reactions and in the difference between gutta
percha and Hevea rubber.



Aromaticity is another among the many examples. The struggle of the bulk
chemical industry to avoid multiple alkylation of benzene on the route to starting
materials for important plastics offers a perfect template to understand the power of
aromatic stabilization and resonance. On the other hand, biology’s co-enzymes that sit
on a knife edge of aromatic stabilization to allow their reversible use, such as
NAD'/NADH and FAD/FADH,, are no less valuable as a means to appreciate the

nature of aromaticity. And then there is the special stability of the nucleotide bases,
which not only yield lessons in aromaticity but can as well be used to reinforce the
1deas of hybridization of atomic orbitals, to understand which electrons contribute to the
aromatic character.

An advantage of presenting fundamental principles in differing contexts is
that the text is written in a manner to allow choosing among many of these
context-based discussions to reduce the course content, if that is desirable, and/or to
reserve some material for independent study or special topics. Our intention is to
demonstrate that the principles of the science, rather then being presented, can instead
be discovered in what is important in our lives.

In other words, one does not need to know any principle or nomenclature
until it is necessary. In place of a section early in the study of the subject devoted to
memorizing nomenclature, the student gradually becomes familiar with nomenclature as
the subject moves. Following the same approach, why learn about enols and enediols
until one learns about glycolysis? Why learn about carbocations until one comes across
the catalytic cracking of petroleum fractions or the synthesis of terpenes, or
electrophilic aromatic substitution?

We have attempted to use the “Study Guide Questions” which follow each of
the sections within each chapter to guide the students to what is expected of them,
and to answer the inevitable question in one form or another: what am I responsible for?
The term study guide is also consistent with the nature of many of the questions, which
often contain information that amplify the text and ask the student to reason about subject
matter that is about to be discussed in a subsequent section. At the same time some of
these questions are designed to look into areas not covered in the text and also to help
students to dig deeper into the subject, to take the material further along. This latter
aspect is focused on in the tutorial for the book, which can be seen, in part, as an
extension of the material presented in the text.

In addition, each chapter ends with a summary section outlining the essential
ideas taken from the study of the material in that chapter (Chapter Summary of the
Essential Material). This important narrative at chapters’ ends is an opportunity for the
students to test themselves. The narrative is written in a general manner. If the chapter



has been well understood by the student, the narrative will make sense and the student
will be able to fill in the details left out. Otherwise, the narrative will point the student
to the areas where another look at the material is necessary.

The basic idea is that learning the fundamental language gives the student
the power to comprehend any aspect of organic chemistry, while the context-based
story telling historical approach points to the importance and intrinsic interest of the
subject. This is accomplished while covering essentially the same material that is
commonly found in organic chemistry textbooks, while allowing far fewer pages in
this book. Moreover, much important material is covered that is not usually treated
in other texts designed for beginning students.

The approach of this book is certainly a radical departure from what we all
have done for many years but perhaps a quote from one of the most famous American

inventors of the 20! century may pertain: “The world hates change, but it is the only
thing that has brought progress.” Charles Franklin Kettering.

Much is owed to the students in the organic chemistry classes for which the
manuscript in its various stages was used and whose suggestions and complaints were
so important to improving the work. Some of these students appear on the cover as
follows from left to right: Benjamin Osei-Bonsu; Stephany Paulette Torres; Tina Xiong;
Joseph Asad; Jerome Fineman; Radu Gabriel Iliescu; Jinhui (Liz) Zhao. A special thank
you goes to Radu Iliescu who spent a great deal of time gathering and organizing the
photographs of the scientists shown in the book and even more time helping me with
computer issues.

Critically important to the work was the precise editing work of James Moore
of the Rensselaer Polytechnic Institute and Harold Wittcoff of Nexant Consultants. The
book owes much to the helpful criticism and encouragement of lan Fleming of
Cambridge University and to the critical reading of J.A.J.M. Vekemans of Eindhoven
Technical University. Their extensive comments were of great importance. I am grateful
to Jerome Berson of Yale who supplied important historical information and made
necessary corrections when I was mistaken. And thank you to Dr. Andrea Kover,
graduate of Universitat de Barcelona and Dr. Filbert Totsingan, graduate of Universita
degli Studi di Parma for working along with me and for their skill with ChemDraw.



Mark M. Green

Polytechnic Institute of
New York University
September 2012, New York City
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Chapter 1

From Cellulose and Starch to the Principles of Structure
and Stereochemistry

LLULOSE AND STARCH ARE POLYMERS. Poly means many
ause polymers are made of a very large number of small molecules

connected together, polymers are wusually wvery large molecules,
macromolecules. Polymers are critical to life. DNA and proteins as well as cellulose
and starch belong to the polymer class and are made from large numbers of small
molecules connected together. Polymers are also critical to the chemical industry and to
our life style. They are too numerous to mention here, but consider just polyethylene,
polypropylene and nylon, which are made in the billions of pounds each year around the
world.

Each kind of polymer, if it be essential to life, such as DNA, or to how we live
our life, such as Spandex or nylon, is made of its own unique smaller molecule
components. In both starch and cellulose, the small molecule components are based on
the structure of glucose. In other words, if one were to take starch and cellulose apart
by adding water, that is, to Aydrolyze these polymers, both would yield only glucose.
Starch and cellulose are made of the same small molecule, glucose, but put together in a
different manner. That’s pretty unusual in the world of polymers. Usually different
polymers are made of different small molecules, called monomers. A copolymer may be
made of different small units. But nature has found a way to make two very different
materials, one that is a food, starch, and the other a construction material, cellulose,
from the same building block. Interesting!

Figure 1.1 shows a molecular picture of a portion of cellulose and also a
particular kind of starch known as amylose. Also included in Figure 1.1 are the
molecular structures of two forms of glucose, which as mentioned above is the molecule
from which both cellulose and starch are made. In organic chemistry when we present
the structure of a polymer we may show only a portion of the molecular structure. This
1s okay for starch and cellulose because of the repetitive nature of these polymers. In a
small molecule we have to show the entire structure to get the whole picture. This way



of presenting structures is followed in Figure 1.1 for the two polymers, cellulose and
starch and for the small molecules, the two forms of glucose.
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FIGURE 1.1

Chemical Structures of Glucose and the Polymers Derived from
Glucose

cellulose

» PROBLEM 1.1

Redraw the chemical structures in Figure 1.1 showing the carbon and hydrogen atoms with the realization of a carbon
atom where the lines meet and that each carbon atom has to have four bonds to it and that bonds not shown are
always to hydrogen atoms.

» PROBLEM 1.2

What is meant by the statement that every carbon and oxygen atom in the structures in Figure 1.1 obeys the octet rule
while every hydrogen atom obeys the equivalent of the octet rule for a first row element? How do the lines between
the atoms, which represent the bonds, contribute to the answer to the question about the octet rule?

» PROBLEM 1.3

Explain the fact that there are electrons associated with every oxygen atom in the structures in Figure 1.1 that are not
shown, whereas all the electrons associated with the carbon and hydrogen atoms are shown.

» PROBLEM 1.4

If you have a set of models (which is highly recommended as noted in the text) construct the two glucose structures
shown in Figure 1.1 and point to the difference in three dimensions. Now do the same for three units of the cellulose



and three units of the amylose structures and look for their three dimensional differences.

» PROBLEM 1.5

Do you see any relationship between the two glucose structures and the structures of cellulose and starch?

1.2

COY IS MADE ENTIRELY OF carbon, hydrogen and oxygen and has

th ula, CgH120O¢. This formula can be expressed in a different way,

as Cg(HyO)g, which accounts for the fact that glucose belongs to a class of

molecules know as carbohydrates. In the situation of glucose, six carbon atoms and six
water molecules, or in other words, hydrated carbon. The molecular structures for the
two forms of glucose in Figure 1.1 don’t seem to fit the formula just given. Yes, the
oxygen atoms are there, as O, and there are the six of them as required by the formula.
And there seem to be the necessary hydrogen atoms, H, in each of the two glucose
molecules shown, but only 5 H, not the 12 H in the formula. Moreover, the symbol for
carbon, C, does not appear anywhere in either of the two glucose molecules shown or in
the structures for cellulose or amylose as well. Not showing the symbol for carbon
comes from a tradition of how organic chemical structures are sometimes presented in
which the straight lines in the structure represent covalent bonds, to be discussed below
in section 1.4, and where these lines meet 1s the site of a carbon atom.

Now we can see from the number of sites in the structures in Figure 1.1 where
lines meet that each of the glucose structures and each of the glucose derived units in
both cellulose and amylose contain six carbon atoms as required by the formula.
However inspection of the two polymer structures in Figure 1.1 show that not only are
the carbon atoms, C, not shown. but most of the hydrogen atoms, H, are not shown as
well. We know where the carbon atoms are now, at the angled junction between the
covalent bonds, but the placement and number of the hydrogen atoms is more of a
problem. For now you’ll get the right number and placement of hydrogen atoms on the
carbon atoms in each polymer structure by simply making certain that each angled
junction is surrounded by four covalent bonds, four lines. If not, then simply add as
many lines as necessary with hydrogen atoms terminating these lines, C-H bonds. We’ll
say more about the reason for this insection 1.4. That is, we’ll see why carbon is
tetravalent.



» PROBLEM 1.6

Determine the molecular weights for the formula you determined for o and f-D-glucose.

» PROBLEM 1.7

How do the molecular weights of cellulose and starch depend on the n in Figure 1.1?

1.3

HI OULD BE AN EXCELLENT TIME to buy a set of molecular stick
me®ets, which are iexpensive, and use them to build parts of the

molecular structures shown in Figure 1.1 and then use your set of stick
models to build and therefore help to understand many molecular structural ideas that
we are going to come across.

The clue to the answer to the question posed in the title to this section comes from
simply looking at the molecular structures in Figure 1.1. These molecules, cellulose,
starch and glucose, exist in three dimensions with the darkened edge of the ring in each
structure coming out toward the viewer. And the difference between a and B glucose is
simply a change in shape as is the difference between cellulose and amylose. In fact,
looking closely at the molecular structures in Figure 1.1, you could observe that the
difference between o and P glucose resembles the difference between amylose and
cellulose. The difference is found in only one oxygen atom, which is pointing downward
in a-D-glucose and in amylose. In B-D-glucose and in cellulose this same oxygen atom
1s pointing upward.

We have a name for two molecules that only differ in their shape - stereoisomers.
Stereochemistry focuses on stereoisomers. The word stereochemistry makes sense
because stereo points to three dimensions, three-dimensional-chemistry.
Stereochemistry is the study of how molecules differ in their three-dimensional shapes.

Cellulose and starch are stereoisomers, as are o and B glucose. Later, we’ll
discover that the details of the stereochemical differences observed in Figure 1.1 make
perfect sense with regard to nature making food out of one of these polymers and wood
out of the other. It may seem remarkable that what looks like the small differences in
molecular structure make such a big difference in properties. But it is a fact. However,
for now let’s pay more attention to certain details of the molecular structures in Figure



1.1 and discover why molecules have defined shapes, that is, why there is such a thing
as stereochemistry.

» PROBLEM 1.8

Must stereoisomers have the same molecular weight?

» PROBLEM 1.9

Must stereoisomers have the same connection between the atoms in their structures?

» PROBLEM 1.10

Must stereoisomers have different shapes?

» PROBLEM 1.11

Using the rule that each carbon atom must have four bonds to it, make up as many structures as you can imagine for
the formula CgHqg. Pick pairs of two of the structures you have created and ask the question if they are

stereoisomers. What is the relationship between a pair of structures that are different but are not stereoisomers? Is this
a different kind of isomer and if so what would be the rule for the existence of this different kind of isomer?

ONGIKNOWS HOW IT ALL BEGAN, but in about 5 billion years our
is Predicted to enter a red giant phase in which there will not be

enough hydrogen to sustain the fusion to helium that yields the sun’s energy now.
Our sun, or any sun, is predicted to eventually collapse and become far hotter in its
core, hot enough that fusion of helium to carbon and oxygen will take place. Presumably,
this is the manner in which the elements that make up our life came to be.

Any carbon atom produced by fusion will eventually cool enough to take on the
necessary six electrons to neutralize the six protons in the nucleus of the atom, the
reason we assign atomic number six to carbon. These six electrons will distribute
themselves in the orbitals that quantum mechanics teaches us about. This is the state of
an isolated carbon atom and, as we’ll see, this is the beginning of our story of why
molecules are precisely geometrically defined. However, in the situation of an isolated
carbon atom the six electrons are distributed in a manner that is not suitable for the
bonding characteristics known from our experimental investigations of molecules
containing carbon.

Carbon is tetravalent, which means that in all stable molecules the carbon atoms



are involved in four electron pair bonds. This arrangement applies to all the structures
inFigure 1.1. But as seen in Figure 1.2, only two of the four electrons in its outer
orbital are free for covalent bonding. Why is that?

A covalent bond, that is the lines between the atoms in Figure 1.1, contains two
electrons. One electron in the covalent bond comes from each of the atoms that are
bonded together by the covalent bond. This means that for each carbon atom in the
structures shown in Figure 1.1, the carbon atom must have available for bonding four
unpaired electrons. However, in the isolated carbon atom in Figure 1.2, two of the four
electrons in the outer orbital are paired with each other and therefore not available for
forming covalent bonds with another atom. The two unpaired electrons in the isolated
carbon atom in Figure 1.2 can be assigned to any two of the p orbitals, py, p,, or p,

Therefore if two covalent bonds were formed with these two unpaired electrons, the
molecule formed could only exist in two dimensions, x and y (for the situation shown in
Figure 1.2), x and z, or y and z. The problem therefore with the electron configuration of
the 1solated carbon atom is that carbon would be predicted to form divalent molecules
in two dimensions rather than forming tetravalent three dimensional molecules as is
known from experiment and as we’ve seen for every carbon atom in the structures for
cellulose, starch and glucose in Figure 1.1.

The solution to the problem of how to reconcile the three dimensional structures
experimentally observed for many molecules containing carbon atoms was invented
long ago by Linus Pauling, a chemist who won two Nobel Prizes, in 1954 for chemistry
and in 1962 for peace, neither of which was for his solution to this problem. Pauling
was a young man when he first began thinking about this problem of the four-coordinate
three dimensional bonding of carbon, and published, before he was thirty years old, the
critical paper outlining his concept of hybridization of carbon.

Linus Pauling



This was just the beginning of his contributions to the foundations of chemistry.
Just a few years later Pauling introduced another fundamental idea on which chemistry
is based, the concept of electronegativity, a characteristic of atoms that accounts for
many properties of molecules and something we will study when we talk first about a
technique used to explore molecular structure, nuclear magnetic resonance (section 2.3),
and later about chemical reactions (section 3.10). And we still are not mentioning
Pauling’s contribution that won him his first Nobel Prize, for proposing a structural
element of proteins, the a-helix.
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FIGURE 1.2

Atomic Orbitals of Carbon Hybridized for Four Coordinate Bonding

The 1dea of hybridization of atomic orbitals seems a simple one in retrospect.
Mix, that is, hybridize the orbitals to make new ones that are suitable for the bonding
observed around carbon, or for that matter around any atom where hybridization is
required to create suitable bonding arrangements. This mixing of orbitals necessary for
the bonding arrangements of the carbon atoms in the structures shown in Figure 1.1, that
is, three dimensional tetravalency, are shown in Figure 1.2. The hybridized orbitals now
suitably describe how the electrons in the valence shell of carbon, the second quantum
level, are consistent with the array of four atoms around carbon seen in the experimental
observations responsible for the structural drawings in Figure 1.1.

Pauling did not consider that an isolated carbon atom spontaneously hybridized
the orbitals but rather that in the process of forming the chemical bonds such a
reorganization of the electron occupation of the orbitals took place. In that way, the
extra energy necessary to move the orbital arrangement out of the state shown for the
isolated atom inFigure 1.2 to the hybridized orbital arrangement was more than
compensated for by the energy gained by the formation of the four bonds.

Many experimental techniques have demonstrated that when carbon is bonded to
four atoms, whatever those atoms may be, such as four hydrogen atoms in methane, CHy,,

or various carbon, oxygen and hydrogen atoms as is the situation for each carbon in
glucose, cellulose or starch, the four surrounding atoms are arrayed as in the
approximate geometry of a tetrahedron. If all the atoms surrounding the carbon atom are
identical, then the average geometry will be a perfect tetrahedron with an angle of
109.47° as shown in Figure 1.2 for methane. If the atoms surrounding the central carbon
differ from each other, as is the situation for every carbon atom in glucose, starch and
cellulose (Figure 1.1) then a somewhat distorted tetrahedral array of these atoms will
be formed with differing angles between any two of these surrounding atoms. But the
overall geometry will still be approximately tetrahedral.

The structure for methane in Figure 1.2 uses lines to show bonds in the plane of
the paper and a slashed line and a darkened wedge to represent those bonds going
behind the page and in front of the page respectively. These representations of the three-
dimensional directions of chemical bonds are widely used and will be used throughout
this book.

The picture of a tetrahedral or approximately tetrahedral array of atoms around a
central carbon atom, which we obtain from our experimental studies, fits the orbital
picture arising from Pauling’s hybridization idea shown in Figure 1.2. The
hybridization, that is, the mixing of the four atomic orbitals of the second quantum level
leads to four equivalent orbitals, each with one part s and three parts p, therefore



designated sp>. Four orbitals, each of which contain 1/4 s adds up to the s orbital and
four orbitals each of which contain 3/4 p adds up to the 3 p orbitals that we started with.
Because the three p orbitals that make up part of each of the four hybridized

orbitals, sp’, are arrayed along the x, y and z directions as shown in Figure 1.2, the
hybridized orbitals must exist in all three of these dimensions as also shown in Figure
1.2. Moreover, because each of the four bonds surrounding the central carbon atom
contains two electrons, the bonds, with their negative charges, repel each other.
Geometry teaches that surrounding a central point with four points in a tetrahedral array
keeps the surrounding points as far apart as possible. Hybridization of orbitals in
combination with relief of the electron repulsions among the four bonds surrounding the
central carbon atom are the sources of the three-dimensional character of all the
molecular structures shown in Figure 1.1.

Another view, which led to the same conclusions about the geometry of
molecules, was developed at University College London by Ronald Gillespie, an
Englishman who is now emeritus professor at McMaster University in Canada and Sir
Ronald Nyholm, a distinguished Australian born inorganic chemist, who was a leader
in the development of the profession of chemistry in England (for which he was
knighted) but unfortunately died too young in a car accident. Their focus is on electron
pair repulsion, the VSEPR theory (valence shell electron pair repulsion) without
necessarily considering hybridization of orbitals. Using VSEPR theory one simply
counts the number of electron pair domains around the carbon atom, independent of the
electrons constituting or not constituting a covalent bond—a lone pair of electrons
(section 1.5) counts the same as a covalent bond. For a carbon atom with two domains
the geometry will be linear, for example a carbon atom in acetylene, three domains
planar trigonal, for example the carbon atom in formaldehyde, four domains tetrahedral,
for example the carbon atom in methane, and so on for more complex geometries
associated with other central atoms, which takes VESPR theory into the realm of
inorganic chemistry.




Ronald Gillespie

Sir Ronald Nyholm

Both men were associated with Christopher Ingold early in their careers where
they met after WW I Ingold was a pioneer in the overlap of physical and organic
chemistry, which led to the field we now call physical organic chemistry. Gillespie’s
work with Ingold involved early detailed investigations of reactions occurring in
superacid media, media that were used so effectively by Geoge Olah in Nobel prize
winning work involving NMR investigations of the properties of carbocations (Chapter
4, section 4.4). Professor Gillespie’s views on education, a long standing focus of his
interests, have also seen the importance of context, in line with the approach taken in
this book.

We’ll hear much about the contributions of Ingold in Chapter 10 (section 10.6)
concerning one of the most studied and important reactions in organic chemistry,
nucleophilic substitution, and even later in this chapter in Ingold’s contributions to the
nomenclature of chiral molecules.

Whatever may be our explanation of the fact, nature creates an ability of carbon to
bond with other elements using all four electrons in the valence shell of carbon. A food
and a building material are created from the same starting material (Figure 1.1). And
there is so much more. The entire structure of organic chemistry becomes possible and
all that 1s described and predicted by this science—life itself.

PROBLEM 1.12

Why do the arrangements of electrons in the valence shell orbitals of the isolated atoms not allow carbon to be
tetravalent but do allow oxygen to be divalent and hydrogen to be monovalent?

PROBLEM 1.13

(a) Justify the statement that each hybridized orbital in tetracoordinate carbon is identical with 25% s and 75% p. (b)
Why does the incorporation of all three p orbitals in each hybrid orbital make it necessary for the hybridized orbitals to



occupy three dimensional space? (c) Why is a tetrahedron the best geometry for tetravalent carbon?

PROBLEM 1.14

How does hybridization of atomic orbitals offer an explanation for the fact that the bond angle between the oxygen and
the two hydrogen atoms in water is approximately 105°?

PROBLEM 1.15

Use a set of models to construct a glucose molecule from Figure 1.1 knowing that each carbon atom should have an
approximate tetrahedral geometry. Can the six atoms of the ring be in a plane?

1.5

L MOLECULES CONTAINING CARBON, the carbon atom will
no formal charge only if there are equal numbers of negative and

positive charges, that is, six electrons “associated” with the carbon atom to
counter the six protons in the nucleus of that atom. Carbon has an atomic number of six.
Whatever is the bonding state of carbon, or in other words, independent of the

hybridization of the orbitals, the two electrons in the first quantum level, 1s? (Figure
1.2), act to counter two of the protons in the nucleus of the atom.

In carbon, the four remaining electrons in the second quantum level of each carbon
atom, the electrons in the valence shell, act to counter the positive charge of the
remaining four protons in the nucleus of the carbon atom. In an isolated carbon atom
(Figure 1.2) the balance of positive charge from the nucleus of the atom and negative
charge from the surrounding electrons makes for no net charge. However, this situation
becomes more complicated when bonding with another atom is involved. The two inner
electrons in the 1s orbital are always uninvolved in bonding and therefore countering
the positive charge of two of the nuclear protons, so that we must only consider the
remaining four protons in consideration of a bonded carbon atom.

Half the numbers of electrons in each of these bonds count toward neutralizing the
remaining four nuclear proton charges. For example, in methane (Figure 1.3) or for that
matter in all carbon atoms in the structures in Figure 1.1, there are four bonds to each
carbon atom. The line (—) representing each bond designates two electrons in that
bond. One half of those two electrons in the bond may be considered as “belonging to”
or “associated with” each atom at the end of that bond. Four bonds supply therefore four



electrons to each carbon atom connected by these bonds to other atoms. When added to
the two electrons in the first quantum level noted above, we add up to the six electrons
necessary for the carbon atom in question to have no charge, what is termed no formal
charge.

H

| Accounting: 1 electron from each bond = 4
H—C—H 2 electrons in the 1s orbital = 2

|!| Total = 6

Atomic number of carbon is 6, therefore 6 protons in the nucleus of the atom. No
formal charge.

uuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuuu

H Accounting: 1 electron from each bond =2
n:.:; \: = D 4 non-bonding electrons = 4
e W e 2 electrons in the 1s orbital = 2
H Total= 8
oxygen atom  formaldehyde
in glucose

Atomic number of oxygen is 8, therefore 8 protons in the nucleus of the atom. No

formal charge.
o Accounting: 1 electron from each bond =3
He==N==H 2 non-bonding electrons =2
2 electrons in the 1s orbital = 2
H Total=7
ammonia

Atomic number of nitrogen is 7, therefora 7 protons in the nucleus of the atom. No
formal charge.

H
l. Accounting: 1 electron from each bond = 4
He==N=—H 2 aelectrons in the 1s orbital = 2
Total =&
H .
ammonium

Atormic number of nitrogen is 7, therefore 7 protons in the nucleus of the atom. One
positive (+) formal charge on nitrogen.

FIGURE 1.3

Counting Electrons to Judge Formal Charge and the Octet Rule for
Second Row Elements



Regarding the accounting considerations of the last paragraph, it makes no
difference if the bond is a single bond as we’ve come across so far, or a double bond or
a triple bond, which we’ll come across later. For example in an aldehyde, such as
formaldehyde, a bonding arrangement we’ll take up in detail in Chapter 3 (Figure 3.14)

the carbon atom 1s linked by two single bonds (—) (—) and one double bond (=). There
are eight electrons in these four lines and, as above, half “belong” to the carbon atom.

These four electrons then are added to the two electrons in the first quantum level (1s?)
leading to no formal charge for that carbon atom.

The considerations outlined above apply to all bonded atoms. Consider any of the
oxygen atoms in the cyclic structure of glucose (Figure 1.1) or the oxygen atom in
formaldehyde (Figure 1.3). Oxygen has an atomic number of eight, which means each
oxygen atoms brings eight electrons to the structure it is part of, in contrast to carbon,
which brings six electrons to each structure it is part of. Oxygen has eight protons in the
nucleus of each atom, while carbon has six protons in the nucleus of each atom.

Again there are two electrons in the inner shell, the first quantum level. In every
oxygen atom in glucose, there are two single bonds (—) (—) to the oxygen atom. Each
single bond (—) contains two electrons half of which belong to each of the atoms
bonded by that single bond. Therefore for each oxygen atom we can account for one
electron each from these single bonds for a total of four electrons, two from the inner
shell and one from each bond (2x(—)). The remaining four electrons out of the eight
electrons that oxygen originally brought to the table, so to speak, are not taking part in
the bonding. These four electrons are therefore reasonably designated nonbonding
electrons.

We’ll talk more about these nonbonding electrons later, but for now let’s note that
nonbonding electrons appear in pairs and may or may not be, shown in chemical
structures as a line next to the atom or as two dots (..). In the structures in Figure 1.1
these nonbonding electron designations are not shown. If the nonbonding electrons are
shown in the structure, or not shown, makes no difference to their accounting. For now
let’s pay attention to this accounting to judge the presence or absence of formal charge.

We are now ready to evaluate if any of the oxygen atoms in the structures in
Figures 1.1 or 1.3 have a formal charge. We have two electrons from the first quantum
level plus two electrons, one each from the two single bonds surrounding each oxygen
atom. Since the nonbonding electrons are not participating in bonding, all four “belong”
to the oxygen atom for a total of eight electrons to counter the eight protons in the
nucleus of each oxygen atom.

If you apply the above accounting to an oxygen atom in formaldehyde you will
again come up with four nonbonding electrons and the absence of a formal charge on
oxygen. As for each oxygen atom in the structures in Figure 1.1, the oxygen atom in
formaldehyde has two nonbonding electron pairs — four electrons that belong to the
oxygen atom, electrons not involved in bonding (Figure 1.3).



As you come across organic chemical structures with atoms bearing nonbonding
electrons, such electrons are only sometimes shown as the lines or dots mentioned
above. Nevertheless, nonbonding electrons are important and often participate in
chemical reactivity. This makes sense doesn’t it? The nonbonding electrons are in the
outer quantum level of the atom but are not involved in a bond and therefore are easily
available to form a bond. We’ll first see more about this characteristic of nonbonding
electrons in detail in Chapter 3 (section 3.10 and Figure 3.15) and then all throughout
the book.

Let’s now look at a situation where there is a formal charge. Consider the reaction
between ammonia and hydrogen chloride. Did you ever have the experience of just
cracking open the cap on a bottle of ammonia and a bottle of concentrated hydrogen
chloride in the same laboratory, even quite a distance apart, and see a trail of smoke
connecting the two bottles? The smoke trail 1s ammonium chloride formed as the vapors
meet each other. The accounting shown in Figure 1.3 leads to a conclusion of no formal
charge on ammonia but a formal charge on the nitrogen atom of the ammonium ion, a
product of the reaction with HCl. Aside from our main focus here on formal charge, in
the reaction of ammonia and hydrochloric acid we see the role of a lone pair of
electrons in ammonia.

Why the word formal before the word charge? The answer is that what we
designate as a formal charge is not an actual picture of the charge relationships in the
molecule. That is far more complicated than simply accounting for electrons and
protons.

Certainly, there is a positive charge on the ammonium ion, but how that charge is
distributed among the atoms that make up the ammonium ion, the four hydrogen atoms
and the nitrogen atom, can not be discerned easily, although it is important in
understanding the most detailed nature of the molecule, which is somewhat advanced for
us at this point.

With all the electron counting in this section it is reasonable to look into the
electron counting for evaluation of formal charge, as we have done, and the electron
counting for the octet rule. A stable arrangement for an atom of the second row of the
periodic table is one in which eight electrons in the valence shell (the second quantum
level) surround the atom. This is the criterion for obeying the octet rule. However, the
electrons that contribute to this octet do not necessarily “belong” to the atom. In methane
for example, CH,, the four bonds between the central carbon atom and the four hydrogen

atoms contain eight electrons. Even if only half of these electrons contribute to the
absence of a formal charge, all of the eight contribute to evaluation of obeying the octet
rule.

Every atom in every structure in Figure 1.3 obeys the octet rule, a rule that arose
from experimental observations of bonding starting in the late 1800s until its complete
formulation by about 1920. G. N. Lewis, whom we will hear much more about and his



1deas of bonding was central to the development of what we know now as the octet rule.

PROBLEM 1.16

(a) Draw the structure for a-D-glucose, showing not only all the atoms but as well any nonbonding valence electrons
on each atom.

(b) Use your answer to (a) to determine if there is a formal charge on any of the atoms in the structure of a-D-
glucose.

PROBLEM 1.17

What does the number of protons in the nucleus of an atom have to do with formal charge of that atom in a bonded
state?

PROBLEM 1.18

How does a tetracoordinate carbon atom avoid formal charge by matching the six protons in the nucleus of that atom?

PROBLEM 1.19

How does a divalent oxygen atom avoid formal charge by matching the eight protons in the nucleus of the atom?

PROBLEM 1.20

Ammonium ion, NH4+, is a tetravalent state of nitrogen with a positive charge. Is this charge a formal charge and how

do the number of protons in the nucleus of nitrogen contribute to that charge?

PROBLEM 1.21

The formula for o-D-glucose in Figure 1.1 is CgH2Og¢. Imagine other ways to organize these 24 atoms into a

molecule without considering how reasonable the structure seems. Determine the formal charges and violations of the
octet rule, if any, for each of the atoms in the structures you have imagined.

PROBLEM 1.22

Among the atoms in the second row of the periodic table, nitrogen and boron bond to three other atoms, for example
ammonia, NH3, and boron trifluoride, BF3. Using Pauling’s hybridization idea and taking account of the atom numbers
of these elements show how the electronic configuration of nitrogen and boron atoms could lead to this bonding. Try to
predict the geometry of ammonia and boron trifluoride based on the p orbitals utilized in the hybridization and the
repulsion of the electrons in the chemical bonds in these molecules. You are using VSEPR theory to answer this
question.

PROBLEM 1.23

In general, an atom with four “entities” around it, such as CHy, is sp3 hybridized, that with three “entities” around fit,

2

such as for BF3, or for each carbon atoms in ethylene, HyC=CH», is sp~ hybridized, and that with two “entities”

around it, such as each of the carbon atoms in acetylene H-C=C-H, is sp hybridized. What geometry around each of
the atoms in the above examples would you predict based on the differing hybridizations?



PROBLEM 1.24

Counting the lone pair of electrons in ammonia, NH3, the nitrogen atom has four “entities” surrounding it, three bonds

to hydrogen atoms and a lone pair of electrons. The hybridization of ammonia is generally not assigned to exactly sp3 .

Experiment shows that the angle between the three N-H bonds to be about 107 degrees, less than the tetrahedral
angle. Offer an explanation for this experimental fact.

PROBLEM 1.25

Considering your answer to problem 1.24 and counting the two lone pairs of electrons on oxygen in water, H>O, the

oxygen atom has four “entities” around it. Offer an explanation for the fact that the angle between the two O-H bonds
is about 105 degrees, less than that of ammonia and less than the tetrahedral angle.

PROBLEM 1.26

Each of the oxygen atoms in the structures in Figure 1.1 has four entities around it, two bonded atoms and two lone
pairs of electrons, just as in water. Yet the angle between the atoms bonded to the oxygen atom can be predicted to be
more than 105 degrees but still less than the tetrahedral angle. Offer a possible explanation of this prediction.

PROBLEM 1.27

What is the correlation between the number of atomic orbitals that hybridize and the number of “entities” that surround
the hybridized atom?

PROBLEM 1.28

In problem 1.11 you generated differing structures that fit the formula CgH|g. Do any of the carbon or hydrogen

atoms in these structures have formal charges and if so which ones and why? If none of your structures have formal
charges on any atom then create structures that do show formal charges for one or more atoms.

PROBLEM 1.29

Which atoms in the differing structures you imagined for the formula CgH g disobey the octet rule? If none do, then

imagine structures in which the octet rule is disobeyed for some of the atoms. Why does the octet rule not apply to
atoms that are in other than the second row of the periodic table?

1.6

E HAVE DRAWN THE STRUCTURES of the a-glucose and B-
glucbse Molecules in a different way from that in Figure 1.1. This has been



done in Figure 1.4. A mirror could be drawn down the middle of Figure 1.4. The
structures on the right in Figure 1.4 are mirror images of the structures on the left of this
figure, which are the two glucose stereoisomers first shown in Figure 1.1.

To ease discussion of these structures on the right and left side of Figure 1.4, let’s
designate them as a-L-glucose and B-L-glucose on the right and a-D-glucose and B-D-
glucose on the left. What’s the difference between these L and D structures? Are they the
same and 1f not do they both exist? Does it matter if cellulose and starch are made of
one or the other, L or D types of glucose, or mixtures of the two?

Consider a tea cup unadorned with any markings. If you inspect its mirror image
and imagine removing the mirror image from the mirror and placing it next to the
original object, you’ll discover that the object and its mirror image are identical. What
1s meant by identical is that the object and its mirror image are superimposable. In other
words one can not see any difference between the two. You could replace one with the
other. You can set one down and put the other on top of it. They are the same — period.

Now try this experiment on yourself, on your own image, and discover that you
and your mirror image can not be superimposed. Imagine your mirror image stepping out
of the mirror and standing next to you. You could point to many differences between the
two of you. Everything on your left side would be on your mirror image’s right side and
vice versa. If the right and left sides of your body were identical, which they are not,
then you and your mirror image could be superimposed.

Now let’s try this game with the molecular pairs in Figure 1.4, a-D-glucose / a-L-
glucose and B-D-glucose / B-L-glucose. These D and L structures, these mirror images,
are different. The D and L structures are not superimposable just as we are not
superimposable with our mirror images. Prove this to yourself with the new set of
molecular stick models you purchased. Or use your imagination to pick each structure
up out of the page. Keep in mind not to change anything other than rotating the whole
structure in space, as if you picked up any object and simply looked at it from all angles.
Try to superimpose one on the other. You won’t be able to do it.

As we are going to discover as we get further into this world of mirrors in
organic chemistry, life is replete with molecules for which the mirror images are not
identical, that is, can not be superimposed on each other. The way our entire body is
related to its mirror image turns out to teach us something about the way that molecules
in our body relate to their mirror images, that is, as non-identical molecules. The a and
B forms of glucose in Figure 1.4 (which are not mirror reflections of each other) each
has its own non-identical mirror image. The o D and L and B D and L sugars are just
examples of numerous biologically important molecules that are not identical to their
mirror images.



OH HO
o O

HO OH
HO OH
OH HO
OH HO
w-D-glucose c-L-glucose
OH HO
O 0
HO\o OH HO o
OH HO
f-D-glucose (-L-glucose

FIGURE 1.4
Stereoisomers Possible for a and B-Glucose

Glucose is certainly biologically important. It is the sole source of energy for the
function of the brain, in its being able to cross into the brain from the rest of the body, to
cross the “ blood-brain barrier.” In fact, glucose is the most important source of energy
to all functions of life from bacteria to human beings. Through glycolysis and the citric
acid cycle (Chapter 8), glucose is converted to carbon dioxide and water yielding the
energy that sustains our life.

Consider the beautiful symmetry of how life is sustained. These very molecules
produced when glucose yields its energy to sustain life on earth, carbon dioxide and
water, are the same molecules used by the photosynthetic activity of green plants to
produce glucose using the sun’s energy. This mystical cycle of carbon dioxide, water,
green plants and sun producing glucose and then glucose and life on earth producing
carbon dioxide and water is enabled by organic chemistry. The principles of the science
of organic chemistry are found in every nook and cranny of the cycle connecting the
sun’s energy to our life.

For now we will focus on a single key fact - a fact that seems remarkable on first
hearing of it. All of this biology relates only to the D-glucose. L-glucose is not produced
by photosynthesis, the process described above, and is not recognized by life for any of
the functions for which D-glucose is critical, in spite of how similar these mirror image
molecules appear to be (Figure 1.4).

PROBLEM 1.30



Inspect common objects around you and determine if they are, or are not, identical with their mirror images. What does
the ability to bisect an object by a mirror plane, so that one half of the object is reflected perfectly by the other half of
the object, have to do with an object being identical with its mirror image? If you slice the tea cup example used in this
section by a two sided mirror, are the two images identical? How about if you try this on either a or B-glucose, L or D?

PROBLEM 1.31

Build molecules with your model set, or draw three dimensional structures, with the following formulas to discover
what kind of tetrahedral structure will be non-identical with its mirror image, that is, not superimposable: HCClj;

HCChBr; HCCIBrp; HCCIBrl. How would your answer differ if the arrangement around the central carbon atom

was in a single plane rather than in a tetrahedral array? Try the mirror slicing technique from problem 1.30 and see
how the result correlates with your answer.

PROBLEM 1.32

Consider this: just as you reach out with your right hand to shake the right hand of a friend — your left hand would not
work with your friend’s right hand, your body can only deal with one handedness, D, of glucose. Consider what this
means about the mechanisms that sustain your life?

PROBLEM 1.33

A symmetric object (or molecule) has one of possible three elements of symmetry: a plane of symmetry; a center of
symmetry; or an n fold alternating axis of symmetry where n is an even number. Why are all molecules that are devoid
of symmetry, that is, asymmetric, necessarily capable of having non-identical mirror image forms? Try out these
symmetry tests on the molecules in problem 1.31 and on the glucose structures in Figure 1.4. Using a set of ball and
stick molecular models is the best way to look at these symmetry questions.

PROBLEM 1.34

Why is it obvious that chemists have long used a word related to the Greek word for hand, (cheir), chiral, to describe a
molecule that is capable of having mirror images that are not identical?

PROBLEM 1.35

Does the word chiral describe the properties of a single molecule and if so why? Consider that both a molecule and its
non-identical mirror image are present in precisely equal amounts in a sample. Can the word chiral be used to describe
more than a single entity, a single molecule? Can a mixture of non-identical mirror image molecules be described with
the word chiral? Would your answer to the last question depend on the ratio of the non-identical mirror image
molecules?

1.7




LOWING THE DEFINITION OF STEREOISOMERS as two molecules
tdentical formula and identical bonding but that differ from each other

(section 1.3) leads to the conclusion that comparison of any two structures in
Figure 1.4 1s a comparison between stereoisomers.

There are four molecular structures in Figure 1.4, all with the identical formula,
CeH 04 and all with identical bonding, that is, 1dentical in the connections between the

atoms. Let’s see how differences can arise in spite of the identical features. Two pairs
are mirror images, o-D-glucose / a-L-glucose and B-D-glucose / B-L-glucose, and the
two members of each pair, D/L, can not be superimposed. As designated in Figure 1.5,
these pair wise relationships are enantiomeric, a word derived from the Greek word
enantios, which means opposites, such as opposite sides of the mirror.

However, all other pair wise relationships in Figure 1.5 are not mirror images.
Pairs of stereoisomers that are not mirror images differ fundamentally from those which
are mirror images. These four pair wise stereoisomeric relationships that are not mirror
images, which are therefore not enantiomers, are: a-D-glucose / B-D-glucose; o-L-
glucose / B-L-glucose; a-D-glucose / B-L-glucose; a-L-glucose / B-D-glucose. Each of
these pairs i1s designated as a pair of diastereomers. For example, a-D-glucose is a
diastereomer of B-D-glucose or in other words, a-D-glucose and B-D-glucose have a
diastereomeric relationship to each other.

The word chosen to describe such stereoisomers, incorporates the suffix, dia,
which comes from the Greek word diakritikos, that which separates or distinguishes,
which clearly describes two molecules that are stereoisomers but which are not mirror
image stereoisomers. Any two molecules that are stereoisomers but are not mirror
images of each other are diastereomers.
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FIGURE 1.5
Identification of the Enantiomers and Diastereomers of Glucose

In other words, there are two different kinds of stereoisomeric relationships
possible between two molecules. The two molecules of the pair may be related as
enantiomers or diastereomers and these relationships are demonstrated using the basic
bonding structure of glucose in Figure 1.5.

There is a fundamental difference in the relationship between two molecules that
are enantiomers, such as a-D-glucose / a-L-glucose, and two molecules that are
diastereomers, such as a-D-glucose / f-D-glucose.

Two molecules that are enantiomers are identical in all respects and can not be
told apart except by a probe which is itself capable of existing in enantiomeric forms,
that 1s, capable of mirror image isomerism. Because you and I, and all living entities,
are capable of such isomerism, we can distinguish a-D-glucose and a-L-glucose or for
that matter any two molecules that are mirror image related, that is, which are
enantiomers. It is our absence of symmetry, the fact that each of us is chiral (a word
we’ll come upon shortly), that allows you to look at the enantiomeric structures in
Figure 1.5 and see that they are different. In fact, there are even certain volatile
molecules in which the enantiomers smell differently to us. Carvone is an example. One
enantiomer smells like spearmint and the other enantiomer like caraway.

Let’s take this idea a bit further. Just as you exist only on one side of the mirror,
your mirror image is simply a reflection, the enzymes that catalyze the biochemical
processes within you also exist on only one side of the mirror. Following the same
principle that allows you and me to distinguish enantiomers, those enzymes involved
with glucose distinguish one enantiomer from the other and moreover with such
specificity that the enzymes only catalyze reactions involving one of the glucose



enantiomers, the D-glucose to the absolute exclusion of L-glucose. This is the molecular
basis of the insistence in all biological processes on the use of the D enantiomer to the
exclusion of the L enantiomer of glucose, as pointed out in the last paragraph of section
1.6.

On the contrary, if one studied two enantiomers by a property that was not
capable of mirror image isomerism, such as melting point or boiling point, or dissolving
the molecules of the pair in a common solvent such as water, the enantiomers would
behave identically. More will be said about this apparently peculiar characteristic of
enantiomers in section 1.8 to follow. But on reflection it is not so peculiar. After all,
every time you try to put a left handed glove on your right hand or vice versa you are
coming across the same principle that is at work in biochemical processes that
distinguish enantiomers. On the other hand, you can identically pick up a piece of paper,
or to use the analogy above, an unadorned tea cup, with a right or left handed glove.

PROBLEM 1.36

You can not shake your friend’s right hand equally well with your left hand or your right hand. How might this
common experience relate to the fact that life can use only one of the enantiomers of glucose? However, does this
fact about shaking hands predict that D-glucose but not L-glucose is used rather than L-glicose but not D-glucose?

PROBLEM 1.37

Parts of the structure of most enzymes are helical. Would you expect experiments to show that these helical regions of
the structure are found to be both right and left handed?

PROBLEM 1.38

Why do all aspects of stereoisomerism relate to comparisons between two molecules and not to relationships between
more than two molecules?

PROBLEM 1.39

Two molecules that are enantiomers must have identical solubilities in water but two molecules that are diastereomers
may have differing solubilities in water. Why?

PROBLEM 1.40

Consider the following experiment: a-D-glucose is bonded in some way (it does not matter how) to a-L-glucose. Now
a-L-glucose is bonded in the same way to another a-L-glucose. Will the two bonded pairs have the same or different
properties and why?

PROBLEM 1.41

Looking ahead to the next section, are there any pairs of constitutional isomers in Figure 1.5?

PROBLEM 1.42

How are the stereochemical assignments in Figure 1.5 related to the experimental data in Figure 1.7?



O DERSTAND THE DIFFERENCE BETWEEN TWO molecules that

are®tastercomers, we have to understand how any two molecules may

differ, molecules that are not related as stereoisomers. Naturally, if you have two
molecules with different formulas you can expect the two molecules will have different
properties. In fact, the chemical industry would be an impossible endeavor if molecules
with different formulas did not differ in their properties. How would the petroleum
companies fractionate crude oil into the fractions necessary to produce the wide variety
of molecules that are then used to produce everything from plastics to pharmaceuticals
to gasoline?

This fractionation is accomplished because crude oil contains hundreds of
molecules with differing formulas, that is, made up of differing numbers and even kinds
of atoms. But crude oil also contains hundreds of pairs of molecules with the same
formula, which are not stereoisomers. These pairs of molecules with the same formula,
which are not stereoisomers, are still related as isomers. The two molecules of the pair
differ from being stereoisomers in that the atoms in each isomer are connected together
in different ways. Such compared molecules within a pair of molecules are called
structural or constitutional 1somers.

These molecules with either their different formulas or identical formulas but
different structures have different properties including vapor pressures and this is the
basis of those huge fractionating towers found in all petroleum refining facilities.
Separation of these molecular components of crude oil is what these fractionating
towers are all about. For example, light naphtha, which is used to make gasoline as
we’ll learn about in Chapter 4, is composed of molecules with far fewer carbon atoms
than the molecules that are used to make Diesel fuel. But in a barrel of crude petroleum,
all these molecules are mixed together, those that could be converted to gasoline and
those that can be converted to Diesel fuel. These structurally different molecules have to
be separated.

Separation of molecules is big business. Consider the example of separation of
water, H,O, from ethanol, CH;CH,OH, hardly an academic exercise considering that



billions of dollars is now spent to produce ethanol from corn and other crops. Ethanol is
a biofuel. But the fermentation process that produces ethanol produces it in a mixture
with water and this mixture is impossible to use as an additive with gasoline. The
ethanol must be separated from the water. Ethanol and water have different formulas
and therefore have different properties. Their boiling points are widely different
allowing ethanol and water to be separated by distillation to their azeotropic mixture,
96:4 respectively.

Even molecules that have the same formula but different structures, different ways
in which the atoms are connected to each other, can have widely varying properties
allowing them to be easily separated. Examples are shown in Figure 1.6 for two sets of
three molecules each of this type and their differing boiling points. Such molecules, as
noted above, are called by organic chemists, structural isomers, or constitutional
isomers.

Boiling points of constitutional isomers
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FIGURE 1.6

Molecules with the same formulae but different bonding
arrangements have different properties.

Internal combustion engines and therefore automobiles bring up the best examples
of the differences between structural isomers that I am aware of, that 1s, the difference in
octane numbers of isomeric molecules. Look ahead in Chapter 4 to Figure 4.10 and
sections 4.6 and 4.8. Notice in Figure 4.10 that nine molecular structures in this figure,
each with the same formula, C;H,4, vary from fuels that will destroy your automobile

engine with extreme knocking, to fuels that will help the engine power your car
smoothly up the highest grades.

The 1dea of what we now call 1someric molecules was greatly resisted in the
early part of the 19th century when analysis began to reveal that many molecules with
apparently the same ratio and kinds of atoms nevertheless had different properties. This
was a time when there were no certain ways that could connect this analysis of the



atomic composition of a molecule to its structure. How could two molecules made ot
the same number and kinds of atoms have different properties? This was the question of
the day.

At first, prominent chemists were certain that the identical formulas were artifacts
of bad analyses. If the analyses were carried out more accurately, they claimed, there
would appear differences in the atomic makeup of these compared molecules. But the
opposite happened. The more careful the analysis, the closer became the atomic
composition of these molecules with different properties. This finally reached a head
when a famous French chemist of that time, Gay-Lussac, in 1814, pointed out that the
atomic compositions of acetic acid and glucose, the sugar from which starch and
cellulose 1s constructured, could both be expressed by the formula C,(H,0),. Of course

having studied the contents of Figure 1.1 we are wise to the problem. Each molecule of
acetic acid, CH;CO,H, which 1s the small molecule constituent of vinegar, is composed

of two carbon atoms, two oxygen atoms and four hydrogen atoms, the elements in its
formula and can not be compared to glucose. Glucose is composed of larger numbers of
carbon, hydrogen and oxygen atoms even if their ratio is also C,(H,0),, which is simply

the formula of glucose, C4(H,0),, divided by three.

Joseph Louis Gay-Lussac
In those early days although the ratio of the atoms could be determined, the
absolute numbers of each atom could not be easily known. The molecular weight could
not be reliably determined, although the chemists around the time of Gay-Lussac’s work
certainly must have noticed that acetic acid is a liquid while cellulose is a solid.
But even small molecules were being discovered that had the same formula, in
other words, molecules that were actually entirely made of the identical elements in



identical numbers. The most famous of these pairs of isomers were ammonium cyanate
and urea, both with the formula CH4N,O. These isomers were in the spotlight arising

from Friedrich Wohler’s breakthrough experiment in 1828 in converting ammonium
cyanate to urea. In this single experiment this young man, then only 28 years old,
demonstrated that different molecules could exist with identical formulas. But even
more important he rang in the death knell of the necessity of belief in a “vital force” for
the production of molecules found in nature. He did this by synthesizing urea, a
molecule arising from life, from a molecule not derived by a biological process,
ammonium cyanate. Wohler’s famous experiment came to change the minds of many
scientists in those days and in the years to follow. Not bad work for someone not yet 30
years old.

Friedrich Wohler

No one could define what this “vital force” was but it was thought to be
connected to why things are alive - some kind of indefinable characteristic. Don’t snub
your nose at these nineteenth century musings. Although we have gained a great deal of
insight into the molecular workings of life and discovered that the fundamental
principles of organic chemistry are equally at work in living systems as they are in the
laboratory or the chemical plant, a fact that will be demonstrated beyond question in this
book, we continue to be mystified as to how life began and a significant number or
scientists are at work in a field that is generally termed “Origin of Life.”

Nearly two hundred years have passed since science focused on the question of
1somerism. And Figure 1.6 is a small demonstration of how far we have come in
realizing the nature of structural isomerism. In Figure 1.6 we find a very few examples
of representative molecules of the same formula and see how different their properties
can be. Inspecting Figure 1.6 might help you to reinforce the discussion in section 1.2
about how organic chemistry has a variety of ways of presenting molecular structure.



Take the trouble of redrawing the structures in Figure 1.6 showing all the atoms, which
is a perfectly acceptable way these molecules could have been presented.

Stereochemical ideas were very far from being considered in these early days of
the 19th century. But now we realize that even molecules that have the same formula and
the same numbers and kinds of chemical bonds, which the molecules in Figure 1.6 do
not, can still have widely differing properties. Such compared pairs of molecules as
long as they are not enantiomers are called diastereomers. These diastereomeric
relationships were seen in Figure 1.5.

The relationships among the varying glucose molecules in Figure 1.5 are based on
the rule that stereoisomers that are mirror images of each other are enantiomers, while
stereoisomers that are not mirror images of each other are diastereomers. We offered no
experimental evidence for the prediction that enantiomers have identical properties in a
symmetrical environment (an environment that offers no nonidentical mirror image
possibility) (section 1.6) while diastereomers, as is the situation for structural isomers,
will have different properties in all environments. Let’s now look at some experiments
to test these predictions. The prediction is clear. The crystals of the designated
enantiomeric pairs in Figure 1.5 should melt identically. The crystals of the designated
diastereomeric pairs in Figure 1.5 should melt differently. The experimental results for
the melting of these crystals are exhibited in Figure 1.7 (see here) in addition to the
results of another kind of experiment, optical rotation, which we’ll discuss in the next
section.

The crystalline form of a-D-glucose monohydrate, which means that each
molecule of glucose has a single water molecule associated with it, 1s 83° C. a-L-
glucose is identically hydrated in the crystal and melts at an identical temperature.
According to Figure 1.5, these are enantiomers. B-D-glucose forms a different crystal
than the crystal formed by a-D-glucose, which melts at a different temperature, not 83°
C but rather at near to 150° C. According to Figure 1.5, these are diastereomers. 3-D-
glucose forms an identical crystal to that formed by B-L-glucose both melting at the
same temperature, in the range of 150° C. According to Figure 1.5, these are
enantiomers.

The prediction was clear and the experimental results confirm this prediction. The
a-glucose enantiomers melt identically and at a different temperature than the B-glucose
enantiomers, which have identical melting points. The examples given in Figure 1.7 for
these sugars demonstrating the identity of enantiomers to a symmetrical probe such as
heat and the difference in diastereomers to this symmetrical probe are exemplary. The
results are a model for all enantiomeric pairs and diastereomeric pairs. Melting
temperature 1s a molecular probe without the ability to distinguish enantiomers but as
for any molecular probe, diastereomers are always different, will be distinguished.
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Melting Points and Optical Rotations of the Enantiomers and
Diastereomers of Glucose

Application of heat and the melting temperature of molecules are certainly
interesting, but very important to chemistry is the symmetry of a probe molecule. By a
probe molecule, what is meant is a molecule that interacts in some manner, either by a
physical interaction or by a chemical reaction, with each of the two enantiomers or with
each of the two diastereomers. Such a physical interaction can be simply a contact in
some manner, for example a collision, after which the probe departs, or alternatively,
the interaction can lead to a chemical change. If such a probe molecule is capable of
mirror image isomerism, then enantiomeric pairs will behave differently and as for any
probe, so will also the diastereomeric pairs.

If such a probe molecule is incapable of mirror image isomerism then only
diastereomers will behave differently from each other. For example, water will react
differently with cellulose and amylose because these polymers are diastereomers. But
water will react identically with any pair of molecules designated as enantiomers in
Figure 1.5 or for that matter with any enantiomeric pair of molecules. Let’s discover
more about this in the next section. It is a subject with quite some interest considering

that distinguishing enantiomers and diastereomers sits at the foundation of the chemistry
of life.



PROBLEM 1.43

Use model building or your ability to draw molecules and visualize molecular structures in three dimensions to test the
following statement: A series of molecules with increasing numbers of carbon atoms in which each atom in every
structure has no formal charge with all hydrogen atoms monovalent and every carbon atom tetravalent will have the
following numbers of isomers (n): CHy4 (0); CoHg (0); C3Hg (0); C4H (2); CsHi2 (3); CgHi4 (5); C7H16 (9).

PROBLEM 1.44

As we have been discussing, two structures with identical formulas can be compared as identical or isomers and
isomers can be either constitutional or stereoisomeric. Stereoisomers can be diastereomeric or enantiomeric. Use these
terms to describe the isomers you discovered in answering Problem 1.43. For which isomeric pairs of molecular
structures could physical properties such as boiling or melting point be different? For which isomeric pairs of molecular
structures must these physical properties be identical?

Pairs of isomers with different physical properties can be constitutional isomers or stereoisomers (diastercomers).
Assign these designations to the pairs of isomers picked that you predicted to have different physical properties.

PROBLEM 1.45

Imagine a series of molecular structures all with the formula CgH 14 and then another series with the formula CgH 1.

For each formula draw as many structures as you can think of with the restriction that each carbon atom is bonded to
four other atoms and that no formal charges or deviations from the octet rule are allowed. Designate all pairs of
molecules that are constitutional isomers and all pairs of molecules that are stereoisomers.

PROBLEM 1.46

The names of the constitutional isomers on the top line of Figure 1.6 in order are: n-hexane; 2,2-dimethylbutane; 2-
methylpentane. The names of the molecules in the second line are named in order as: 1-hydroxyhexane; 3-
hydroxyhexane; dipropylether. Can you use these names in combination with the information given below to develop
the beginning of a set of nomenclature rules for organic molecules even if your ability to memorize such a set of rules
will not be a focus of this book?

Now, try to create a series of hydrocarbon molecular structures of all varieties including different numbers of carbon
atoms. Give names to your structures. For this purpose, carbon chains of increasing numbers of atoms are called in
order of 1-10: methane, ethane, propane, butane, pentane, hexane, heptane, octane, nonane and decane. If a chain of
four carbon atoms is attached to a longer chain one uses the term butyl for the four carbon piece, for one carbon
methyl, for two carbons ethyl and so on. You can apply the use of the yl replacing ane for any chain length.

1.9




LDEHYDE, CH,O, A MOLECULE that is identical with its mirror

e, 1s therefore an example of a molecule that can not interact

differently with two molecules that are mirror images of each other. Just as
the melting points of each of an enantiomeric pair of molecules are identical, as we’ve
seen in Figure 1.6, an interaction of any kind of an enantiomeric pair of molecules with
a molecule like formaldehyde is identical as shown for a-D-glucose and a-L-glucose in
Figure 1.8.

Let’s expand a bit on the use of the word interaction introduced in the preceding
section. An interaction 1s meant to designate any contact between the probe molecule
and each of the enantiomers. This could mean simply mixing formaldehyde with each
enantiomer in turn of a pair of enantiomers and measuring the change in melting
behavior or the mutual miscibility, or in a different kind of test, allowing some chemical
reaction to take place between formaldehyde and each enantiomer of the enantiomeric
pair of molecules and measuring the equilibrium constant or the rate of the reaction. The
interaction can therefore vary from a chemical reaction between the probe molecule and
each of the two enantiomers to a fleeting interaction in which the probe molecules
simply collide with each of the two enantiomers. The results, in all regards, would be
identical for both enantiomers. The characteristic one measured for the interaction of
formaldehyde with each of the enantiomers would be identical.

Formaldehyde, by-the-way, as you can see from the formula, is the simplest
carbohydrate, C(H,O), and it has been found in space causing some to think that

formaldehyde is one of the building blocks of organic matter and of life. Well, that may
or may not be true, but what is certainly true is that formaldehyde and its mirror image
are identical. Following on the lesson we have just learned, we could conclude that it
formaldehyde underwent a chemical reaction with a-D-glucose, it would undergo an
identical chemical reaction with a-L-glucose.
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The Interaction of the Enantiomers of a-Glucose with Two Achiral
and One Chiral Probe Molecules

The second probe molecule in Figure 1.8, hydroxyacetaldehyde, is an important
biological intermediate and i1s used in certain food preparations and, just as for
formaldehyde, is not capable of mirror image isomerism, that is, is not chiral. Any
interaction, as defined above, of hydroxyacetaldehyde with the enantiomers of glucose
would therefore be identical.

So how can mirror image related molecules be distinguished from each other?

We’ve seen in section 1.8 how the difference between one’s right and left hands
1s useful for understanding the nature of mirror image isomerism and how enantiomers
behave compared to each other. Simply reaching out with your right hand to shake hands



with someone demonstrates that you are not able to grip the other person’s right and left
hands equivalently. This familiar concept of shaking hands involves the identical
principle demonstrated in Figure 1.8 and discussed above. It’s hardly surprising that
chemists apply the term chiral to any molecule that is not superimposable with its mirror
image, any molecule as we have seen that can exist in enantiomeric forms, any molecule
to come to the point, which is handed. Chiral is derived from the Greek word for hand,
vep (cheir). The probe molecules in Figure 1.8 and in fact every molecule in this figure
1s a carbohydrate, C (H,0),, but only the last probe, C5(H,0)5, glyceraldehyde, could

cause some interaction to be different for a-D-glucose and a-L-glucose. Of the three
probe molecules shown, only glyceraldehyde has a structure that makes it non-identical
from its mirror image. The glyceraldehyde shown in Figure 1.8 is D-glyceraldehyde. Its
mirror image is L-glyceraldehyde - just like the D/L nomenclature that distinguishes the
glucose enantiomers (Figures 1.3 and 1.4). Glyceraldehyde is chiral.

The principle that only a chiral probe can distinguish enantiomeric molecules is
the basis of an important chemical industry. Because the biochemical mechanisms that
sustain life respond differently to enantiomeric molecules, the pharmaceutical industry
has to test enantiomers separately as proposed drugs.

A chiral separation industry has evolved to address this separation problem with
chromatography playing a major role. Here one arranges that the enantiomers to be
separated come into a very large number of fleeting interactions with a single
enantiomer of a chiral molecule or macromolecule. If the fleeting interactions differ to a
large enough extent, and the interactions are numerous enough, the two initially not
separated enantiomers, dissolved in a solvent, will pass along a tube filled with the
chiral entity at different rates, and therefore appear at the end of the tube at different
times. The most important of these chiral entities, which fill the tube at this time are
polymers closely related to cellulose (Figure 1.1). The cellulose derivative is immobile
and fills the tube, and the enantiomers to be separated, dissolved in a solvent, pass
through the tube coming into uncountable numbers of fleeting interactions, collisions,
with the cellulose derivative filling the tube.

Wouldn’t it be interesting if molecules were found in space that could exist in
mirror image forms? And if such molecules existed in space with an excess of one
enantiomer over the other that would be even more interesting because molecules exist
in life on earth with an excess of one enantiomer over the other or as we’ve seen with
the enantiomers of glucose, to the complete exclusion of the other enantiomer (section
1.5). Well, some scientists have become quite excited on discovering that amino acids,
another critically important class of biological molecules, which except for one amino
acid, glycine, exist in mirror image forms, have been found in meteorites with a small
excess of the same enantiomer (enantiomeric excess) as that found in life on earth.

The term enantiomeric excess (e.e.) i1s widely used by organic chemists although
it 1s gradually being replaced by a related term e.r., the enantiomeric ratio. Enatiomeric



excess (e.e.) is defined as the fractional difference between the two enantiomers times
one hundred. For example if a sample of a chiral molecule has 0.7 of one enantiomer
and 0.3 of the other, then the e.e. 1s 40% of the excess enantiomer. Express as
enantiomeric ratio (e.r.) this sample would be designated as 3/7. An e.e. differing from
zero or an e.r. differing form unity (5/5) is so closely associated with life on earth that
finding evidence of unequal concentrations of mirror image molecules in outer space
stimulates the imagination to consider the possibility of life beyond earth’s boundaries,
or even that space has been a source of life on earth, the concept of Panspermia (a
fascinating idea to look up on Google).

While we are focused on space let’s note that like formaldehyde,
hydroxyacetaldehyde is also found in space including on planets and in the Milky Way.
It has been called the “sugar in space” with a quote in June, 2000 from the American
National Aeronautics and Space Administration, NASA, “The prospects for life in the
Universe just got sweeter.” Well, hydroxyacetaldehyde is a carbohydrate but to call it
a sugar may be stretching it. Nevertheless, it certainly is interesting that a molecule we
associate with life and find in our own bodies is found in the clouds of the Milky Way
from which stars are formed.

PROBLEM 1.47

Draw structures of the three probe molecules shown in Figure 1.8 putting in all non- bonded electrons and specifying
the hybridization at every carbon and every oxygen atom in each structure.

PROBLEM 1.48

Using molecular models and/or structural drawings in three dimensions test each of the probe molecules for chirality by
trying the superimposition test and also the symmetry test as from the information in problem 1.33.

PROBLEM 1.49

Explain the following statements: when an achiral probe molecule interacts with each of two enantiomers, the
enantiomeric relationship is maintained; when a chiral probe interacts with each of two enantiomers, the enantiomeric
relationship is changed to a diastereomeric relationship.

PROBLEM 1.50

How does your understanding of the statements in problem 1.49 explain the fundamental basis of all processes that
separate enantiomers?

PROBLEM 1.51

Convince yourself of the truth of the statements in problem 1.49 using appropriate structural drawings.

gos



C LLARY OF THE STEREOCHEMICAL LESSON we’ve just learned
m information in Figure 1.8 is that discerning the difference

between enantiomers, let alone separation of two molecules that are
enantiomers of each other, is an impossible job without using another chiral entity,
which, as we’ll see from the story below, could actually be a human hand.

Louis Pasteur, the great French chemist, whose name most of us first became
familiar with as children on learning about pasteurized milk, was the first scientist to
learn this lesson. Certain salts of an acid derived from “cream of tartar,” a related salt
obtained from the wine casks used to make wine from grapes in France, were highly
crystalline. Pasteur, when a young man of 26, took up the study of these salts and noticed
that the crystals took forms that appeared to be mirror images of each other, left handed
and right handed. Such crystals are called hemihedral. The Latin word for grapes is
racemus and so the substance that made these crystals had been called racemic and
coming from tartar the acid was named tartaric acid.

« Louis Pasteur

As discussed in section 1.7, many of the molecules that make up living systems
are chiral, and these chiral molecules exist in life in a single enantiomeric form. In fact,
all individuals of all living species are chiral and, parallel to many of the molecules



within us, each of us is not superimposable with our mirror image. We exist but our
mirror images do not. This fact gives each of us the ability to look at the structures of
enantiomeric pairs in the figures in this text and to see the difference. If this were not so,
Pasteur would not have been able to see the difference between the left and right handed
crystals of this salt of tartaric acid. He would have been like the molecules in Figure 1.8
that could not distinguish the enantiomers of glucose, formaldehyde and
hydroxyacetaldehyde. Such molecules are achiral, that is, not chiral.

Pasteur decided to separate the left handed crystals from the right handed crystals,
which he accomplished by simply inspecting each crystal under a microscope and using
a pair of tweezers to pick up each crystal and place it in the appropriate pile. When
Pasteur carried out this experiment, he was carrying out the first example of a resolution
of a mixture of enantiomers, which is now, more than 150 years later, the basis of a
multibillion dollar component of the pharmaceutical industry.

Crystals are precise arrangements of many usually identical molecules.
Dissolving a crystal in a solvent such as water, as Pasteur did, breaks up the
arrangement among the many molecules in the crystal and the molecules separate from
each other. Dissolving a crystal therefore shifts our observation from the property of the
crystal to the property of the individual molecules, although surrounded by the solvent
water molecules in Pasteur’s experiment.

Pasteur therefore had two aqueous solutions, one from the left handed crystals and
one from the right handed crystals. In these early years in the development of chemistry,
it was not possible to know anything about the structure of the molecules that were
released into the water solution by dissolution of the crystal. But Pasteur was aware of
the work of a famous physicist of the time, a much older man, Jean-Baptiste Biot, who
was working with polarized light, a special kind of light obtained by passing light
through certain crystals. Biot was observing effects on polarized light that were
ascribed to what he called molecular asymmetry.

. Je an-Baptiste Biot



There’s a story about Biot that took place in 1817 that demonstrates the intensity
of his interest in science and polarized light and also sets the stage for the story we are
hearing about Pasteur, which took place in 1848. Biot had already observed that liquid
turpentine had an effect on his polarized light and wanted very much to know if this was
an effect of the liquid or the molecules in the liquid. Would vapor of turpentine also
have an effect? But to carry out this experiment he needed a very long tube filled with
turpentine to get the light to pass through enough of the vapor to hope to see anything.
Biot was quite a distinguished scientist with considerable influence, enough influence to
convince the peers of an ancient church to allow him to use their cloister. He needed a
very large space to construct his apparatus and of course a boiler to heat the turpentine
to get it to vaporize. You can imagine the result. Turpentine is combustable and this led
to an explosion, and yes he burned down the church. But before Biot fled, he observed
the effect he was looking for—the vapor of turpentine did have an effect on the
polarized light. What exactly was Biot doing with polarized light? What is polarized
light and what does it have to do with chirality?

In plane polarized light, the electric vector traces out a sine curve in two
dimensions, in a plane. But chirality is a phenomenon that requires three dimensions for
its observation. How can a light effect existing in two dimensions have any possibility
of measuring something to do with chirality?

The answer is that plane polarized light can be considered to be the vector sum of
a mixture of right and left handed circularly polarized light. Imagine the electric vectors
of propagating light rotating clockwise and counterclockwise. The electric field of the
propagating light would trace out left and right handed helices, helices that can not be
superimposed on each other. Adding these vectors together as they move in precise
concert with each other yields a sum in a single plane. In other words, and strongly
connected to precisely what we have been discussing, the propagating light, although not
a material entity such as a chiral molecule or Pasteur’s hands, is nevertheless a mixture
of mirror image related rotating electric field vectors, a symmetry characteristic that is
chiral.

Take two identical lengths of wire and form right and left handed helical arrays of
each by turning the wires clockwise and counterclockwise, respectively, around a
cylindrical object like a pencil or a flashlight. You will not be able to superimpose the
two helical forms you have produced. Each one is a representation of the left and right
handed circularly polarized light whose vector sum constitutes plane polarized light. As
long as the left and right handed circularly polarized light pass through the medium
identically, the experimental observation, the vector sum of these circular polarizations,
is plane polarized light in the identical plane as the incoming light (before it passes
through the medium).

However, if one of the circularly polarized beams of light differs in its index of
refraction from the other, so that the two circular polarizations no longer precisely



cancel each other, the summation of their vectors, although remaining plane polarized,
will vibrate in a plane altered from the original plane. The plane of polarization will be
rotated by an angle to the right or the left of the original plane of polarization.

This 1s the source of the word rotation in the term optical rotation, which are the
data, [a]p, in Figure 1.7. The numerical values of [a]  in Figure 1.7 are the number of

degrees that the plane of polarized light is rotated away from the original plane of
polarization for a certain number of molecules. The specification of the number of
molecules through which the light passes 1s determined by the concentration of these
molecules in the solution under observation and the path the light takes in passing
through the solution.

In addition, the effect depends on the wavelength of the light, which therefore must
be specified. The greater the concentration of the solution, and the longer the path
through which the light passes, the larger the effect. In the early years of spectroscopy,
in the days of Biot and Pasteur, the yellow light of a candle was a convenient reliable
color of light, which was designated the D-line or in modern terms the sodium D-line.
This is the in the equation below, where a is the observed rotation of the plane of

polarized light for the solution used and ¢ is the concentration of that solution in grams
per 100 cubic centimeters of solution and 1 is the path through which the light travels
expressed in decimeters. The observation also depends on temperature, which is often
shown (not below) as a superscript to [a].

[o]p, = 1000/cl

Although the numerical value of the rotation, a, depends on the concentration, the
wavelength and the path, the plus and minus signs in front of the numbers in Figure 1.7
are not affected by the concentration of the solution or the length of the path through
which the light passes. These signs, + or -, inform us of the direction of the change in the
plane of polarization from its original position. The negative sign stands for rotation to
the left, levo, while the positive sign stands for rotation to the right, dextro. These signs
are often designated therefore by “1” and “d,” and as seen in Figure 1.7 correspond to
the effect of enantiomers on the plane of polarized light. If one enantiomer of a pair is I,
then the other enantiomer must be d. One enantiomer will speed one of the circularly
polarized vectors faster than the other, and the other enantiomer will do precisely the
opposite.

Insection 1.5 we discovered that D and L designated the enantiomeric glucose
molecules. But while d and 1 are experimental characteristics, a consequence of the
differing indexes of refraction of left and right circularly polarized light at some
specified wavelength of light, D and L correspond to information in the drawings we
use to represent molecular structure. As we’ll see in section 1.12, a molecular structure
designated as D may exhibit dextrorotatory, d, or levorotatory, 1, optical activity
properties.



With this background we have about polarized light and, in modern terms, the
chirality that Biot was looking for in the turpentine vapor in that long tube in the church
cloister, let’s follow what Louis Pasteur did in 1848 after separating the left and right
handed crystals into two piles. He passed the plane polarized light, which we now
understand consists of left and right handed circularly polarized light, through an
aqueous solution made from one of the handed crystals. Then he carried out the identical
experiment using the aqueous solution made from the opposite handed crystals,
followed by a third experiment that involved shining the mixture of left and right
circularly polarized light through a solution made from the crystals of tartaric acid that
had not been separated. Pasteur carried out all three of these experiments and observed
that the solution made from the crystals that had not been separated caused no change in
the plane of the polarized light. Could you have predicted this result and if so what
would you predict for the two solutions made from the separated mirror image crystals?

Let’s get the answer to this question from the man who did the experiment. Here
are Pasteur’s words in translation from the French. “I carefully separated the crystals
which were hemihedral to the right from those hemihedral to the left, and examined
their solutions separately in the polarizing apparatus. I then saw with no less
surprise than pleasure that the crystals hemihedral to the right deviated the plane of
polarization to the right, and that those hemihedral to the left deviated to the left.”
And even more revealing in Pasteur’s own words 1s what happened next: “I remember
hurrying from the laboratory and grabbing one of my chemistry assistants and
excitedly telling him that ‘I have made a great discovery . . . I am so happy that I am
shaking all over and am unable to set my eyes against the polarimeter.’ At this time, |
was twenty-five years old and had only been doing research for two years. “

In 1848 it was impossible to understand the molecular basis of what was then a
startling experimental result. But Pasteur had the right idea when he offered the
following possibilities to explain what he had observed. “Are the atoms of the dextro-
acid (levo-acid) grouped on the spirals of a dextrogyrate (levogyrate)helix, or placed
at the summits of an irregular tetrahedron, or disposed according to some particular
dissymmetric grouping or other?”

We can answer Pasteur’s question, emphatically yes, now that we understand the
structures of molecules and therefore the structure of the tartaric acid salts Pasteur had
studied. We see this dissymmetry, this irregular tetrahedron, by the inability to
superimpose the mirror images of the structures exhibited in Figure 1.9 where we have
shed the sodium and ammonium counterions of the salt structures and look at the
structures of the tartaric acid stereoisomers directly in the various ways that chemists
present such structures. In this figure the solid wedges represent the bond coming out of
the paper toward the viewer with the other direction designating the bond going behind
the paper. The last presentation in Figure 1.9 follows on a method developed by Emil
Fischer, the great German chemist who worked out the stereochemistry of glucose. We



will look into the details of these “Fischer Projections” in Chapter 3 (section 3.11).

H OH OH H
HO: :.H He :.0H
DHOH O OH

OH © OH O

0 OH O OH
R i
HO ==H H === OH
He=—0OH HO w——=H
A S
0% ~oH 0% ~OH
are the same as
O ~CH O -OH
HO H H——OH Fischer
H—— OH HO——H Projections
0% “OH 0P 0H

Experimental facts:

[c¢]p - 12.0° (H20)
m. p. 168 - 170 °C

MNomenclature:
D-tartaric acid
|-tartaric acid

[a]p + 12.0° (H,0)
m. p. 168 - 170 °C

L-tartaric acid
d-tartaric acid

(S)(S)-tartaric acid (R)(R)-tartaric acid

FIGURE 1.9

Different Structural Representations and Names for the Enantiomers
of Tartartic Acid

In Pasteur’s observation, the two solutions, one made from each kind of handed
(hemihedral) crystal, contain the salts of the tartaric acid enantiomers shown in Figure
1.9. Please forgive me for putting this in such simplistic terms but each solution Figure
1.9 may be thought of as if it were either a large number of right or left handed gloves.
And the incoming plane polarized light, finds analogy if it were a mixture of two hands,
one right and one left. Clearly the interaction of the right and left hands with the gloves
would differ.

The consequence of this chiral interaction is that the index of refraction for left



and right circularly polarized light will differ and differ in precisely opposite ways for
the solutions of the enantiomeric molecules. The result is rotation of the plane of
polarization away from its original position with optical rotation resulting, as Pasteur
excitedly observed. One solution will rotate light in the positive direction, designated,
d, while the other will rotate light in the negative direction, designated, 1.

On the other hand, the third solution, which contained the mixture of enantiomers
of the tartrate salt, the racemic solution made from the unseparated crystals, would not
cause the right and left handed circularly polarized beams of light to differ from each
other. Whatever effect one of the enantiomers had on the light, the other enantiomer
would have the opposite effect and these effects would cancel each other. This will be
the experimental observation for a racemic mixture of any chiral molecule.

We can go further. Consider making a solution of formaldehyde in water or
hydroxyacetaldehyde in water, the two achiral molecules in Figure 1.8 or for that matter
any achiral molecule in water or for that matter how about just water. You get the idea -
nothing chiral. We would get the same result as the result for the racemic mixture of a
chiral molecule — the left and right handed circularly polarized light would pass
unchanged through the solution so that their vector sum, the plane of the polarized light,
would be unchanged from the original angle. These solutions would not show optical
activity. The specific rotation, [a], for any wavelength and for any concentration and
path would be zero.

PROBLEM 1.52

(a) Build-D-glucose and -L-glucose from the structures in Figure 1.5 with your set of molecular models, which,
hopefully, you have purchased. Pick each model up with your right hand, one at a time, and determine if it is possible
for each model to sit in your hand identically. What does this experiment have to do with Pasteur’s experiment
discussed in section 1.10?

(b) Now take each of the enantiomers in turn you built in (a) and allow each of the molecular models you built in
Problem 1.43 to approach from the same side in the same way. For example, allow the C-H bond of the approaching
molecule to come to the middle of the six member ring of one of the glucose models. How does this experiment relate
to the results presented in Figure 1.8 and the discussion in section 1.9?

PROBLEM 1.53

Take a cylinder shaped object, such as a flashlight or a candle and wind a stiff piece of wire around it to make a helix,
either right or left handed. Slip the wire off the cylinder. Repeat the kind of experiment you conducted in Problem 1.52
(b) by allowing the helical wire to approach the six member ring of each enantiomer in turn in the same way. How
does this experiment relate to the phenomenon of optical activity discussed in section 1.10?

PROBLEM 1.54

Why is plane polarized light not affected by a solution of a racemic mixture of chiral molecules even though the
individual molecules in the mixture are affecting the left and right handed circularly polarized light differently? Does the
reason for there being no effect on plane polarized light from a solution of a racemic mixture of a chiral molecule differ
from the reason behind the observation with a solution of an achiral substance?



PROBLEM 1.55

Would Pasteur have drawn a different conclusion from his famous experiment with the salts of tartaric acid if the
solution of the crystal hemihedral to the left had been dextrorotatory and the hemihedral crystal to the right had been
levototatory?

PROBLEM 1.56

Use the equation for specific rotation to calculate the observed rotation for a solution of a molecule that is
dextrorotatory with a specific rotation of 100° with a path of 1 decimeter and a concentration of one gram per 100 mlL
Carry out the same calculation for the enantiomer.

PROBLEM 1.57

Does the fact that the molecule in problem 1.56 is dextrorotatory mean that it is the D enantiomer?

PROBLEM 1.58

Might it be possible to design a device for separating enantiomers in which a glass tube is irradiated with left handed
circularly polarized light as the racemic mixture passes through the tube?

1.11

ISCOVER IF A MOLECULE IS CAPABLE of mirror image
1S ism, you could always draw the structure of the molecule and its

mirror 1mage, both in three dimensions or construct the mirror image
molecules from a set of molecular models, and then try to superimpose the two
structures to determine if the molecules are enantiomers. If they are enantiomers, then
the molecule 1s chiral. This works well and we used the three dimensional drawings for
o and B-glucose inFigure 1.4 and determined these isomers to be chiral, each one
existing as one of a mirror image pair.

If you tried this method of comparing structural models on the three probe
molecules by looking at the three dimensional structures drawn on the bottom of Figure
1.8 you would discover that formaldehyde and hydroxyacetone superimpose on their
mirror images, while glyceraldehyde does not. Good!

But you would save the trouble of trying to superimpose molecular structures and
get the same answer by inspecting the three structures in Figure 1.8 or, for that matter,



any organic chemical structure and looking for at least one carbon atom in the molecule
with four different groups bonded to it. Only one of the three, glyceraldeyde, fits this
requirement of having four different groups around any of the carbon atoms in the
structure. Although a tetrahedral carbon with four different groups is not the only
structural characteristic consistent with chirality it is the most common direction to gain
chirality and is the basis of chiral molecular structures in biology.

The seeds for the realization that molecular mirror images could be related to
tetrahedral carbon bonded to four different groups, was planted when Pasteur, as quoted
in section 1.10, suggested that his experimental results led to the idea that tartaric acid
could have a structure described by an “ irregular tetrahedron”. This suggestion by
Pasteur implied that carbon was four coordinate, a characteristic of the bonding of
carbon we know very well now but was hardly clear at the time of Pasteur’s work.

Although accurate formulae for organic molecules were increasingly available
from experiment throughout the first half of the nineteenth century, there was no clear
understanding of how the elements were combined with each other. The insight that
carbon was four coordinate was first published by Friedrich August Kekulé in 1857,
when he was 28 years old. The clarity this brought to organic chemical studies brought
Kekulé fame but began a life of tragedy for a young Scottish chemist. Archibald Scott
Couper had written what has been called a brilliant paper about the self-linking ot
tetravalent carbon atoms causing some to call it a work of genius. Couper had prepared
his paper to be published in the same year, 1857, but the head of his laboratory, Adolph
Waurtz, delayed the publication. Couper’s paper did not appear until 1858 by which
time Kekulé had received all the credit for the idea of the self-linking of tetravalent
carbon. It is written that Couper lost his temper with his powerful boss and was
expelled from the laboratory forcing his return to Edinburgh where he had a nervous
breakdown. Couper never published another paper spending the last 30 years of his life
at the home of his mother in Glasgow. In science we talk of “being scooped,” which
perfectly describes what happened to A. S. Couper. He was scooped by Kekulé.




- Friedrich August Kekulé
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The tetravalent nature of carbon was advanced even further in 1862 by Alexander
Michailovich Butlerow(v) who was a distinguished professor of botany and chemistry
in Kazan in Russia. Butlerow(v) had spent time in France and Germany where he met
and had discussions with both Kekulé and Couper at the time they were both preparing
their theory of tetravalency of carbon. But Butlerow(v) advanced these ideas further
when he proposed for the first time that the tetravalency of carbon took the form of a
tetrahedron.



Alexander Michailovich Butlerow

Butlerow(v) was known as a spiritualist, someone who believed in supernatural
phenomena, connections with the dead, seances, premonitions, the irrational and the
esoteric, things that were believed to be beyond science. There was an intense interest
in the spiritual at this time in Russia that extended into considerable influence in the
royal court, an influence that was thought to have contributed to the end of the Russian
empire in the early 20th century. Perhaps Butlerow(v)’s capacity to accept what could
not be proved helped in his proposal that four coordinate carbon was tetrahedral, an
assumption, for which there could be no proof at that time.

At any rate, the foundation existed for the effort of two young men, one French,
and one Dutch, who were children when Pasteur offered his stimulating idea of an
irregular tetrahedron. The year was 1874 when Joseph Achille Le Bel, and Henricus
Jacobus van’t Hoff, both in their twenties, publishing in French and in Dutch
respectively, took the idea of tetrahedral carbon a step further and showed how
tetrahedral carbon with four different groups would give rise to mirror image isomerism
as the structural basis of the phenomenon of optical activity, or as we understand it in
structural terms, the basis of chirality.

Joseph Achille Le Bel



PROBLEM 1.59

Why was the suggestion that carbon bonds to four different entities not sufficient to account for the phenomenon of
mirror image isomerism? Could four different groups bond to carbon be possible without mirror image isomerism?

1.12

HI RE IS ONLY ONE CARBON atom in glyceraldehyde with four
diff¥ren¥groups (Figure 1.8), there are two such carbon atoms in tartaric

acid (Figure 1.9) and five such carbon atoms each in a and B-glucose in Figure
1.1. There is a way that organic chemists use to describe how the four different groups
are arrayed around the central carbon atom, no matter how many such carbon atoms
there may be in a single molecule. Using this method you can assign a name to each
enantiomer of a pair instead of having to draw the three dimensional structure to figure
out which enantiomer one is talking about. This is very useful especially for
biologically important organic molecules, which are very often chiral and where only
one of the two possible enantiomers is found in living systems.

An early version of this system of nomenclature was published in 1950 by two
Englishmen, R. S. Cahn, the editor of the most important chemical journal in England,
The Journal of the Chemical Society, and by Christopher Ingold of University College,
London, who was a leading chemist of the 20th century whose work we will cover later
in the book and finally with the contribution in 1955 of Vladimir Prelog, a Croatian
who spent most of his scientific career in Zurich, Switzerland. Prelog was a great
organic chemist who won the Nobel Prize in 1975 for ‘“his research into the
stereochemistry of organic molecules and reactions.”



-« Vladimir Prelog

A photograph is shown of the three scientists when they attended a conference on
stereochemistry in Switzerland in 1966 about a decade after their nomenclature was
fully developed and accepted. This conference, which takes place once a year in
Biirgenstock, is an important forum for stereochemical results.

To appreciate the value of the nomenclature, known as the CIP convention, it is
helpful to look back at Figure 1.9. Before Cahn, Ingold and Prelog developed their
nomenclature the mirror image forms of tartaric acid, shown in Figure 1.9, were known



as D and L tartaric acid. These capital letters, which are derived from a convention for
naming stereoisomers of glucose, a subject we’ll look into in more detail in Chapter 3,
are not clearly related to the structures shown in Figure 1.9. Nor are D and L related to
the experimental result for the direction of rotation of the plane of polarized light
determined from the optical activities of the enantiomers of tartaric acid (section 1.9).
Whereas rotation to the right is designated dextrorotatory, d, and rotation to the left is
designated levorotatory, 1, D-tartaric acid rotates the plane of polarization to the left,
while L-tartaric acid rotates the plane of polarization to the right. The experimental
results for optical activity account for the D-tartaric acid being 1-tartaric acid, while L-
tartaric acid is d-tartaric acid.

A large number of compounds were found to be optically active in the
development of chemistry up until the middle of the twentieth century without any
experiment existing to know the precise three dimensional structures corresponding to
the sign of the rotation of each compound. This situation changed abruptly in 1950-51
when a Dutch physical chemist, Johannes Martin Bijvoet (pronounced bifoot)
discovered a way to use the diffraction of X-rays to distinguish enantiomers and
determine the precise mirror form of an enantiomer. This was not an easy task
considering that X-rays are not chiral and therefore in the usual experiment where X-
rays are used to determine the structure of a chiral molecule, that is, how the molecule is
put together including all the bond angles and bond distances, the two enantiomers give
identical results. Bijvoet found a way to alter the X-ray experiment to allow
distinguishing the enantiomeric crystals and to determine how the atoms were arrayed in
three dimensions.

Johannes Martin Bijvoet

Appropriately, Bijvoet worked at an institute in Utrecht, Holland named after
van’t Hoff, one of the two chemists (section 1.11) who connected the tetrahedral array
around carbon to optical activity, that is, to chirality. In Bijvoet’s publication of his new
kind of X-ray experiment, he noted the necessity for a nomenclature to distinguish and
show the precise chemical structure of an enantiomeric molecule. Bijvoet realized that



the old method of D and L or d, and 1 would no longer be adequate and in one of only
three references in his breakthrough paper he referred to a new idea for nomenclature
that would satisfy the need, a paper published in 1950 by Cahn and Ingold.

In one of those coincidences in science that seem almost to arise from something
in the air that tells scientists that something new is afoot, Cahn and Ingold had been
thinking of the need for a nomenclature that would connect a name for a molecule with
1ts enantiomeric structure. For example, none of the designations, D, L, d, or 1 can allow
one to draw the enantiomeric structure of tartaric acid shown in Figure 1.9. In their
1950 paper Cahn and Ingold pointed out that an experiment yielding structural
information where mirror images might be distinguished, might arise in the future. They
were in fact presciently pointing to a paper that would appear the following year, the
paper in Nature by Bijvoet.

The fundamental idea behind the CIP convention is to observe the tetrahedral
array, as seen in Figure 1.10, and give a priority, 1, 2, 3, and 4 to each group bonded to
the central carbon. The priorities would be judged by the atomic numbers of each of the
bonded groups, with the smallest atomic number given priority 4. One then is instructed
to observe the tetrahedral array with the priority 4 group furthest away and determine if
groups with priority 1, 2 and 3 trace out a clockwise, or counterclockwise arrow.

If you compare the four groups around the central carbon atom in the structure of
D-glyceraldehyde (adapted from the Cahn and Ingold 1950 paper (Figure 1.10)
according to the atomic number of the atom connected to the central carbon, then H 1s
clearly the lowest and therefore priority 4, while O is clearly the highest and therefore
of priority 1. But what about the other two groups, which both have C attached to the
central carbon. Cahn and Ingold made the reasonable suggestion to look to the groups
bonded to this atom, which for one of these is H and a doubly bonded O and for the
other is H, H and a singly bonded O (Figure 1.10). They counted a double bond to
represent two of the atoms at the end of the double bond so that now we are comparing
O, O and H, to H, H and O. Clearly the first has a larger total atomic number and so we
give priority 2 to CHO and priority 3 to CH,OH. As the “eye” shows in this figure,

taken from the Cahn-Ingold publication, going from priority 1 to 2 to 3 with priority 4
behind traces out a clockwise direction.
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Cahn-IngoldPrelog (R) and (S) Nomenclature for the Chiral Carbon
Atoms of Various Chiral Molecules

By the time Cahn and Ingold became involved with Prelog a next step was taken.
If 1, 2 and 3 traced clockwise, the new carbon configuration was R and if
counterclockwise, S. The timing was perfect because Bijvoet’s X-ray crystallography
work was yielding the precise arrangement of the four different groups around
tetrahedral carbon allowing therefore use of the CIP R, S nomenclature to name these
arrangements.

Although there is no evidence of any influence, it is interesting that the initials of
one of the authors, R. S. Cahn, became the designated way to name the path of the traced
arrow. These 1nitials proved handy considering that the words rectus and sinister are
derived from the Latin for right and left. However, I have been told corrrectly that
rectus in Latin refers to behavior (right or proper) rather than direction.

Figure 1.10 shows the use of the CIP nomenclature for the tartaric acid



enantiomers in Figure 1.9 and another tartaric acid stereoisomer you have not seen
before and also several chiral molecules, picked out among many possibilities as
examples that are important in biochemistry. These are: the amino acids histidine and
serine, important in enzymes that hydrolyze certain kinds of bonds (section 7.5); lactic
acid, which is produced in muscle with inadequate oxygen; malic acid, an intermediate
in the citric acid cycle, a series of reactions that produce carbon dioxide and reduced
coenzymes with the latter acting as critical inputs into the biochemical production of
energy. We’ll be studying this cycle, also known as the Kreb’s cycle in Chapter 8
(sections 8.6-8.8).

Two of the tartaric acid stereoisomers shown in Figure 1.10 are the same as those
seen in Figure 1.9, the two whose salts produced the left and right handed crystals that
Pasteur separated. But the new stereoisomer of tartaric acid i1s distinguished from the
others by being superimposable on its mirror image and therefore is not chiral. Try this,
and check on the claim above that this tartaric acid is achiral, by drawing the mirror
image of this molecule, which is the tartaric acid designated (S, R). Did it bother you
that this achiral form of tartaric acid still has carbon atoms that can be assigned R or S
designations?

Applying the CIP convention to this achiral stereoisomer of tartaric acid, (S, R),
shows that the two carbon atoms with four different groups have opposite assignments.
One 1s R and the other S, and because the four differing groups on each of the two
carbon atoms are identical there is therefore a mirror plane bisecting the molecule. It
you imagine a mirror slicing through the middle bond of the molecule, the two images
would be identical. Such a mirror plane in a molecule demonstrates that the molecule
and its mirror image would also be identical. Such molecules, in which there are more
than one carbon with the same four different groups, and with planes of symmetry, are
called meso, and this 1s meso tartaric acid. Such achiral molecules have sometimes
been called internally compensated.

There 1s a lesson here related to the nature of isomers that are diastereomers. We
learned in sections 1.7 and 1.8 that while enantiomers have identical properties in the
absence of a chiral entity, diastereomers have inherently different properties. Meso
tartaric acid is certainly a stereoisomer of d or of I tartaric acid or as we are able to
call these molecules now, R,R-tartaric acid and S,S-tartaric acid (Figures 1.9 and
1.10). But the stereoisomeric relationship between R,R-tartaric acid and R,S-tartaric
acid and as well between S,S-tartaric and R,S-tartaric acid is not mirror related.
Therefore these stereoisomeric relationships are diastereomeric. Returning to the data
in Figure 1.9, the melting points of R,R and S,S-tartaric acids are identical, 168-170° C.
The melting point of meso tartaric acid is about 140° C. And every other physical
property will also distinguish meso tartaric acid from R,R or S,S-tartaric acid.



PROBLEM 1.60

(a) Using Google under the heading thalidomide will bring up a tragic situation, which is the best lesson one can have
about the differing human response to mirror image molecules. Study the structure of thalidomide and identify the
bonding sources of its chirality. Draw both mirror image forms and identify the enantiomer that caused the tragic
response. Assign (R) or (S) to appropriate carbon atoms in each enantiomer.

(b) The structure of carvone can be found on Google. One enantiomer smells like spearmint gum and the other
enantiomer like caraway. Draw both mirror images assigning (R) and (S) nomenclature to appropriate atoms. Is there
any relationship, in principle, between the differing odors of the carvones and the differing physiological responses of
the thalidomide enantiomers?

PROBLEM 1.61

Imagine that equal amounts of the enantiomers of thalidomide were dissolved in a solvent, which was then caused to
flow down a tube containing cellulose (Figure 1.1). What experiment could you design to test what is occurring in the
tube?

PROBLEM 1.62

Answer true or false (if false then write the true statement):

1-all chiral molecules designated D must also be d and (R);

2-the determination that a chiral molecule is D or L depends on the index of refraction with circularly polarized light;
3-only chiral molecules can be optically active;

4-optical activity arises from the difference between the index of refraction of left and right handed circularly polarized
light;

5-d and I molecules always have a higher index of refraction for the opposite handedness of circularly polarized light;
6-while d and 1 connect a chiral molecule to a physical property, D, L, (R) and (S) are simply nomenclature.

PROBLEM 1.63

Redraw the structures in Figure 1.10 showing all atoms and all lone pairs of electrons, evaluating the structures for the
formal charge and accordance with the octet rule. Use the structures you redrew and assign (R) or (S) configuration
when possible. Check your answers against the assignments in the figure.

PROBLEM 1.64

Pick a web site on Google under the heading amino acids where you will find a table of the structures of the twenty
natural amino acids. Draw a three dimensional structure for each, which corresponds to the (S) configuration, the
enantiomer nature uses for the in vivo synthesis of all natural proteins. Are there any amino acids for which this
assignment is not possible?

PROBLEM 1.65

(a) In Figure 1.10 there is a molecule that is not chiral although assignments of (R) and (S) could be made. Explain
how this can happen and the meaning of the assignment “meso.” Can you imagine the structures of other molecules
that would fit into the meso designation? (b) Explain the response of left and right handed circularly polarized light to a
meso molecule versus to another kind of achiral molecule in which it is not possible to assign (R) or (S) configuration to
any carbon atom in the structure.

PROBLEM 1.66

Assign (R) or (S) configuration where ever possible to the carbon atoms in the structures in Figure 1.1.



HAPTER 3 WE LOOK INTO THE SHAPES of six membered rings.
4] also see that molecules are not static either in their position in space

or in their individual shapes. Not being static in space is quite reasonable. After
all a molecule in the gas phase or in a liquid may be expected to be in motion and there
1s an energy associated with this motion, aptly named kinetic energy. And the speed with
which molecules move about increases as the temperature increases, which increases
their kinetic energy.

Motion of the entire molecule will have no affect on anything said in section 1.9.
After all, if (S,R) tartaric acid, that is, meso tartaric acid, as presented in Figure 1.10,
moves about, the identity with its mirror image will be maintained. However, molecular
motion does not only involve constant movement of the entire molecule from one place
to another, molecular motion also involves motion about the bonds that connect the
atoms to one another within each molecule. This internal motion allows the atoms
within a molecule to move with respect to each other and also increases in frequency as
the temperature increases.

Without changing the fundamental shape of the molecule, the atoms are in constant
vibration. The length of the bond between two atoms, such as one of the carbon atoms
and the oxygen of the OH group in meso tartaric acid constantly changes around an
equilibrium length. This vibration takes place at exceptionally high frequencies
corresponding to the infrared region of the electromagnetic spectrum (section 2.2).
Similarly, the angles between the atoms change, as for example the angle that is made
between that same oxygen of the OH group with the hydrogen atom connected to the
same carbon atom, that is, the angle made at the carbon atom in the array, H-O-C-H.

What this means is that the lengths of bonds between atoms, and the angles made
between atoms, are constantly changing and the values reported, as for example the
109.47° tetrahedral angle for methane, CH,, is the equilibrium value of the constantly

changing angle, rather than some fixed angle.

While motion of the entire molecule from place to place and vibrational and
angular motions make no difference to the stereochemical conclusions for the structure
of the meso tartaric shown in Figure 1.10, such as the judgment that meso tartaric acid is
achiral, there 1s another motion that does make a difference, which is called torsional
motion involving rotation of one part of a molecule with respect to another part of the



same molecule. It took quite awhile after the connection between tetrahedral carbon and
stereoisomerism and optical activity was introduced by van’t Hoff and Le Bel in 1874
(section 1.10) to understand that certain chemical reactions could not be understood
without considering the movements of different parts of a molecule with respect to other
parts of the same molecule—a dynamic picture.

An early champion of this dynamic view was Johannes Wislicenus, a German of
Polish descent, whose interesting early life involving his family having to leave Europe
for the United States because of his father’s radical religious and political views is
worth looking into on the web. Johannes Wislicenus overcame many obstacles to attain
one of the highest positions in German science, Professor at the University of Leipzig.
Most of the obstacles arose from his own character, including his outspoken ways and
politically incorrect views, which brought the displeasure of powerful chemists — I
guess like father like son.

Johannes Wislicenus

Earlier in his career, Wislicenus immediately accepted van’t Hoff’s theory of
tetrahedral carbon and even organized and wrote the introduction to the German
translation of van’t Hoff’s book in 1877 when the theory was quite controversial. This
activity caused him to be rebuked by the great German chemist, Hermann Kolbe, an
enmity that could have caused harm to Wislicenus’ career. After all, Kolbe had just
famously criticized van’t Hoff’s treatise, the very volume that Wislicenus had
translated:



Hermann Kolbe

“A Dr. H. van t Hoff of the Veterinary School at Utrecht has no liking,
apparently, for exact chemical investigation. He has considered it more comfortable
to mount Pegasus (apparently borrowed from the Veterinary School) and to proclaim
in his ‘La chimie dans [’espace’ how the atoms appear to him to be arranged in
space, when he is on the chemical Mt. Parnassus which he has reached by bold
flight.”

Kolbe even flung one at Wislicenus, accusing him of having lost his scientific
senses.

Ironically, when Kolbe died in 1884, Wislicenus accepted his professorial chair
and headed up Kolbe’s former laboratory in Liepzig.

The concept that single bonds allowed what was called “free rotation” gained
increasing acceptance in the waning years of the nineteenth century as it was realized
that Wislicenus’ thesis was correct. The current view that single bonds allow rotation of
the connected groupings is expressed, in what is very close to modern terms, from
quantum mechanical considerations by Linus Pauling, whom we’ve seen in section 1.4
as responsible for the idea of hybridization of orbitals. Here are Pauling’s words in
1931: “Each of these tetrahedral bond eigenfunctions is cylindrically symmetrical
about its bond direction. Hence the bond energy is independent of orientation about
this direction, so that there will be free rotation about a single bond, except in so far
as rotation is hindered by steric effects, arising from interactions of the substituent
atoms or groups.”What is the stereochemical consequence of rotation around the bond
connecting the two tetrahedral carbon atoms in the isomers of tartaric acid shown in
Figure 1.9? We can use the kinds of structural drawings in this figure and other derived
drawings as shown in Figure 1.11 to answer this question.

First in Figure 1.11 we reproduce the structural drawing of meso tartaric acid (S,
R) from Figure 1.10 and designate this structure as 1. Now we make two changes. We
turn the molecule over without changing anything else, and also replace the solid and



dashed connections to solid lines of different lengths, but still designating the same
information. This produces 2. Now we turn the molecule again without changing
anything else and get 3. The changes from 1 to 2 to 3 simply involve moving the entire
unchanged molecule to different frames of reference - as if we were looking at the same
object from different directions.

Now we are ready to carry out the kinds of changes that Wislicenus proposed as
possible, and which Pauling justified with quantum mechanical considerations, that is,
rotations of one part of the molecule with respect to another, rotations around single
bonds. For this internal motion we imagine two arrows circling the rotating bonds but
pointing in opposite directions, designating a change that is subject to the laws of
equilibrium and rate. Rotations of the kinds we are describing here are exceptionally
rapid in their rate, taking place in minute fractions of a second, even microseconds. The
structures produced by these rotational motions about the designated bonds, 3, S, and 7,
are certainly stereoisomers. They are identical in formula and bonding but differ in their
shape. Because they are not mirror image related they are diastereomers. But they have
to be given a special designation because of the ease with which they can change into
each other.

The rapidly interchanging stereoisomers 3, S and 7 inFigure 1.11, and many
others that are possible, are called conformational isomers to distinguish them from the
(R, R) and (S, S) and (R, S) isomers of tartaric acid, which are called configurational
1somers. Bonds must be broken to interconvert (R, R) to (S, S) or to (R, S) tartaric acid,
which means that the interconversion must be inherently slow and often requires special
chemical procedures. However, only rotational motion about bonds is necessary to
interconvert 3, 5, and 7 and other conformational isomers that can be formed from the
basic structure of meso tartaric acid.
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Sawhorse and Newman projections wconformational possibilities for
meso-tartaric acid.

This difference in rate of interconversion means that configurational isomers, as is
also the situation for constitutional 1somers, can be separated from each other and kept
for long periods of time. Conformational isomers, on the other hand, can not be isolated
under normal conditions and any liquid or gaseous sample of a molecule subject to this
kind of isomerism will exist as a mixture of rapidly interconverting conformational
isomers.

Visualization has always been a key to advancing the science of chemistry as can
be seen from the very origin of the science of chemistry, as far back as alchemy.
Interesting things can be found by consulting Google under the heading alchemy
symbols. In 1952, one of the distinguished chemists of the twentieth century, Melvin S.
Newman of Ohio State University, helped advance understanding of conformational
1somerism by creating a method of projection of these isomers, which has come to be
called Newman projections.



Melviii S. Newman

Professor Newman was a greatly loved teacher and researcher of organic
chemistry known for his wit and enthusiasm. He was a great fan of jazz and having lived
in New Orleans he had made a friend of Louis Armstrong. One time Armstrong had a
jazz concert in Cleveland around the time that the great synthetic chemist and Nobel
Prize winner R. B. Woodward from Harvard University was giving a lecture. Newman
brought Woodward to meet Satchmo after the concert and introduced the great chemist
to the great jazz musician by saying that Professor Woodward is to chemistry what you
are to jazz. Armstrong is reported to have responded: “Gee! Mr. Newman - this cat must
really be something!” I don’t know if Louis Armstrong, who played the blues knew that
Woodward’s favorite color was blue, a color the famous chemist was well known to
indulge at every opportunity (section 12.2).

Z.u-..__ & .'
Robert Burns Woodward

The conformational pictures discussed so far in Figure 1.11 are called sawhorse
projections in which the structure is viewed from the side. Newman suggested viewing
the structure along the carbon-carbon bond of interest, which in our situation of tartaric



acid is the central carbon-carbon bond in the structure. In the Newman projections, 4, 6,
and 8 in Figure 1.11 the front four-coordinate-carbon-atom is centered at the junction ot
the Y and precisely in front of the rear carbon. The three ends of the Y at the front and
back circles connect the three groups bonded to the front and back carbons respectively.
The bond one is looking along, that is, between the front and back carbons, is not
shown.

The Newman projection allows a helpful view of conformation as can be seen in
the comparison between the sawhorse models,3, 5, and7 and their Newman
equivalents, 4, 6, and 8. In Newman projections the complete overlap of the front and
back Ys is called the eclipsed conformation as seen in4 and 6 while in the
conformation that is described as anti or gauche, as seen in8, the bonds on the
connected carbon atoms do not eclipse each other. In all anti and gauche conformations,
the front and back Ys overlap as in 8 with anti ascribed to the situation in which the
largest groups are opposite to each other and gauche when these groups are adjacent
(60° apart in the Newman projection). 8 is a gauche conformation.

An entire specialization of chemistry is of great importance to biochemical
phenomena, and using powerful computer-based methods, evaluates the energies of
conformational isomers based on attractive and repulsive characteristics of the groups
that approach each other in the conformation under consideration. This is a complicated
business that can be applied to molecules as complex as proteins, which find their
shape, which is critical to their function, by torsional motions around the multitude of
single bonds in these polymers. More will be said later (first in Chapter 5) about the
critical shapes that proteins take.

Discussion of the energies of conformational isomers, which depend on relative
torsional and steric strain (section 3.5) relates to equilibrium. At any instant the relative
proportions of conformational isomers, no matter how rapidly they are interconverting
with each other, will be determined by their energies according to the normal
thermodynamic analysis for determination of equilibrium constants. This is the same
analysis applied to any chemical reaction, AG = -RTInK. Even if conformational change
1s not a chemical reaction, because no bonds are made or broken in conformational
change, and even if the conformational isomers are interconverting on the time scale of
microseconds, the identical rules of thermodynamics apply allowing connection
between energy difference, temperature and equilibrium. If we take a snapshot allowing
an instantaneous view, which is possible with certain kinds of spectroscopy, we find
that the numbers of each kind of conformational isomer are determined by their relative
energies.

Let’s stop now with this introduction to conformational isomerism and Newman
projections to pick up the subject again in Chapter 3, sections 3.3 to 3.5, where we’ll
discover that these ideas are absolutely necessary to understand the nature of six
membered rings and therefore to understanding why galactosemia is such a deadly



disease to infants.

PROBLEM 1.67

In Problem 1.43 you discovered that the molecule with the formula C4H () has two constitutional isomers. In one of
these isomers, n-butane, H3C-CH-CH»-CH3 (a), the four carbon atoms are connected in a row, while in the other
isomer, 2-methylpropane (b), three of the carbon atoms are each connected to the fourth carbon atom (CH3)3C-H.

Using the concept of conformational isomerism discussed i this section and exhibited in Figure 1.11, and using
Newman projections, look along any of the three carbon-carbon bonds in 2-methylpropane to convince yourself that
there are only two conformational isomers possible.

There are also three carbon-carbon bonds in n-butane. But one, the central carbon-carbon bond, differs from the other
two. Draw a Newman projection along the central carbon-carbon bond and convince yourself that there are numerous
conformational isomers. Are there any enantiomeric pairs among these conformational isomers?

PROBLEM 1.68

Are there any conformational isomers of meso tartaric acid that have an identical mirror image? Are there
conformational isomers that do not have an identical mirror image?

PROBLEM 1.69

Determine if the (R) and (S) designations for the chiral carbon atoms for the meso, the d and the 1 tartaric acids
(Figures 1.9 and 1.10) change for the various conformational isomers you considered in Problem 1.68. Did you expect
them to change?



CHAPTER ONE SUMM ARY of the Essential Material

HEBCHAPTER IS MEANT TO INTRODUCE THE FUNDAMENTAL IDEAS of
structure and stereochemistry with the expectation that finishing this chapter will yield
an understanding of bonding in organic molecules, including ideas of hybridization of
orbitals and how the three dimensional character of organic molecules arises. A subset
of this understanding is to be able to evaluate reasonable structures based on ideas of
formal charge and octet rule. There is an expectation that structures can be understood in
the various ways they can be presented, often without the atom symbol or the lone pairs
of electrons shown. Although the focus is on sugars and their polymers, the purpose is to
be able to apply this understanding to organic molecules in general. It is important that a
structure presented in one way can be translated to another representation.

Given the understanding of molecular structure noted above, the expectation is
that such understanding will form a foundation for the ideas of isomerism. The
differences between constitutional and stereoisomers are important as are the
differences between the kinds of stereoisomers—diastereomers and enantiomers. It is
important to realize that judgments of isomers of any kind always relate to pairs of
molecules and to the ways that two isomeric molecules may differ from each other—
diastereomers and constitutional isomers having different properties while enantiomers
have different properties only in a chiral environment.

The ability to judge if a molecule is chiral or achiral is essential as is
understanding what is necessary to allow separation of enantiomers or to understand
when and how enantiomers may differ.

One important subject regarding chirality is the nomenclature used for such
molecules including the different kinds of information given by the terms, d versus 1, and
the terms D and L, and then the nature of (R) and (S) and how these terms arise from
structure or from experiments carried out on chiral molecules, such as optical activity.
It’s expected that although the symbols (R) and (S) usually are associated with chiral
molecules they may not as in, for example, meso tartaric acid.



Chapter1

Although in this chapter the issue of nomenclature in general is not a focus, It is
expected that the rules of nomenclature, addressed in one of the study guide problems,
will become increasingly familiar as study of the subject of organic chemistry goes on.

Finally, the chapter brings up the subject of molecular motion both of the entire
molecule and of portions of the molecule with respect to each other, or in other words,
the concept of conformational isomerism. Understanding Newman Projections is
important and how they relate to other kinds of representation such as Sawhorse
Projections. The concept of conformation will play an important role in Chapter 3
where these ideas will be extended.



ORGANIC CHEMISTRY PRINCIPLES IN CONTEXT
Mark M .Green



Chapter 2

A Survey of the Experiments Usually Performed by
Chemists to Understand the Structures of Organic
Molecules: Mass Spectrometers, Infrared Spectrometers
and Nuclear Magnetic Resonance Spectrometers

HE BGLECTRON IMPACT MASS SPECTRUM of one of the molecules, n-
h , used as one example of three constitutional isomers with the
formula CgHjp4 in Figure 1.6, is reproduced in Figure 2.1. In the spectrum we see a

series of lines rising from the abscissa, which is labeled m/z. The letter m stands for
mass and that of z for charge. Every line in the spectrum corresponds to an entity with a
single positive charge. The height of the lines corresponds to the number of each of
these entities. What’s going on in this instrument?

Normal hexane, n-hexane is volatile and as is the situation for all routine electron
impact mass spectra, the sample is passed into a high vacuum chamber and subjected to
bombardment with electrons with energies far in excess of that necessary to cause
ejection of an electron from the molecule to be analyzed. A molecular cation radical,

M-, is produced with a great deal of energy, enough to cause the molecule to break into
pieces, into fragments. Some of these fragments are charged and some are not. The
charged fragments appear as lines in the mass spectrum because the instrument sends the
various charged entities into an analyzer that can take several different forms according
to the type of instrument, but all with the common feature of distinguishing the charged
entities according to their momentum. By accounting for the time it takes for a fragment
to reach a detector or based on the changing value of an electric or magnetic field
necessary to bring a fragment to a slit leading to the detector, a value of m/z is assigned
and from this information there arises the abscissa in the spectrum shown in Figure 2.1.
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FIGURE 2.1

Electron Impact Mass Spectrum of n-Hexane

For the mass spectrum in Figure 2.1 the signal with the largest mass to charge
ratio appears at m/z 86, which would correspond to the molecular weight of the
analyzed molecule, C¢H,, except for the fact that most of this line intensity corresponds

to C¢Hy3"by loss of a hydrogen atom from the molecular ion, CcH, "but with one 1>C

replaced by a 13C, an event with a probability of 1.1% of the intensity of the signal at
m/z 85. This means that hardly any unfragmented molecules of the charged species
produced from n-hexane are stable enough to reach the detector of the mass
spectrometer. Other fragments form and these are detected with lower values of m/z.
For example, the large signal at 57 corresponds to the loss of 29 from 86, which means
that M-* has found a way to eject an ethyl group, C,Hs.

The mass spectrum of one of the other two constitutional isomers of n-hexane,
2,2-dimethylbutane, is reproduced in Figure 2.2. In this spectrum we don’t observe any
signal at m/z 86. The large array of signals in the range from 39 to 43 means that
charged fragments with three carbon atoms are readily formed with varying numbers of
hydrogen atoms attached to each.
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FIGURE 2.2

Electron Impact Mass Spectrum of 2,2-Dimethylbutane

The electron impact mass spectrum of another of the constitutional isomers from
Figure 1.6 with the formula CiH;,, 2-methylpentane, is shown in Figure 2.3. In this

spectrum we again see almost no signal at m/z 86 while maintaining the strong signal at
41. In all three mass spectra (Figures 2.1-2.3) there are many fragments formed and
although there are possibilities of connecting the pattern of fragmentation to the structure
of these constitutional isomers, it would be difficult to make a firm assignment from first
principles of which structure is which just given the three mass spectra or even to be

certain of the molecular weight considering that the m/z value for M" may not appear
with certainty, depending on the structure. This is often the situation for the mass spectra
obtained from small volatile molecules subjected to impact with high energy electrons.
The spectrum is often correlated with the structure of the molecule not by a precise
prediction but rather by a previously known fingerprint pattern of peaks associated with
that particular structure.

However, because there are well researched rules for how certain kinds of
molecules fragment in electron impact mass spectrometers, this information can
sometimes be used to assign a structure to the analyzed molecule. As well there are
certain structural features, such as aromatic rings (discussed in Chapter 6) for one
example, that are likely to yield easily discernable molecular ions in the mass spectrum
so that the molecular weight and even the atomic composition can be determined.



In recent years, mass spectra have been taken in a different manner in the attempt
to make the technique of greater use to large polar molecules and especially to
biological molecules. The problem with the kind of spectra shown in Figure 2.1-2.3 is
twofold: the molecule is volatile, which 1s not the situation for biologically interesting
organic molecules; the energy necessary to impart the necessary charge required is so
high that the molecule fragments to an extent that the critically important molecular
weight information is lost.

These problems have been solved in two different ways leading to a shared
Nobel Prize to John Fenn and Koichi Tanaka for these techniques. For our purposes
let’s focus on the former technique, which is called electrospray mass spectrometry.
The spectra for D-glucose and L-tartaric acid taken by this method are shown in Figure
2.4

Koic.naka

Electron impact mass spectra for the molecules whose electrospray mass spectra
are shown in Figure 2.4, and other polar molecules of relatively high melting point, are
made difficult by the low volatility of these molecules. The high temperatures necessary
to vaporize the sample leads to thermal decomposition and although special techniques
can help, in general polar molecules are troublesome. Moreover, the difficulty increases



with increasing molecular weight because volatility decreases, blocking wide use of
mass spectrometry for biologically interesting molecules, such as proteins,
polynucleotides and polysaccharides among many other large molecules encountered in
biological work.

The two mass spectra in Figure 2.4 are strikingly different in their fundamental
nature compared to the mass spectra in Figures 2.1-2.3 even if the instrumental method
for determining the weight of the charged entities is related. The electrospray method
gives rise to a single intense signal appearing at m/z 148.6 for L-tartaric acid and at
202.6 for D-glucose.
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FIGURE 2.3

Electron Impact Mass Spectrum of 2-Methylpentane

As for electron impact mass spectra and other mass spectral methods, the charge
in the electrospray method can be positive or negative. The negative charge in the mass
spectrum of L-tartaric acid arises by loss of a proton (H") from the molecule while the
positive charge in the spectrum of D-glucose arises from addition of a sodium ion (Na™)
to the molecule. Rounding off the experimental value for L-tartaric acid comes within
experimental precision for the theoretical molecular weight of this molecule, minus-
one-hydrogen, 149.1. Similarly, for D-glucose, rounding off the experimental value
comes within experimental precision for the theoretical molecular weight of this
molecule adding a sodium ion, 203.1. The charged entities in each situation find their
way into the gas phase and somehow make their way down a long tube to the detector



without breaking into pieces. What’s going on with this method?

John Fenn’s Nobel lecture on December 8, 2002 was titled: “Electrospray Wings
for Molecular Elephants.” The title fits because although we gave examples of the
method above with two molecules that are hardly very large, the method works as well
for molecules as large as proteins with molecular weights in the tens and even hundreds
of thousands — truly elephantine molecules, yielding molecular weight information and
more. Such large molecular weights exceed the range of the detecting apparati of the
mass spectrometers, a problem that is overcome by the fact that multiple charges are
produced in such large molecules, causing the instrument to “see” a molecular weight
that is a fraction (m/z, where z = n = integer larger than 1) of the true molecular weight.
Computational methods are then used to determine the true molecular weight, that is, m
form/z, z=1.
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FIGURE 2.4

Electrospray Mass Spectra of L-Tartaric Acid and of D-Glucose.
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FIGURE 2.5

Electrospray Mass Spectrum of a Peptide Nucleic Acid

I £ Malcolm Dole of Northwestern University had lived it is possible that he
would have stood on that stage in Stockholm with John Fenn. It was Dole’s originating
insight, published in 1968, that led to the concept of vaporizing molecules that are too
large to gain the vapor state by ordinary methods. Dole devised a system that is at the
heart of the electrospray method by realizing that as drops of a liquid, with a charged



molecule solute, grew smaller and smaller by evaporation of the liquid molecules,
water for example, a size would be reached in which the drop would have to explode
into a large number of smaller drops. The inevitable change to smaller and smaller
drops 1s a variation on a prediction made by Lord Rayleigh in the late 1800s and
finally leads to the unsolvated ion, which Fenn adopted for the electrospray method by
inventing a process where the solvent molecules did not return.

Lord Rayleigh

Koichi Tanaka, the other scientist awarded the Nobel Prize with Fenn for work on
mass spectrometry had independently put down the foundation for a technique widely
known as MALDI, matrix assisted laser desorption ionization, which also gives intact
molecular ions for large biologically interesting molecules.

An example of an electrospray mass spectrum for a somewhat large molecule is a
polymer, which was of interest in our laboratory, a peptide nucleic acid (PNA) as
shown in Figure 2.5. These chimeras composed of peptide like backbones with pendant
nucleotide bases are of interest for medical science via what is called antisense
technology in which the peptide nucleic acid with the proper nucleotide base sequence
can complex with a DNA strand to shut down an undesirable in vivo process. For
example the PNA shown in Figure 2.5 has a base sequence complementary to a DNA



strand with the sequence, TAGATG. More will be said about the aromatic character
and structure of nucleotide bases in Chapter 6.

As a final note, methods to fragment the gaseous charged proteins, produced by
the electrospray method, under controlled conditions but before initiating their journey
to the detector in the mass spectrometer has become a powerful method for determining
the sequence of amino acids in a protein and even in complex biological systems such
as ribosomes where the molecular weights are astonishingly high for a mass
spectrometer. The varieties of amino acid based fragments that come apart from the
whole protein reveal the sequence by which they are linked in the original structure.
More will be said about proteins in their role as enzymes and the dependence of this
function on the sequence of amino acids in Chapter 7 and 8.

HE @HIRD PARAGRAPH IN SECTION 1.13, as an introduction to the
co t of conformational isomerization, noted that the atoms in a

molecule are in constant vibration. The frequencies of these motions for
organic molecules correspond to the infrared region of the electromagnetic spectrum in

the wavelength range from about 3 x 10 to 3 x 1073 centimeters (3 to 30 p). The
energies corresponding to this region of the electromagnetic spectrum range from about
1 to 10 kcal/mole, which correspond to the differences in vibrational energy states for
common motions of the atoms of organic molecules. If the frequency of a bond vibration
or other internal motion in an organic molecule falls in the infrared range, 3333- 333

cm |(wavenumbers), energy of that frequency, v (E = hv), will be absorbed by the
molecule causing promotion to a higher vibrational state of that motion, a state that
differs in energy from the ground state by the energy absorbed. An infrared spectrometer
1s designed to irradiate a sample with infrared radiation from some heat source and then
determine the wavelengths (or frequencies or both) that have been diminished on
reaching a detector. For this purpose a prism or grating is necessary to separate the
wavelengths of the infrared radiation.

Figure 2.6 shows infrared spectra of two constitutional isomers shown in Figure
1.6, di-n-propyl ether and 1-hexanol. Reduced transmission on the ordinate of these
spectra measures loss of the radiant energy, while the abscissa yields the frequency of
that absorbed energy.
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FIGURE 2.6

Comparison of the Infrared Spectra of the Constitutional Isomers 1-
Hexanol and di-n-Propyl Ether

The spectra inFigure 2.6 demonstrate the large information content in the
frequency dependence of the absorption of infrared light by organic molecules. In
molecules as complex as those in Figure 2.6, although it is not reasonably possible to
connect all the IR bands in the spectrum to the particular responsible motions, many of
the bands can be identified with precise elements of the molecular structure.

At a first level, the spectra clearly show that molecules of similar structure, such
as the constitutional isomers in this figure, are easily distinguished and that the spectra
could be used as fingerprints to identify molecules given standard spectra. But much
more 1s possible.



From experience over many decades, in combination with theoretical effort,
assignment of particular IR frequencies to certain functional groups (section 3.9) and
other molecular moieties has become possible. Reasonable expectations are met such as
for just two examples: double bonds vibrate at higher frequencies than single bonds, it

the double bonds exist between carbon and carbon, or between carbon and oxygen;
heavier atoms vibrate at lower frequencies than lighter atoms.

There are scientists who specialize in vibrational spectroscopy and much is
understood. But for our introductory purposes general correlations of molecular
structure to absorption of infrared frequencies is adequate. Tables of these correlations
appear on the web and in many textbooks. One excellent source on the web is given here

but much can be found by simply using Google under the heading infrared frequencies:
http://www?2.ups.edw/faculty/hanson/Spectroscopy/IR/IRfrequencies.html
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http://www2.ups.edu/faculty/hanson/Spectroscopy/IR/IRfrequencies.html

FIGURE 2.7

Comparison of the Infrared Spectra of L-Tartaric Acid and Meso-
Tartaric Acid

In such correlations one can discover that OH groups exhibit a broad strong band

between 3200 and 3500 cmr!, precisely in line with the spectra shown in Figure 2.6.
The grouping of C-O-C atoms undergoes a vibration leading to absorption of IR light

between 1050 and 1150 cm!, as seen in the spectrum of dipropyl ether in Figure 2.6.

The spectra of the L and meso isomers of tartaric acid (Figure 2.7) are especially
informative about the value of this spectroscopy and as well further reinforce the
principle predicting that meso and either D or L tartaric acid are related as
diastereomers and therefore the expectation that their IR spectra, as in fact all their
physical and chemical properties, should differ, as seen in Figure 2.7.

The tartaric acids are solids and there are various ways to take the IR spectra of
solids including the one used here in which the sample is ground up in KBr powder and
then subjected to high enough pressure to form a pellet that does not scatter infrared
light. KBr does not absorb IR light in the region of interest.

Checking a table of IR frequencies connected to organic structure such as the web
site noted above informs us that the carbonyl group (C=0) of a carboxylic acid group, a
prominent feature of tartaric acid (OH-C=0) absorbs between 1700 and 1725 cm’! with
the OH group of the carboxylic acid frequency absorbing IR radiation with a strong
broad band around 3000 cmr!. The OH (hydroxyl) functional group found in 1-hexanol
(Figure 2.6 also absorbs infrared radiation in this region of the spectrum as does do the
hydroxyl groups of glucose as seen in Figure 2.8. However, in neither 1-hexanol nor
glucose is there a strong band around 1700 cmr! — no carbonyl groups (C=0) in these
structures.
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FIGURE 2.8
Infrared Spectrum of D-Glucose

Infrared spectrometry is a powerful widely used method to identify certain
arrangements of atoms, what are called functional groups. We’ve seen in the spectra
discussed in this section three functional groups prominently displayed (section 3.9),
ether, hydroxyl and carboxylic acid (carbonyl). We’ll be coming across many functional
groups (page 1x) as we progress in the study of this science and a focus on the role of
functional groups in organic chemistry.

E IMPORTANT ADVANCES in atomic physics in the twentieth

¥ was the understanding of the magnetic properties associated with
the precessing of atoms, the change in the direction of the axis of the atom’s
rotation, as in a gyroscope. Isidor Isaac Rabi, who was born in Galicia in Austria-
Hungary in what is now Poland but was brought to the United States as an infant, and
lived most of his life in New York City where he died at the age of 89 in 1988, won the
Nobel Prize in 1944 for his demonstration that the precession of the atoms in a beam of
atoms could be detected with radio waves of a frequency matching the frequency of the
precession.

. Isidor Isaac Rabi

Although not realized at the time, Rabi’s experiment set the stage for one of the
great advances in understanding the nature of organic matter for which another Nobel



Prize was awarded eight years later to Edward M. Purcell (1912-1997) and Felix
Bloch (1905-1983). Purcell was a physicist who was born in Illinois and worked at
Harvard. Felix Bloch was driven from Europe by Hitler’s policies and worked at
Stanford University. Within weeks of each other in December 1945 and January 1946
and without knowing about the others work, both Purcell and Bloch and their
collaborators demonstrated that the interaction of radio waves with the precession
frequencies of atoms could be detected in samples of paraffin and water respectively.
When the frequency of the precession and that of the radio wave were the same, at a
specified magnetic field strength, energy could be transferred causing a shift in the angle
of precession and causing a signal to be detected in the amplitude of the radio signal.
Nuclear magnetic resonance (NMR) spectroscopy was born.

-

. ard M. Purcell

« Felix Bloch
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FIGURE 2.9

Proton and Carbon NMR Spectra of n-Hexane

Figures 2.9-2.11 exhibit the proton and carbon NMR spectra of the three
constitutional isomers, n-hexane, 2,2-dimethylbutane and 2-methylpentane shown in
Figure 1.6 and whose mass spectra were exhibited in Figures 2.1-2.3.

In practice, NMR spectrometers may operate by varying either the magnetic field
while keeping a constant radio frequency or the reverse, which is the mode of operation



of modern Fourier transform (FT) instruments, but whichever way the instrument
operates the x-axis i1s represented as if the magnetic field is varied. Let’s follow that
idea. Consider that a molecule is exposed to the instrument’s constant radio frequency
and that the magnetic field is adjusted to a field strength to bring the observed nucleus
into the resonance condition.
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FIGURE 2.10

Proton and Carbon NMR Spectra of 2,2-Dimethylbutane



CHCHCH,OH ,CH,
| |

f
CHy
in CTIC14, 400 MHz
I
(f
Proton | 1|
iH il |
.|[
L !
!
|
~ Kr' ‘ |
H S ] |
{ H )/ 1} |
H_—— i [ fl
3 f IE' I I'
1 iR ! |
— A A .J'!.gk U A %
A .l.-v,|:‘ﬂ L _..--"' "\._ o _/.I' ‘--.._\____\_
| LHESRASLSEN il gl
o Ll 1) wn
& 2 2 -
1 1 LELEE S L L B R T T I
170 150 180 1.4 138 5. 140 100 080 p.2a
pem
Carbon

ul

||
Ay ) n-\,\.‘”‘ APPSRy EF HEM-MM¥LMWpﬂMMHJ’MMI"ﬂ‘LwMWW.

LN S Ay B R B B L B

0 L A e T
a0 B mn 2] 50 40 0 a0 10
ppm

FIGURE 2.11

Proton And Carbon NMR Spectra Of 2-Methylpentane

The x-axes in Figures 2.9-2.11 inform us of the parts per million (ppm) of the
change in the magnetic field from a standard value that is necessary to bring the various
nuclei in the NMR spectra into resonance with a constant radio frequency. For each
molecule the upper spectrum shows the various hydrogen atoms in the molecule, while
in the lower spectrum, the various carbon atoms are brought to this resonance condition.



Happily, for analysis of organic molecules, hydrogen has a spin allowing
observation by NMR as also does one of the isotopes of carbon, 13C. Although '3C is

only present to the extent of about 1% compared to '2C (section 2.1), the most abundant
1sotope of carbon, and the isotope of carbon, which is invisible for NMR measurements,

the proportion of 13C is large enough to be measured by modern instruments using
special techniques. For this reason organic molecules can be studied by NMR
observations of both carbon and hydrogen.

When the radio frequency is in resonance with the atom under observation in a
strong magnetic field, this frequency corresponds to the energy difference between two
allowed spin states of the atom, which can be thought of as with and opposed to the
external magnetic field. The strength of the radio frequency signal will be slightly
diminished at the point when the external magnetic field allows the resonance condition,
which is detected by a signal in the NMR spectrum, such as the lines we see in Figures
2.9-2.11.

CE IN THIS RADIO FREQUENCY, a sample molecule such as
e 1M Figures 2.9-2.11, and we discover that a single magnetic field

strength 1s not correct to attain the resonance condition for the various atoms,
hydrogen atoms for example, in the sample. There is some chemical effect causing the
structurally different hydrogen atoms in the structure in the upper spectra, or the carbon
atoms in the lower spectra, to come into resonance to absorb the radio frequency of the
instrument. This is called the “chemical shift,” which is measured along the x-axis of the
NMR spectrum.

If the electron density around a particular atom (hydrogen or carbon) is increased
because of this chemical effect, the atom will be shielded from the magnetic field of the
instrument (the external magnetic field) and therefore a higher external field will be
necessary to bring the atom into the resonance condition with the radio waves. These
atoms are called ““shielded.” On the other hand, the atoms in the sample with the lower
electron densities because of some chemical effect are what is called “deshielded” and
the magnetic field necessary for the resonance condition will be lower. This is the
source of the chemical shift.

The chemical shift, therefore, is an extremely sensitive measure of the intimate
electron properties around the observed atom. With this in mind, chemists have chosen a



standard molecule, tetramethyl silane, (CH;),S1, (TMS), against which to measure all

chemical shifts. All twelve hydrogen atoms in this molecule are identical to each other,
as are the four carbon atoms to each other, which gives rise to one peak in either the
proton NMR or carbon NMR spectra, a great value because a single reference point of
high intensity exists. In addition, TMS is unreactive to the extreme, so it can be mixed
with a wide variety of other molecules and solvents, and is also highly volatile so it can
easily be removed and is also generally soluble — an ideal substance for the job.

But most important is that the four methyl groups in TMS are connected to an
atom, silicon, with a very low electronegativity compared to carbon and to hydrogen, so
that the electron density around the four methyl groups (CHs) is high. This means that the

magnetic field necessary to bring these atoms into resonance will be higher for the
hydrogen atoms in that methyl group than for virtually all hydrogen atoms in any
molecule under analysis and similarly the carbon atoms in TMS will require the highest
possible field compared to any molecule under analysis for its carbon NMR spectrum.
The atoms in TMS, the twelve hydrogen atoms and the four carbon atoms, are highly
shielded.

We’ve just noted, with the word electronegativity, another of Pauling’s
contributions to modern chemistry, which was first mentioned in section 1.4. When
Pauling was considering the nature of chemical bonding leading to the idea of
hybridization of orbitals (section 1.4) he was faced with the fact that only identical
atoms shared electrons equally in a balanced covalent relationship. But many different
atoms bonded with varying degrees of equivalent sharing of the two electrons involved

even to the extent of no sharing of electrons as in an ionic bond (Na® CI°). This led
Pauling to develop the concept of electronegativity as a measure of the ability of an
element to attract or hold onto electrons. In the example of sodium chloride the
electronegativity difference is so extreme that the sodium atom gives up both otherwise
shared electrons to the chlorine atom. This idea plays a critical role in chemical
reactions, as will be introduced in section 3.13 and also in understanding the chemical
shift phenomenon we are focused on here. The electron density around an atom, which
depends strongly on the electronegativity of that atom compared to atoms it is bonded to,
determines the shielding of that atom and therefore the magnetic field strength “felt” at
that atom and therefore the chemical shift.

Based on the discussion above, this means that the peak for the atoms in TMS
which are highly shielded will occur at the equivalent of the highest external magnetic
field. By convention, this corresponds to the lowest value on the ppm scale, a value set
arbitrarily to zero, which appears at the right end of the x-axis. Unfortunately when the
spectra in Figures 2.9-2.11 were measured the computer did not output the x-axis for
zero ppm and therefore the signal for TMS, 1s not shown at the extreme right.

This zero value will correspond to entirely different absolute values of the
corresponding magnetic fields and radio frequencies for hydrogen and carbon. But for



our purposes, these absolute values are not necessary to consider. We only need
consider the values on the ppm scale measuring the difference between the atoms in our
analyzed sample with those in TMS in either the proton or the carbon NRM spectra.

The zero value on the ppm scale corresponds to the most shielded atom with
increasing values of ppm corresponding to decreased shielding. The scale is therefore
called delta, o, for deshielding. The lower the electron density about a hydrogen or
carbon atom, the larger is the ppm value at which it will appear in the NMR spectrum.

The spectra inFigures 2.9-2.11 are measured in solution in DCCl;,

deuterochlorofom, so that there is no peak for the solvent in the proton NMR spectra but
there 1s a peak in the carbon NMR spectra that appears near 78 ppm — the solvent

molecules still contain their approximately 1% of 13C.

In general the larger the nucleus under observation, the larger is the range of
chemical shifts as a function of its chemical bonding and environment within the
molecule, that is, those factors affecting the electron density around the nucleus and
therefore the shielding, as discussed above. However, this correlation is not a simple
matter and is based in quantum mechanical theory. Nevertheless, the expected large
difference in the range of chemical shifts is seen in the x-axes for the proton NMR for
the three molecules, compared to the carbon NMR spectra for these molecules (Figures
2.9-2.11). For hydrogen, the range is from about 0 to 10 ppm while for carbon the range
1s about 0 to 100 ppm even if the atoms in the hydrocarbons in Figures 2.9-2.11 do not
have chemical shifts over the entire range.

As makes sense, in the NMR spectra of atoms bonded to electronegative atoms
such as oxygen, the chemical shifts appear at larger ppm values than those seen in
Figure 2.9-2.11 for hydrogen and carbon. Oxygen is a highly electronegative element
compared to both carbon and hydrogen so that when these elements are bonded to
oxygen their electron densities are diminished leading to deshielding and therefore
higher chemical shifts — larger values of ppm along the x-axis — lines in the spectrum
further to the left — or as 1s said in the parlance of NMR, lower field.

Here are some examples of the effect of electronegativity and the differing range
of proton and carbon NMR. The carbon NMR signals for the same structures are in
parentheses. The proton NMR signal for hydrogen on a carbon atom with no influencing
electronegative atom will appear in the range of 0-2 (0-40) ppm, introducing into the
structure electronegative atoms moves the ppm value to higher values as: R-O-CHR,, 3-

4 (50-90) ppm; Br-CHR,, 2.5-4 (10-50) ppm; C1-CHR,, 3.5-4 (30-50) ppm; F-CHR,,
4-5 (60-100) ppm.
Carbon NMR spectra, because of the low abundance of the necessary 1>C isotope,

are measured in a manner leading generally to single lines for each carbon atom. As a
consequence of the necessary instrumental method to compensate for the low abundance

of 13C, there is not a simple correlation of the intensity of the line to the number of



carbon atoms contributing to that line. The intensity of the line therefore can not be used
as a measure of the number of carbon atoms contributing to the signal. In proton NMR
the intensity of the signal is, in contrast, a measure of the number of hydrogen atoms
contributing to that signal, an exceptionally useful insight into chemical structure.

However, the single line for each type of carbon atom in the molecule is a great
advantage in making a simple relationship of the carbon NMR spectrum to the molecular
structure. This is beautifully seen inFigures 2.9-2.11 and you can advance your
knowledge of chemical structure by counting the numbers of different carbon atoms in
each structure and comparing your number to the number of lines in each carbon NMR
spectrum.

Let’s try this out on n-hexane, CH;CH,CH,CH,CH,CH; where the structure

shows three different carbon atoms and the carbon NMR spectrum in Figure 2.9
correspondingly shows three lines. Counting the number of different kinds of carbon
atoms can be carried out for all molecules and the correspondence between the number
expected from the structure and the number of lines in the carbon NMR spectrum is
strong evidence (although not certain evidence) that the structure proposed is correct.

This game doesn’t work with the proton NMR spectra in Figure 2.9-2.11 because
these spectra are considerably more complicated than the carbon NMR spectra. There
are two reasons for this: The far smaller chemical shift range in proton NMR cause
overlap of signals. There is spin-spin coupling in proton NMR (see below).

Multitudes of web sites are brought up on Google by typing in proton and carbon
NMR chemical shifts. In the data on these web sites we find that hydrogen and carbon
atoms in a range of organic molecules are consistently found at predictable chemical
shifts as discussed above. Detailed chemical shift data found in these sources inform us
that the ppm range in going from CHj3, to CH, to CH precisely fits that proton NMR data
seen in the three isomeric hydrocarbons in Figures 2.9-2.11.

Similarly in carbon NMR, the signals of such sp> hybridized carbon atoms, as in
the three molecules in Figures 2.9-2.11, are seen in the higher field part of the spectrum,
a region now expanded to the range of 50 ppm. Moreover, if we looked further into
more detailed tables on the web, we would discover, as for the proton NMR, that the
ppm values scale to larger values of ppm within this general range in going from CHjs,

to CH, to CH. Clearly, NMR is a powerful molecular probe.




HE PROTON NMR SPECTRA IN FIGURES 2.9-2.11 show features not
scein the carbon NMR spectra. The various proton signals appear as

multiple lines. In addition, as noted above, the number of hydrogen atoms
contributing to each signal can be counted.

The reason this multiplicity of the signal is not seen in the carbon NMR spectra as
noted in section 2.4, is that the instrumental procedures are organized in a manner to
erase the information that leads to the multiplicity in order to maximize the signal. This

is done to compensate for the low abundance of the 13C isotope. Moreover, this
instrumental procedure is also responsible for the absence of a connection between the
strength of the signal and the number of carbon atoms contributing to the carbon NMR
signal. We’ll not go into the detail of how this is carried out but it is routine in carbon
NMR where the chemical shift of the line for each carbon atom in the structure is the
primarily sought information. The wide chemical shift range in carbon NMR normally
allows separate chemical shifts for every structurally different carbon atom in the
molecular structure.

The multiplicity phenomenon seen in the proton NMR is called spin-spin splitting
and yields information about the relationships between structurally different hydrogen
atoms that are separated by three bonds, such as H,-C-C-H,.

Every hydrogen atom in the structure of the molecule is spinning and therefore
producing a small magnetic field, which is felt by those hydrogen atoms nearby in the
structure. The magnetic field produced by each of these nearby hydrogen atoms has two
states in the external magnetic field, and therefore can add to, or subtract from, the large
magnetic field produced by the instrument’s magnet. As a consequence, more than a
single resonance condition to match the radio wave frequency is produced for the
hydrogen atom that is affected by the nearby atom. Therefore multiple lines are seen in
the proton NMR spectra in Figures 2.9-2.11.

For this effect to be observed in the NMR spectrum the nearby hydrogen atom that
is affecting the magnetic field strength of a hydrogen atom near to it (and therefore the
resonance condition of this hydrogen atom) must have a different chemical shift. It is
therefore necessary, although it may not be sufficient, for the two hydrogen atoms to be
structurally different. For example the three hydrogen atoms of a CH; group, which are

structurally identical, do not interact in this way. In addition, the effect is transferred
through chemical bonds so that, with some exceptions, only those hydrogen atoms
connected to adjacent carbon atoms affect each others magnetic field.

The spin properties of the hydrogen atoms can take two states, which can be
designated +1/2 and -1/2, or in another way in line with the external magnetic field (1),



or against this field (|), with these spin states either adding to or subtracting from the
magnetic field at an adjacent hydrogen atom. Therefore, if a hydrogen atom in the
structure 1s in resonance at 6 ppm in the absence of spin-spin coupling, a single
hydrogen atom on an adjacent carbon atom would add to and subtract from the
instrumental magnetic field determining that & value. Instead of a single line at 8, one
would find two lines of equal intensity, one slightly higher ppm and one slightly lower
ppm than 6, that is, a doublet.

The distance in ppm between the two lines is called the coupling constant, J,
which 1s related to the geometry and other factors between the nuclei which are
coupled. In addition, the intensity of the doublet is identical to what the intensity of the
single line at 6 would be in the absence of the coupling. Figure 2.12 represents the
nature of the coupling with various numbers of hydrogen atoms where the simple
arithmetic underlying the observed coupling can be understood: the number of lines in
the splitting will be one more than the number of coupled hydrogen atoms with the
relative intensities corresponding to Pascal’s triangle as shown in Figure 2.12.

In addition, if the hydrogen atom under observation, that with a chemical shift J,
as noted above, is coupled with another hydrogen atom with chemical shift y causing the
o signal to appear as a doublet, then the hydrogen atom with the y chemical shift will
also be split into a doublet by the 6 chemical shift hydrogen. If these atoms are not
coupled to any other hydrogen atoms in the structure, but just to each other, then the
spectrum for these two hydrogen atoms will be what we would call a doublet of
doublets — two doublets, one for the & hydrogen atom and one for the y hydrogen atom
and both with identical coupling constants, J.

Although the hydrocarbon spectra in Figures 2.9-2.11 are not ideal molecules for
demonstrating this phenomenon (see below), the general principles can be seen. Spin-
spin coupling in proton NMR spectra can be quite complicated if the coupled hydrogen
atoms have similar chemical shifts and especially if the hydrogen under observation is
coupled to several different hydrogen atoms that differ from each other, as is the
situation in the proton spectra inFigures 2.9-2.11. Nevertheless, we can see the
consequences of spin-spin coupling in the two identical CH; groups in n-hexane (Figure

2.9). Both methyl groups have identical chemical shifts and would appear as a single
line with a relative intensity of six hydrogen atoms near to 0.8 ppm in the absence of
coupling. However, the two identical hydrogen atoms in the adjacent CH, (methylene)

groups are located three bonds removed from each of the three hydrogen atoms in the
methyl groups. The two prerequisites for spin-spin coupling are observed. The
hydrogen atoms on the methyl group and the hydrogen atoms on the methylene group are
structurally different and are located three bonds apart. Inspection of Figure 2.12 for the
situation of splitting by two hydrogen atoms should pertain causing the methyl hydrogen
atoms to appear as a triplet with an intensity ratio of 1:2:1, close to but not exactly what
1S seen.
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FIGURE 2.12
The Source of the Spin-Spin Splitting Patterns in Proton NMR
Spectra

The fact that the three lines for the methyl hydrogen atoms are not symmetrical
arises from the fact that the chemical shifts of the coupled hydrogen atoms, the CH; and

CH, groups, are not far enough apart. This problem reaches an extreme in the coupling
of the two sets of structurally different CH, groups in this molecule (Figure 2.9). Here
the chemical shifts are close enough that a clear coupling pattern is not observed.
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FIGURE 2.13

Proton NMR Spectrum of 1-Hexanol

In the proton NMR spectra of the three structural isomers shown in Figures
2.9-2.11, the most ideal spin-spin coupling is seen in 2,2-dimethyl butane (Figure 2.10)
for the CH, group. The two identical hydrogen atoms on this carbon atom are coupled

only to the adjacent methyl group, which from Figure 2.12 should give rise to four lines
for the CH, hydrogen atoms in the ratio of 1:3:3:1, which is close to that observed

centered at near to 1.25 ppm.
Figure 2.13 exhibits the proton NMR spectrum of CH;CH,CH,CH,CH,CH, OH

(1-hexanol) in which one observes both simpler and more complex spin-spin splitting
patterns, which well demonstrate the chemical shift effects on this phenomenon. The
distinctly different chemical shift centered at 3.59 ppm appears at low field arising from
the high electronegativity of the oxygen atom and therefore deshielding of the adjacent
CH, group. The large difference in chemical shift of the CH, group adjacent to the OH

group with the adjacent CH, (1.51 ppm) causes the coupling to be close to 1deal.



As predicted from the considerations in Figure 2.12, three lines should appear for
this CH, group, a triplet, with a ratio of 1:2:1 as is seen. A less ideal triplet is seen for

the terminal methyl (CH;) group (near to 0.87 ppm), which is coupled to the adjacent
methylene (CH,) group. This chemical shift of this methylene group is buried in the
multiplet of six hydrogen atom in the three CH, groups around1.3 ppm.

NMR vyields amazing detailed information about chemical structures, doesn’t it?
Now let’s try to use these ideas.

PROBLEM 2.1

The two infrared spectra shown below are of molecules that differ from the molecules whose infrared spectra are
shown in the infrared spectra (Figures 2.6 and 2.7} discussion in the text. Draw chemical structures of two molecules
whose spectra fit those shown below.
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PROBLEM 2.2

Which different molecules would give identical electrospray mass spectra to the electrospray spectra shown in Figure
2.4?

PROBLEM 2.3

Draw the structure showing all atoms, all nonbonding electrons and designating any formal charges for A, T and C in
Figure 2.5. For each, how many lines would appear in the Carbon NMR spectrum.




PROBLEM 2.4

Which molecule whose infrared spectrum was shown i this chapter would give the carbon NMR spectrum shown?

Carbon

PROBLEM 2.5

Use the web site given in the text for infrared frequencies to identify as many of the bands as possible for the infrared
spectrum of D-glucose shown in Figure 2.8.

PROBLEM 2.6

In problem 1.11 you were asked to create as many isomers of CgH|g as possible. Predict how many lines would be

obtained in the carbon NMR spectrum for each of these isomers. Estimate the relative chemical shifts of the differing
carbon atoms.

PROBLEM 2.7

Assign the lines in the carbon NMR spectra for the hydrocarbons in Figures 2.9-2.11 to the carbon atoms in the
structures.

PROBLEM 2.8

Explain why increasing values along the ppm scale in both proton and carbon NMR spectra correspond to lower field
signals?




PROBLEM 2.9

In the proton NMR spectrum of 2-methylpentane in Figure 2.11 the lowest field signal appearing in the range of 1.55 to
1.60 ppm should have nine lines if the resolution where high enough. Why? Assuming the resolution of the proton
NMR spectra were high enough to observe all the lines arising from spin-spin coupling, assign the number of lines that
would be observed for all hydrogen atoms in the three hydrocarbons whose spectra are shown in Figures 2.9-2.11.
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PROBLEM 2.10

Use the process outlined in Figure 2.12 to justify the relative heights of the lines arising from the spin-spin coupling



leading to five lines as shown in Pascals’ triangle.

PROBLEM 2.11

Connect each of the carbon NMR spectra (a, b, c, and d) shown below to one of the following molecular structures:
racemic 2-hexanol (CH3-CH(OH)-CH»-CH»-CH»-CH3); di-npropyl ether; D-glucose; any isomer of tartaric acid.

Assign each line in the carbon NMR spectrum to a carbon atom in the chosen structure. The signal near to 78 ppm in
(a) and (b) is from the carbon atom of the solvent, CDCl3, deuterochloroform. The spectra for (c) and (d) were taken

in water.
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PROBLEM 2.12

Answer problem 2.11 for the proton NMR spectra shown below with the addition of addressing the spin-spin coupling
assignments. For 1 and 2 the solvent is deuterochlorform, CDClz, while for 3, 4 and 5 the solvent is heavy water, D0,

which leads to a single large signal between 4.5 and 5.0 ppm for HDO. How do you think HDO might be produced in
the solutions of samples 3, 4 and 57
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Spectrum 3
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Spectrum 5
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CHAPTER TWO SUMM ARY of the Essential Material

HISCHAPTER COVERS THE FUNDAMENTAL USE of the standard instrumental
techniques used by chemists to probe the structures of organic molecules. Although not
discussed, the first step in any question of molecular structure is that the sample be pure,
that 1s, that there is only one kind of molecule present. Naturally, the molecule may be a
mixture of conformational isomers, but what is meant by pure is that the no other
molecules are present with different bonding arrangements or numbers and kinds of
atoms and molecular weights, or in the situation of stereoisomers, no other molecules
that are diastereomers. Purification of organic molecules can be accomplished, as it has
been, even reaching into the nineteenth century by methods of distillation and
crystallization but also by newer methods based on chromatography, which is not
discussed.

The methods discussed in this chapter will give identical results for the
enantiomers of chiral molecules although by using special techniques for NMR,
enantiomers can be distinguished by the addition of chiral agents, a methodology also
not discussed here.

Electron impact is the traditional method used in mass spectrometry and as can be
seen by the examples in the chapter is typically used as a fingerprint of the molecule so
that assignments of structure can be made based on comparisons to standard spectra.



Sometimes one can obtain a molecular ion so that the molecular weight can be known.
By use of mass spectrometers not discussed here, high resolution mass spectrometers,
the m/z value can be known to enough significant figures to allow assignment of the
numbers and kinds of atoms present. There have been many advances in mass
spectrometry over the years and a very important one, electrospray mass spectrometry,
which allows obtaining a signal for the unfragmented molecule, even of very large
molecules and biological arrays, is discussed.

For most organic chemistry work infrared (IR) and nuclear magnetic resonance
spectrometry (NMR) yield the most detailed information about molecular structure. The
chapter goes over the basis of IR spectrometry and how it measures internal vibrational
motions of the molecule, which occur with frequencies in the infrared region of the
spectrum. The technique allows determination of specific arrangements of atoms and
therefore can identify functional groups. IR can also be used as a fingerprint for the
molecule, which 1s useful because in only special cases can every band in the IR
spectrum be assigned to a specific part of the molecule. Nevertheless, using tables of
typical IR frequencies, which appear in many places including on the web, one can often
determine the presence or absence of particular structural features. Examples of this are
discussed in the chapter.

The most powerful structural probe method is NMR, which is shown to involve
the precession of atoms with certain spin properties. Fortunately for organic molecules,
the hydrogen atom has this property and therefore is active in NMR spectra, which is
therefore called proton NMR. Two important pieces of information come from proton
NMR spectra, chemical shift and spin-spin coupling. The nature of chemical shift is
understood to arise from the electron density around the hydrogen atom and this property
1s associated with connections between each of the hydrogen atoms in the structure with
the atom they are bonded to. The electron density depends primarily on the concept of
electronegativity, which plays an important role in determining chemical shift. In this
way, different hydrogen atoms within a structure can show distinguishable chemical
shifts in a predictable manner, a great aid to structural determination. For this it is
important to understand the different kinds of hydrogen atoms in the structure of an
organic molecule.

Spin-spin coupling in proton NMR can be understood from understanding the
basis of the working of the instrument and how the magnetic field of the instrument, the
external magnetic field, can be added to or subtracted from, by hydrogen atoms nearby
to the hydrogen atom under observation. These nearby hydrogen atoms supply a small
magnetic field associated with their spin, which is responsible for this effect. Specific
rules allow understanding of how spin-spin coupling works and how it proves to be an
important tool of proton NMR spectrometry.



In addition, the signal strength for each hydrogen atom in a proton

NMR spectrum gives the relative number of this hydrogen atom in the structure
compared to other hydrogen atoms in this structure.

Although the common isotope of carbon, 12C, is not active in the NMR, the 13C
1sotope does have the property of giving an NMR signal. Although there is only about

1% of the active isotope for each '2C, instruments have been designed that allow easy
detection of the isotope but at the expense of giving up spin-spin coupling and also the
correlation between the intensity of the signal and the numbers of each kind of carbon
atom in the structure. A big advantage of carbon NMR is that the chemical shift range
for the kinds of carbon atoms in organic molecules is at least ten times the range for the
kind of hydrogen atoms in organic molecules. The chemical shift, as for proton NMR, is
also greatly dependent on the electronegativity difference between the carbon atom
observed and atoms it is connected to. This means that a carbon NMR spectrum
normally gives a separate single signal for each carbon atom in the structure. When one
determines the numbers of different carbon atoms in a chemical structure an important
correlation can be made with the spectrum.

Using these three techniques in their various forms, MS, IR and NMR, the modern
organic chemist has powerful techniques for determining the structures of organic
molecules. The primary purposes as discussed in the chapter are for molecular weight
(MS), functional group (IR) and molecular skeleton (NMR) although each technique
overlaps with the others to some extent.

Not discussed is the use of the ultraviolet (UV) part of the electromagnetic
spectrum, which 1s most useful for molecules with p-electrons, which can be promoted
to higher energy states with the energy of UV light. UV spectrometry, which measures
the absorbance of UV light, is well suited for the study of carbonyl containing molecules
and molecules with double bonds and aromatic rings.
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Chapter 3

From Galactosemia to the Properties of Six Membered
Rings: An Introduction to the Mechanisms of Chemical
Reactions

1908, A MEDICAL DOCTOR REPORTED the case of a breast fed
t who was brought to him with new kinds of symptoms. The infant

failed to thrive, and exhibited an enlarged liver and spleen. Moreover an
unusual sugar, galactose, which is a stereoisomer of glucose, was found in the urine.
The baby stopped excreting galactose in the urine when milk products were removed
from the diet. This was the first report of galactosemia, a disease that can lead to mental
retardation and death. The disease, which is devastatingly apparent shortly after the
birth of a stricken infant, arises from an inability of the body's biochemistry to convert
D-galactose to D-glucose.

This is a very serious matter considering that galactose is part of the lactose in
mother's milk. Lactose 1s enzymatically broken down in the body to both glucose and
galactose as shown in Figure 3.1. Normally, the galactose does not build up in the body
because it is converted to glucose by another enzyme. But the absence of this enzyme
blocks the conversion from galactose to glucose causing the disease.

It is apparent that the only change in going from D-galactose to D-glucose is at a
single carbon atom. Using the CIP nomenclature from section 1.12 shows that the
difference between life and death focuses on the inability to convert a single chiral
carbon from (S) in D-galactose to (R) in D-glucose.

Why should a stereochemical difference of a single carbon atom in two structures,
which are otherwise identical, wreak such havoc in the newborn's biochemistry? To
answer this question we have to understand more about six membered rings, a
molecular class that both glucose and galactose belong to.
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FIGURE 3.1
Lactose is enzymatically hydrolyzed to D-glucose and D-galactose.

PROBLEM 3.1

Redraw all the structures in Figure 3.1 showing all the atoms and lone pairs of electrons and testing for formal charge
and the octet rule.

PROBLEM 3.2

D-Galactose and D-glucose, as shown in Figure 3.1, both have the same formula. Are these sugars constitutional
isomers or stereoisomers? If the latter, what kind of stereoisomers are they?

PROBLEM 3.3

Explain the following statement: Even if these isomers were enantiomers there would still be expected to be a
difference between them in vivo.

PROBLEM 3.4

Assign absolute configurations to the chiral carbon atoms that differ between D-glucose and D-galactose.

PROBLEM 3.5

Considering only B-isomers, how many stereoisomers would be possible for the structure of D-glucose.

3.2




ERSJFTANDING RINGS OF CARBON atoms brings us back to Johann
F ch Adolf von Baeyer, born in 1835 in Berlin. He was the son of

Major General Johann Jakob Baeyer, of the Prussian General staff, who was
distinguished as the originator of the European system of geodetic measurements, a field
which yields the distance between places on the earth and therefore certainly of great
importance to military activities (consider aiming a cannon) among its other critical
aspects.

. Johann Friedrich Adolf von Baeyer

Following on his father’s interests, but shedding a couple of his given names, and
moving from miles to Angstroms, the son, Aldoph von Baeyer, as history records him,
turned out to be one the great chemists of the nineteenth century, winning the Nobel Prize
in 1905 for his contributions to the interaction between theory and practice. As the
President of the Royal Swedish Academy put it on December 10, 1905: "Among the
living research workers who have contributed directly or indirectly to the unique
development of the tar-dyestuffs industry the place of honour goes to the Professor at
Munich University, Aldoph von Baeyer, for his researches into the composition of
indigo as well as into the triphenyl methane dyestuffs."

The industrial synthesis of dyes from components of coal, from tar, which Baeyer
accomplished, was a major force behind the rapid growth of the chemical industry in the
nineteenth century. Taking a vile, smelly, sticky, material like tar and finding a way to
use it to make the colors that adorn our clothing was certainly a way to show the value
of chemistry. That was a big enough accomplishment, but our interest in Baeyer focuses
on another of his interests.

Baeyer was a student of Kekulé¢ in Heidelberg working on his doctoral degree
around the time Kekul¢ was formulating his ideas on tetracoordination of carbon



(section 1.11). After Baeyer left Heidelberg in 1858 he took up his own independent
research and although it did not involve any theory of bonding, these were the years
when tetracoordinate carbon was proposed to take a tetrahedral geometry and when
van't Hoff and LeBel proposed the structural basis of optical activity and isomerism, as
discussed insection 1.11. This is certainly the foundation that Baeyer turned to in his
attempt to judge the nature of rings of carbon, which as we'll see, will bring us back to
understanding the dangerous nature of galactose compared to glucose.

It was becoming apparent after 1880 that molecules could be synthesized of rings
of carbon atoms. Contributing to this synthetic effort on rings was a young man working
in Baeyer's laboratory, William Henry Perkin Jr. Perkin’s father had something in
common with Baeyer. These great chemists set the stage in England and Germany,
respectively, for a chemical industry stimulated by the ability to synthesize dyes from
coal products. For Perkin Sr., this occurred in 1856 when he was only eighteen years
old by his commercialization of the first synthetic dye, mauve. The result was an
inexpensive purple dye so that the masses could wear a color that had before this been
worn only by royalty. Perkin synthesized the dye when he was only eighteen!

Although the son, Perkin junior, did not attain the stature of his father, he
nevertheless was a distinguished chemist whose interest in rings of carbon stimulated
Baeyer's interest in the subject. Perkin junior remembers Baeyer speaking to him in
November, 1882 and pointing out that if substances from such rings are possible and
have reasonable stability, how is it that they had never been met with in Nature?

Well, we now know that such rings are in fact found in nature as we've seen in
glucose and for that matter in a myriad of other substances including the steroids and
terpenes, molecules that we will be meeting later (Chapter 5). None of this was known
when this question stimulated Baeyer's curiosity who saw all these ring structures as
flat, so that the required tetrahedral angle would be impossible to attain. For example, it



a six-membered ring of carbon were flat, a regular hexagon, the angle at each atom
would be 120°, quite a deviation from the tetrahedral angle.

Baeyer published a paper in 1885, three years after his conversation with Perkin
junior. The paper (translated from the German) is entitled: Theory of Ring Closure and
the Double Bond. Baeyer pointed out the following: The four valencies of the carbon
atom act in the directions that connect the center of a sphere with the corners of a
tetrahedron and that form an angle of 109° 28" with each other. The direction of
attraction can experience a deviation that will, however, cause an increase in strain
correlating with the degree of this deviation.”

This statement 1s now the source of the Baeyer Strain Theory, one of his important
legacies to ideas of chemical structure that finds application to the current day in the
chemical sciences far beyond studies of cyclic molecules. We know very well now that
molecules become increasingly unstable when the internal angles deviate from the
tetrahedral angle for any tetracoordinate carbon. If the deviation from near to 109
degrees to 120 degrees bothered Baeyer, consider a ring of three carbon atoms where
the angle would have to be 60 degrees or a ring of four carbon atoms where the angle
would be 90 degrees. Yet rings of these sizes in which each carbon atom in the ring is
tetracoordinate are well known. And the strain that Baeyer proposed so many years ago
i1s well understood to be playing a role in the properties of these so-called strained
rings. In Chapter 5 (section 5.9) we’ll see that nature takes advantage of this strain in a
three membered ring to accomplish a critical step on the path to the synthesis of the
steroids and in Chapter 12 (section 12.13) we’ll see how ideas of ring strain play a role
in synthetic chemistry.

But another idea involving model building would arise to relieve sixmembered
carbon rings of the strain that Baeyer hypothesized. Use of models is central to the
understanding of chemistry and we've suggested more than once that you buy a set of
ball and stick models. Van't Hoff used models to help convince chemists that tetrahedral
carbon could indeed lead to isomerism and optical activity (section 1.11) and his ideas
led to explanations of many difficult to understand experimental results. In fact a young
chemical assistant in Berlin, Herman Sachse, in 1890, is credited with being the first to
realize by using ball and stick models that rings need not be flat at all, but could be
puckered, or bent. Sachse realized there was a way that six membered rings could be
formed without Baeyer's strain. Such puckered six-membered rings in particular
allowed the angles about the six carbon atoms to come very close to the ideal
tetrahedral angle.
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Hermann Sachse attempted to use geometry and trigonometry to prove his
theory. [Z. phys. chem. 11, 185-219) There is no known image of Sachse.

Unfortunately, Sachse died quite young (at the age of 31) in 1893 and never came
to see his seminal insights and predictions confirmed. He foresaw with his models that
cyclohexane, C¢H;,, (hexane for six and cyclo for ring) would take various non-flat

shapes and that it was likely that these shapes could change into each other without
breaking any chemical bonds. As discussed in section 1.13 such differing shapes are
conformational isomers and one of Sachse's conformational predictions is now known
as the chair form of this six-membered ring of carbon atoms.

Hermann Sachse was prescient in understanding how the tetrahedral carbon angle
could be incorporated in a stable structure for a six-membered ring. But he presented
this insight using mathematical arguments and published this in a manner that organic
chemists then, and now, find very difficult to follow. And so his insights were ignored
for many years by Baeyer and others to a time well beyond Sachse's death. It was not
until 1918 that Ernst Mohr, professor of chemistry at Heidelberg, published his findings
on the X-ray crystallographic studies of diamond and found support for Sachse's picture
of cyclohexane.



FIGURE 3.2

The structure of diamond demonstrates the chair form of six
membered rings of carbon atoms.

Diamond is made up of an infinite number of sixmembered rings of carbon atoms
fused together so that there are no hydrogen atoms. A portion of the diamond structure is
shown in Figure 3.2. The shape taken by these rings is precisely that predicted by
Sachse for what we now call the chair form of cyclohexane, a fact realized by Mohr.
But Sachse, who would have been only 56 years old at this time and well able to take
pleasure in his discovery, had already been dead for 25 years. James Moore of
Rensselear Polytechnic Institure pointed out the following highly informative web site:
https://webspace.yale.edu/chem125/125/history99/6Stereochemistry/Baeyer/Sachse.htm

PROBLEM 3.6

Why would Baeyer have had far less of an objection to a ring of five carbon atoms than a ring of six carbon atoms in
which every carbon atom in both rings was tetracoordinate?

PROBLEM 3.7

(Look ahead to section 3.5 for problems 3.7-3.9). Although Baeyer introduced the idea of strain caused by deviation
from the tetrahedral angle, what we now call angle strain, there are other kinds of strain. Considering that covalent
bonds contain electrons causing nearby bonds to repel each other, can you understand a strain that would be found in


http://webspace.yale.edu/chem125/125/history99/6Stereochemistry/Baeyer/Sachse.html

all rings of carbon that are flat, a strain called torsional strain arising from eclipsing (Section 1.13, Figure 1.11) of
covalent bonds? Draw a structural diagram of a flat cyclohexane ring that demonstrates how torsional strain might
arise. Use a Newman projection, introduced in section 1.13 to demonstrate the torsional strain that would be present in
hexagonal cyclohexane.

PROBLEM 3.8

How is torsional strain related to the stability of the gauche and anti conformations compared to eclipsed conformations
seen in Newman projections and discussed in section 1.13?

PROBLEM 3.9

The simplest organic molecule in which torsional strain is found is ethane, H3C-CH3. The central bond connecting the
two carbon atoms allows the two methyl groups (CH3) to rotate easily, millions of times each second, as if pmwheels

on a stick. Use Newman projections to show how this rotation causes the ethane molecule to exist momentarily in
repeating conformations with and then without torsional strain.

3.3

PITE OF MOHR'S WORK (Figure 3.2) it was not until many years
that chemists fully realized that the isolated cyclohexane structure was

Sachse's structure. This is characteristic of the chemical profession and in
fact of human beings in general who often will not accept an idea until it proves useful
in some way. This path to utility for Sachse's idea began with the efforts of a great
Norwegian physical chemist working at the University of Oslo in the years just before
World War II. Odd Hassel carried out convincing experiments using electron
diffraction of wvapors, which revealed that the structure Sachse predicted for
cyclohexane was correct and moreover that Sachse's mathematical modeling studies had
also correctly predicted the potential flexible nature of the structure of cyclohexane.
Hassel's experiments were able to verify that the cyclohexane ring was changing
extremely rapidly, millions of times each second, between two identical forms, which
we now call chair conformations.



Although Odd Hassel was the son of a medical doctor and had studied the
scientific prerequisites as an undergraduate that would have allowed him to follow his
father's profession, he became intrigued by chemistry as early as high school and this
became his major at the University of Oslo. Many students in those years when Hassel
graduated from university, in 1920, went to Germany for further study and Hassel was
no different, receiving a doctorate degree from the University of Berlin in 1924. It was
in Germany, where he was introduced to x-ray crystallography, that he became
interested in the molecular structure of molecules, an interest that became the focus of
his career at the University of Oslo after he returned to Norway in 1925. This
background and the ability to afford an electron diffraction instrument for his laboratory
in 1938 led to his investigations on cyclohexane.

Normally, considering Hassel's background as a student in Germany, his
important results on cyclohexane structure would be expected to be published in
German, one of the three important languages for scientific exchange at that time. But
Hassel reported his findings instead in Norwegian journals that were not widely read.
This was the time of World War II and Germany's invasion of Norway, perhaps had
something to do with Hassel's decision. In fact, the University of Oslo was shut down by
the Germans during part of the war and Hassel spent a couple of years in a Naz
concentration camp.

Consistent with our discussion about acceptance of ideas and demonstration of
utility, Hassel's confirmation of Sachse's picture of the structure of cyclohexane did not
have an influence on organic chemistry until several years later.

In 1949 a young assistant lecturer at Imperial College in London was invited by a
distinguished organic chemist interested in steroids to lecture for a year at Harvard
University in the United States. Derek Barton took up the offer, which led to what is
generally regarded as the origin of conformational analysis (section 1.13).



Derek Barton

Barton was invited to Harvard by Louis Fieser, an organic chemist who was
working on steroids. Barton was aware, from his wide reading of the literature, of the
work of Hassel and realized that many mysterious aspects of the chemistry of steroids
could be understood by abandoning the two dimensional way organic chemists were
still looking at these structures and instead substituting a three dimensional picture
based on the geometric properties of cyclohexane rings.

e — S

Louis Fieser.

Barton published his insight in 1950 in a short paper (“Experientia” Volume VI/8
page 316). Figure 3.3 exhibits, with the permission of Springer Verlag, the first page of
this paper, which is now regarded as a classic that led to an explosion of interest in this
stereochemical approach to understanding the properties of organic molecules. Organic
chemists were not much interested in the work of Sachse or of Mohr or of Hassel until
they could see something practical come out of it. This Barton supplied when he showed
how these ideas on the shape of six-membered rings could explain properties of



molecules found in nature.

The Nobel committee in Sweden awarded their prize to Barton and Hassel in
1969 for a collaborative insight in which the two participants, a physical chemist and an
organic chemist did not work directly together but came together through the literature.
Barton felt that his success was based in his scholarly approach to the literature, to the
time he spent in reading and Barton's students told stories about how Barton insisted that
the progress of science required a thorough knowledge of the literature.

Sachse was the first to realize from his studies that in a non-planar form of
cyclohexane (now designated the chair form) that the two hydrogen atoms on each of the
six carbon atoms were geometrically distinguished. Six hydrogen atoms are parallel and
stick up and down from the structure, three up and three down, while the other six
hydrogen atoms are splayed out from the structure, also three tending upward and three
tending downward. The former six hydrogen atoms we now designate as axial, while
the six latter hydrogen atoms we now designate equatorial. In Barton’s paper (Figure
3.3) the term equatorial has its current meaning while polar was used for what we now
term axial.
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STUDIORUM PROGRESSUS

The Conformation! of the Sterold Nucleus
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FIGURE 3.3

The First Page of Barton’s Nobel Prize Winning Paper on the
Conformation of Cyclohexane Rings




C 'S MATHEMATICAL AND MODELING formulations ( section 3.2) also

1ot€d an interconversion process, or flipping of chair forms, which although leading

to 1dentical cyclohexane conformations, would cause the axial and equatorial hydrogen
atoms to change places.

Figure 3.4 demonstrates, using two differing structural representations, the widely
used chair form, and a combination of two Newman projections (equivalent
representations of the conformation of a cyclohexane ring), that exchange of the six
equatorial hydrogens with the six axial hydrogens occurs as the ring undergoes what is
described as a flip. We now understand this flipping to describe the characteristics of
cyclohexane and as well other six-membered rings such as the sugars discussed in this
chapter.

The conformational process shown in Figure 3.4 takes place through a series of
intermediate higher energy conformations, designated as half-chair, twist and boat.
These conformational states will not be described here but you can get a chance to

explore these conformational states by using your model set and answering problem
3.10.

H
H H H H -

FIGURE 3.4

The Interconversion of Axial and Equatorial Hydrogen Atoms as a
Consequence of Chair Conformation Flipping in Cyclohexane

In cyclohexane, the flip of the ring shown inFigure 3.4 exchanges two
conformations that are identical in energy, that are, in fact, simply identical -



superimposable. But this is not the situation if one of the hydrogen atoms is replaced by
a larger group, such as for one example of many, a methyl group, CH;. Figure 3.5 shows

that the substituted cyclohexane, which we name methyl cyclohexane, in which one of
the twelve hydrogen atoms is replaced by a methyl group, also undergoes the flip, but
that the process produces conformations that are clearly different, which are not
superimposable. The identical structural information is again presented in two different
ways in Figure 3.5 — again, first in the conventional chair form structures widely used
and second as a combination of two Newman projections (section 1.13).

The two structures shown inFigure 3.5 certainly fit the definition of
stereoisomers (section 1.3). They have an identical formula, C;H,, and identical

bonding, that is, all the atoms are connected to each other in the same way in both
molecules. In addition, the fact that the two molecules can interconvert rapidly via ring
flipping justifies our use of the designation conformational isomers.

These rapidly interconverting stereoisomers are not mirror image of each other
and therefore they must be diastereomers. We've learned that diastereomers (sections
1.7 and 1.8) differ from each other in all circumstances, which means that one will be
more stable than the other. Let’s discover the source of the difference between these
conformational isomers, one with the CH; group equatorial and the other with the CH;

group axial.

L=

FIGURE 3.5
The Relative Stability of Axial And Equatorial Methyl Cyclohexane

In the Newman projections (Figure 3.5) one is looking at the molecule with
carbon atom 1 facing the viewer so that carbon atom 4 is furthest away. The bonds
making up the front carbon atoms and the rear carbon atoms (which are not shown) of
the two circles are Cs-Cg, and C,-Cs, so that carbon atoms 3 and 5 are hidden behind



carbon atoms 2 and 6 respectively. The flipping of the ring shown with the chair forms
in Figure 3.5 is then reproduced in the changes shown in the two Newman projections.
Let’s now see how the Newman projections allow judgment of the relative energies of
the equatorial versus the axial CH; (methyl) groups. To judge the relative energies,

although it may seem surprising, we need to turn our attention to the conformational
properties of n-butane (CH;CH,CH,CHy).

PROBLEM 3.10

Draw and/or make a model of the chair form of cyclohexane as in Figure 3.4. The conformational motion shown for
cyclohexane, which allows the six axial hydrogen atoms to exchange positions with the six equatorial hydrogen atoms,
also allows a conformation that is what is called a boat form. In this boat form carbon atoms 1 and 4 could be imagined
as the bow and stern of a boat. Using Newman projections along the bonds between carbon atoms 2 and 3 and as well
5 and 6, judge if the boat conformation suffers from torsional strain. Use your models to try, also, to show the twist and
half-boat conformations noted in this section. The names aptly apply. Skip ahead to problem 11.8 in Chapter 11 for
further understanding of these structures.

PROBLEM 3.11

Might it be possible to accomplish a separation of conformational isomers using low temperatures: and if yes why?
What kinds of conformational isomers could not be separated by such an experiment?

PROBLEM 3.12

Construct the chair form of cyclohexane from your set of models, and draw the structure as well, showing clearly the
six equatorial and six axial hydrogen atoms attached to the ring carbons. Use the model to flip the ring and observe
how the equatorial and axial hydrogen atoms switch positions. Are the flipped forms stereoisomers?

3.5

3.6 EXHIBITS THE STRUCTURE of n-butane as a sawhorse
yection and as Newman projections around the central carbon-carbon
bond, the bond between the two CH, groups in the structure. Three important

conformations of this molecule are shown.

In section 1.13 the complex structure of tartaric acid made it difficult to predict
the relative energies of the various conformations shown as Newman projections in
Figure 1.10. However, in a molecule like n-butane, assignment of relative energies of



conformational isomers becomes more straightforward.

In general it is reasonable that gauche and anti conformations, where the overlap
of groups is reduced, will likely be of lower energy, that is, more favorable than
conformations in which the groups are eclipsed. Why are eclipsed conformations of
higher energy than gauche or anti conformations?

One answer is fundamentally the same as the answer to the question as to why
tetracoordinate carbon takes a tetrahedral shape — electron pair repulsion as developed
by Gillespie and Nyholm in the VSEPR theory (section 1.4). Keeping the electrons in
the four bonds around a carbon atom as far apart as possible is attained by a tetrahedral
array. Keeping the electrons in the bonds on adjacent carbon atoms as far apart as
possible is attained by avoiding eclipsing of these bonds. The avoiding of eclipsing of
electron pairs in bonds is a fundamental reason why eclipsed conformations are of
higher energy than gauche and anti conformations. Eclipsed bonds cause torsional
strain (Problems 3.7-3.9). However, another reason for the higher energy of eclipsed
conformations depends on the size of the groups that are attached to the eclipsed bonds.
This interaction is called steric or van der Waals strain.

Although, in a molecule such as n-butane, the gauche and anti conformations
(Figure 3.6), both avoid eclipsing bonds, the two conformations greatly differ in the
relationship of the two methyl (CH;) groups. The CH; groups take up space— they have

what are called van der Waals radii. When atomic groups or atoms come closer than
their van der Waals radii they repel each other, and this repulsive force increases
greatly as the distance decreases. When the distance between the methyl groups is
greater than the summation of the van der Waals radii, the interaction is not repulsive
and can even be attractive, depending on the space between the interacting methyl
groups. Although the distance between the groups is least in the eclipsed conformation
the distance remains close enough in the gauche conformations to cause steric strain
depending on the size of the interfering groups.

CHj
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FIGURE 3.6

Newman Projections of n-Butane for the Eclipsed, Gauche and Anti
Conformations

Understanding these attractive and repulsive forces that depend on distance
between atoms or groups of atoms contributed to an early understanding of the
relationships between gases and liquids and an early contributor to this understanding
was the great Dutch physicist, Johannes Diderik van der Waals, who won a Nobel
Prize in 1910 for his contributions. van der Waals’ name can be added to van’t Hoff
(section 1.11) as another nineteenth century scientist from the Netherlands who laid the
foundation of the chemical sciences.

Johannes Diderik van der Waals

The van der Waals radius for methyl is about two Angstroms causing the two
methyl groups in both the eclipsed and gauche conformation of n-butane to repel each
other, a repulsion that is not present in the anti conformation where the two methyl
groups are further apart than the sum of their van der Waals’ radii. The repulsion is
worse in the eclipsed conformation, which also suffers from torsional strain. But this
repulsion is still present in the gauche conformation, which does not suffer from
torsional strain.

Let’s now return to the Newman projections of the methyl substituted cyclohexane
ring in Figure 3.5 and relate the equatorial and axial CH; groups to what we’ve learned

about the relative conformational energies of n-butane.
Looking along the C,-C5 bond in the Newman projection of the axial conformation

in Figure 3.5 shows a gauche interaction between the CH; group on C, and the C,4

carbon of the ring with its two attached hydrogen atoms, which is called a methylene
group (CH,). This gauche interaction is relieved in the equatorial conformation where

the Newman projection shows these groups, the pendant CH; on carbon 2 of the ring and



the CH, (at position 4) group, to enjoy an anti relationship, therefore removing all the

van der Waals’ strain of the axial conformation.

We have just discovered the fundamental source for the preference for equatorial
conformations in six membered rings, an analysis that applies equally well to OH
groups on six membered rings and, therefore, to the properties of glucose and galactose.

The first page of Barton's paper (Figure 3.3), is the prediction of what can be
expected about the conformational isomers shown in Figure 3.5, an expectation that
Barton informs us comes from Odd Hassel. We quote the critical sentence in Barton's
paper:

Thus it has been shown’ that monosubstituted cyclohexanes adopt the
equatorial conformation (Ila) rather than the polar (axial) one (1ID).

The two isomers in Figure 3.5 are stereoisomers that can be rapidly changed into
one another by motions around bonds and therefore are conformations (footnote 1 in
Barton's paper (Figure 3.3)). The word rapid hardly describes the time scale involved
in the process. A fraction of a millionth of a second is more than enough for multiple
exchanges back and forth between the two conformations.

What Hassel published in 1947 and what Barton is reminding us about in the
sentence quoted above is that the conformational diastereomers in Figure 3.5 differ
greatly in their stability. The equatorial conformation on the left in both presentations in
Figure 3.5 1s greatly preferred, that is, has a lower energy. Although the two
conformations are changing back and forth into each other rapidly, if one could stop the
clock and look at the ensemble of molecules, at the array of molecules in the sample,
you would find that overwhelming numbers are in the form of the equatorial
conformational isomer.

In Figure 3.7 the structures of B-D-glucose and a-D-glucose are reproduced on
the left and their conformational isomers on the right. From Hassel's finding and all
discussed above, the structures on the right would be of higher energy, that is, unstable
compared to those on the left - too many axial hydroxyl groups in the conformational
isomers on the right. This means that in a sample of a large number of these molecules,
only a minute fraction of these molecules would exist as the conformations shown on the
right. Given the choice, the ring will flip so that a group that is pendant to a six-
membered ring will move into the equatorial conformation. We now can begin to
understand the difference between glucose and galactose.

In the light of this discussion the difference between B-glucose and B-galactose is
seen as the difference between an equatorial and an axial hydroxyl group on one of the
carbon atoms of these otherwise identical sugar molecules (Figure 3.1). As Barton
discussed (Figure 3.3), Hassel's experiments had shown that an equatorial group
pendant to the cyclohexane ring is more stable than an axial pendant group. Barton and
Hassel would immediately have predicted that the more stable of these two
diastereomers is glucose. Now the question arises: so what if the six membered ring



structure of glucose is more stable than the comparable ring of galactose? Why should
that have anything to do with the health of a newborn?

GH . OH
HO © T G‘HD
HO OH =
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f-D-glucose

a-D-glucose

FIGURE 3.7
Ring flipping of the chair forms of p and a-D-glucose.

PROBLEM 3.13

In comparing the conformational structures in Figures 3.5 and 3.6, redraw the structures to discover how the atoms of
n-butane find parallel in some of the atoms in the methyl cyclohexane structure.

PROBLEM 3.14

Describe the basis of the strain that causes equatorial methyl cyclohexane to be favored over the axial isomer.

PROBLEM 3.15

I'n Figure 3.6 three conformational isomers of n-butane are shown as Newman projections. Are there other
conformational isomers not shown here and if so present these isomers as Newman projections, assign each one to the
designation, eclipsed, anti and gauche, and predict their relative energies, showing which isomers suffer from torsional
and/or van der Waals’ strain.

PROBLEM 3.16

Why are there two gauche butane interactions for axial methyl cyclohexane although the Newman projection in Figure
3.5 shows only one?



PROBLEM 3.17

Explain why only one of the eclipsed forms of n-butane is chiral.

PROBLEM 3.18

The gauche conformation of n-butane shown in Figure 3.6 is chiral. However, the two enantiomers form a rapidly
exchanging racemic mixture. Explain this statement. Does this rapid exchange between mirror image conformations
apply also to one of the eclipsed forms of n-butane?

PROBLEM 3.19

(a) Explain the fact that although o and B-D-glucose differ by the configuration of a single OH group, which is
equatorial in B-D-glucose and axial in a-D-glicose, a ring flip can not interconvert these diastereomers.

(b)Explain the fact that although D-glucose and D-galactose differ by the configuration of a single OH group, which is
equatorial in B-D-glucose and axial in a-D-galactose, a ring flip can not interconvert these diastereomers.

(c) Contrast your answers to (a) and (b) with the fact that a ring flip can interconvert the two diastereomers that differ
by an equatorial and an axial CH3 group in Figure 3.5.

PROBLEM 3.20

Are glucose and galactose configurational or conformational isomers and why? Answer this question o for and B-D-
glucose. Are the conformational isomers shown in Figure 3.5 for methyl cyclohexane, diastereomers or constitutional
isomers?

PROBLEM 3.21

Give several examples of two molecular structures that are configurational diastereomers and several examples of two
molecular structures that are conformational diastereomers. For each isomeric set, show the change necessary for
their interconversion.

3.6

L GH GLUCOSE IS A SIX-MEMBERED RING of five carbon atoms

a ygen atom the ideas discussed in sections 3.2 to 3.5 apply just as

well. Glucose takes a chair conformation with equatorial placement of all the
pendant groups in the B-isomer.
We learned that axial and equatorial pendant groups can exchange positions by a



flipping of the ring (Figure 3.5). Would it be possible to convert galactose into glucose
by a conformational motion, to convert the axial hydroxyl group in galactose to the
equatorial position, as this group exists in glucose (Figure 3.1)? The answer is clearly
no. Although flipping the ring would convert the axial hydroxyl group, which is causing
the difference from glucose, into an equatorial position, such a flip would cause all the
other equatorial pendant groups in galactose to become axial making the situation even
worse in forming a molecular structure of even higher energy (Figure 3.8).

Converting galactose into glucose requires a chemical change in which bonds are
broken and remade. Such a change is not a conformational change but rather a
configurational change, a change that can not be accomplished simply by twisting about
bonds but instead must involve breaking of bonds.

The kinds of twisting motions involved in conformational motions, such as in
Figure 3.5, involve far smaller energy changes than the breaking of chemical bonds and
therefore, bond breaking is far slower, more difficult. Changing galactose into glucose
is not easy and in fact this is why an enzyme is necessary to catalyze the process, to
lower the energy of activation for the process, to lower the energy that is otherwise
necessary to accomplish the change. We’ll learn more about energy of activation in
Chapter 6 (section 6.11) but when the energy of activation is too high, when the required
enzyme 1s not available, or is unable to do its job because of a biochemical
abnormality, galactosemia follows.

HO
HO OH OH

p-D-galactose B

FIGURE 3.8
Ring Flipping between Chair Forms of B-D- Galactose

We've seen diastereomers of glucose, over and over again in Figures 1.1, 1.3, 1.4
and 1.6, which are configurational rather than conformational. a and B-Glucose are
configurational diastereomers. You can not change one into the other by flipping the six-
membered ring. Try it and convince yourself. To interconvert o and B-glucose a
chemical bond has to be broken and then remade. In other words, the interconversion of
a and B-glucose requires a chemical change, the making and breaking of chemical
bonds.

In summary, a chemical change is necessary to interconvert the diastereomers o
and B-glucose and a chemical change is necessary to interconvert the diastereomers



glucose and galactose. However, while a and B-glucose are necessary for life’s
functions, galactose is deadly to life. When the interconversion from galactose to
glucose is blocked a deadly disease ensues. What makes galactose so deadly! To
answer this question, it would be helpful if we learn more about sugars in general and
glucose in particular.

PROBLEM 3.22

Use a set of ball and stick models to explore the strain necessary in the conformational changes necessary for flipping
a cyclohexane ring.

PROBLEM 3.23

Flipping methyl cyclohexane is an easy conformational motion that can take place millions of times a second while
flipping of galactose or glucose is so difficult as to not occur. Why?

PROBLEM 3.24

Equatorial groups, such as three methyl groups, in alternate positions along a cyclohexane ring, such as in positions 1, 3
and 5 all point in the same direction. By pointing in the same direction is meant pointing either above or below the
approximate plane of the ring. While three methyl groups in positions 1, 2 and 4 can not all point in the same direction
unless one is axial. Draw structures to support this statement.

PROBLEM 3.25

Why is a cyclohexane ring with methyl groups all pointing in the same direction and located at positions 1, 2 and 4
easier to flip back and forth than a cyclohexane ring with methyl groups pointing in the same direction at positions 1, 3
and 57

3.7

GAR IS LONG KNOWN TO HUMAN BEINGS. It is reported that when
t rsians invaded India 500 years before the birth of Christ they

discovered the reed which gives honey without bees. Apparently the Persians
greatly appreciated the taste because about 1200 years later when the Arabs invaded
Persia sugar cane was growing in what is now Iran and a technology existed for
extracting the sweet principle of the plant, what we now know to be sucrose (Figure
3.9). You can note in Figure 3.9 that sucrose consists of two different carbohydrate



molecules bonded together and that the one on the left looks like a unit in starch (Figure
1.1), a unit based on D-a-glucose. The carbohydrate on the right is D-fructose, which is
not a six but rather a five-membered ring. We’re going to see in Chapter 8 that D-
fructose plays a critical role in the catabolism of glucose.

War follows war and after another approximately 500 years, European Christian
crusaders returning from their battles talked of a new spice they'd come across, which
led to a large increase of sugar consumption in Europe. Production of sugar increased
over the intervening centuries while the price of sugar fell. In the fourteenth century
sugar is reported to have sold in current prices in the range of $50 a pound - quite a bit
more than we pay now. In fact it was so expensive that only nobility could afford it and,
in an ironic twist, it seems that rotten teeth came along with great wealth, quite a change
from today. Having rotten teeth, shown by a mouth full of black teeth, was a sign that
you were wealthy and in fact people were said to be proud of their black teeth, which
makes me wonder about tooth aches in those days. That must have been the time when
sugar's effect on dental health first manifested itself by excessive consumption.

Getting used to sugar caused great difficulties for the French during the
Napoleonic Wars of the 1800s. Their source of sugar was the West Indies, and British
naval power shut down this connection. Moreover, the climate in Europe was not suited
to grow sugar cane. Lucky for the French sweet tooth, a German chemist, Andreas
Marggraf, who was trained in chemistry and medicine to replace his father as chief
apothecary of the court in Berlin, and who made a distinguished career for himself in the
1700s, had discovered in 1747 that sugar could be obtained from beets. This discovery
led to Napoleon's development, many years later, of an industry based on obtaining
sugar from beets, a hardy plant suitable to the European climate. Marggraf is also
credited with discovering glucose in raisins and therefore setting in motion a chemical
interest in this most fundamental of the sugars. However, many years passed until the
chemistry of glucose was finally fully understood.
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FIGURE 3.9

The Chemical Structure of Sucrose

PROBLEM 3.26

Redraw the structure in Figure 3.9 including all atoms and all non bonding electrons. Assign (R) or (S) configuration to
each chiral atom. Test the structure for formal charges and obeying the octet rule.

3.8




HE @ROBLEM CHEMISTS encountered all during the nineteenth century
wi nderstanding sugar, and glucose in particular, arises from the

complexity of the structures (Figures 1.1 and 3.9). Although the formula for
glucose was early determined to be CcH;,Og, chemists were faced with the question of

how the carbon atoms were arranged. The structures in Figure 1.6, when we were first
introduced to the i1dea of constitutional i1somerism, show how the same number of
carbons can be arranged in different ways in molecules of identical formula. Chemists
asked how the six carbon atoms in glucose were arranged.

The answer to this question arose by using chemical reactions that transformed
glucose into related molecules in which the six carbon atoms were discovered to be
arranged in a row, just as in the isomer of hexane that boils at 69° C shown in Figure
1.6. Chemists then assumed that the six carbons in glucose were also in a row, that is, in
a linear arrangement.

This was the classic comparative approach taken to understanding the structures
of new chemical compounds: use a chemical reaction to convert a molecule that was
understood, or thought to be understood, into the new unknown molecule or a molecule
derived from the unknown molecule and then assume that the two molecules shared a
common structural feature; convert the molecule of unknown structure into a molecule of
known structure, which also indicated a shared common feature - at least until proven
otherwise. And proven otherwise was not uncommon in those early days when
structural uncertainty was common.

Structural problems, especially of complex molecules, which are now solved
almost instantly by the methods discussed in Chapter 2, could take decades to come to a
firm structural conclusion using comparative methods. We have the classic examples of
Hassel's electron diffraction experiment on cyclohexane (section 3.3) and Bijvoet's x-
ray scattering in the determination of enantiomeric structure (section 1.12) of how
technological advances continue to play a critical role in advancing the chemical
sciences.

The six carbon atoms making up glucose are not bonded to fourteen hydrogen
atoms as in normal hexane (n-hexane Figure 1.6) but rather to twelve hydrogen atoms. In
addition, glucose has six oxygen atoms bonded to these six carbon atoms. How in the
world was all this arranged? Eventually it was determined that five of these oxygen
atoms made up five hydroxyl groups, OH, and one each of these hydroxyl groups was on
each of five carbon atoms. The sixth oxygen atom differed. The carbon atom to which it
1s attached is in an oxidized state. What's that?

We've seen how oxygen can be in an oxidized state in Figure 1.8 where we find



the grouping of atoms H-C=0 and in Figure 1.9 where we find a grouping of atoms HO-
C=0. The former is a grouping designated an aldehyde group, while the latter is the
arrangement of atoms corresponding to a carboxylic acid. Eventually chemists
determined that the sixth oxygen atom, the one not part of a hydroxyl group, was part of
an aldehyde group, H-C=0.

When oxygen is bonded to carbon, the fewer hydrogen atoms bonded to that same
carbon atom the higher the oxidation state. We, therefore, order the following
arrangements from lower oxidation state to higher oxidation state: (refer to the table of
functional groups in the inside cover of the book) hydroxyl; aldehyde; carboxylic acid.
Any chemical reaction that causes a change to a higher oxidation state is an oxidation
while change to a lower oxidation state is a reduction. We’ll see many examples of
oxidation and reduction reactions in the course of studying organic chemistry. Much
more will be said about oxidation and reduction as we go further into the book.
However, now something has to be said about the concept of functional groups in
organic chemistry, which is the subject of the next section.

PROBLEM 3.27

Making certain to introduce no formal charges and obeying the octet rule, propose as many structural isomers as you
are able to for the formula of glucose, C¢H[2O¢, but rejecting all possibilities that are not chiral, a characteristic of

glucose demonstrated by the experimental observation of optical activity.

RRY

MISTS IN THE NINETEENTH CENTURY had realized that certain

grOmeigs of atoms within a molecule, such as shown on here to here of

the book, were what are called functional groups: hydroxyl, aldehyde, carboxylic
acids among many other arrangements of atoms we will be coming across are just three
of numerous functional groups found in organic molecules.

The value of recognizing certain arrangements of atoms as a functional group is
that chemists have learned by long experience that a functional group has similar
properties no matter what structure it is part of. For example, the hydroxyl groups (OH)
in glucose or in cellulose or starch or for that matter ethanol, CH;CH,OH, or

cholesterol or estradiol (Figure 5.1 and 5.2) behave in a similar manner, have similar



chemical properties and therefore allow predictions of physical-molecular
characteristics and chemical reactions—very useful indeed. We'll introduce more
functional groups as you need to know about them.

PROBLEM 3.28

Go back through the text up to this point and list the names and structures of every functional group shown. Compare
your findings to the page of functional groups In the inside cover of the book.

3.10

T
to

FIRST PROBLEM IN SOLVING THE STRUCTURE of glucose was

erstand its cyclic structure.

Eventually, chemists in the nineteenth century determined that the arrangement of
atoms in Figure 3.10 corresponded to the overall structure of glucose, which you'll
notice does not resemble the structure you first encountered for glucose in Figure 1.1. In
fact, it soon became apparent to those nineteenth century researchers that the structure in
Figure 3.10 can not be the whole story, can not completely describe glucose. Even more
difficult problems stood in the way of a complete understanding of this molecule, a
rather important molecule considering it is nature's choice as the receptacle of the sun's
energy responsible for life on earth.

There were two general problems that arose from the structure of glucose
determined by the decades of effort made in the nineteenth century (Figure 3.10).

The first is an experimental problem. In a surprising finding, a chemist working at
the end of the nineteenth century, C. J. Tanret, a Finnish chemist interested in natural
materials, was able to isolate two highly purified crystalline forms of natural glucose
with different optical rotations (section 1.10). Usually when the optical activity of a
pure chemical dissolved in a suitable solvent is measured the value does not change
with time.

But in the situation of dissolving one or the other crystalline forms of glucose in
water the optical activity ([a]p) slowly changed from the initial value. The initial value

for one of the isomers, which we now know to be a-Dglucose (Figure 1.7), is +112.2°



and changes slowly over a period of hours to +52.6° and the initial value for the other
isomer, which we now know to be B-D-glucose (Figure 1.6), changes slowly from
+18.7° also to +52.6°. This long known slow change of the optical activity of glucose
solutions in water is called mutarotation.

OH OH O

OH OH OH

FIGURE 3.10

Basic Connections between the Atoms In Glucose In Two Dimensions

The two forms of glucose came to be called a and B, although no one knew how
these 1somers differed. Over the early years of the twentieth century, chemists gradually
came to realize that these were six-membered ring isomeric structures, which slowly
interconverted in aqueous solution. The formula for both isomers was identical to that of
the molecule that glucose was thought to be, CcH;,04, which 1s the open form shown on

the left in Figure 3.11 (although the stereochemical information shown in this figure was
not known at that time).

It is now known that glucose exists almost entirely in the six-membered ring
structure, which when dissolved in water undergoes opening and closing, a process that
allows a molecule of a-glucose to change into a molecule of B-glucose and vice versa
(Figure 3.11). This bond breaking and making allows the configurational change to
interconvert o and B-glucose (configurational diastereomers). At any instant, each of the
uncountable numbers of molecules in a solution in water are in either of the closed
forms, a or B-glucose, with each 1somer occasionally changing into the other through an
open form. This is the source of the slow change in optical rotation, which is known as
mutarotation. Finally an equilibrium state is reached where although the two forms are
still interconverting, the ratio of the two remains constant. This ratio determines the
final optical activity, 52.6°.
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FIGURE 3.11

Ring Opening and Closing Mechanism for Mutarotation in D-Glucose

The open form only exists for a very short period of time. It is an intermediate
state between the more stable closed forms. It is a transitory state between the closed
forms of glucose.

PROBLEM 3.29

Pure -D-glucose has a specific rotation of +112°, while -D-glucose has a specific rotation of +18.7°. If either of these
forms of glucose is dissolved in water the specific rotation changes to a value of +52.7°, which does not change
further. Describe what is happening in quantitative detail.

PROBLEM 3.30

Explain how the diastereomeric change between axial and equatorial positions on a six membered ring that is pointed to
in problem 3.29 takes place without a conformational motion.

3.11

TRVAS REALIZED THAT GLUCOSE, as known in the 1880s in the open
(Figure 3.11), was a molecule in which isomerism had to play a large
role. Why?



Glucose has six carbon atoms, which are numbered in Figure 3.11. Only carbon
atoms 2, 3, 4 and 5 in the open form with four different groups around each of these
carbon atoms are capable of isomerism. As we've seen, the difference between D-
glucose and D-galactose arises from isomerism of carbon 4 (Figure 3.1). The source of
this isomerism is the positions of two of the four different groups on carbon-4, the H and
the OH.

Glucose is a great deal more complicated than tartaric acid, a molecule that only
has two carbon atoms capable of isomerism. Moreover, both of these carbon atoms in
tartaric acid are identically substituted (Figures 1.8 and 1.9). This is not the situation in
glucose. All the isomeric carbon atoms in the structures of the open forms of glucose
(Figures 3.10 and 3.11) differ from each other. If you inspect the groupings around each
of the four carbons in the structure you discover that each carbon is differently
substituted. A carbon NMR spectrum of either or B glucose will show six different
chemical shifts, which will be different for each diastereomer (problem 2.12, section
2.4).

In a general rule for the situation in glucose or other molecules with multiple
carbon atoms, which differ from each other each, with four different groups, the number

of isomers can be shown by the methods of statistics to be 2". In glucose, n = 4 for the
four carbon atoms that can contribute to isomerism in the open form. Theoretically there
should therefore be 16 isomers.

Which one of the 16 is the glucose found in nature? The answer to this question
and many other questions about glucose and about other sugars comes from the work ot
one chemist, Emil Fischer. It's not that other chemists were not involved in the
important problem of figuring out the structural mysteries of the stereoisomers of
glucose, it is simply that Fischer did the experiments that put the whole story together. In
fact, Fischer, in a tour-de-force of chemical research leading to the award of the Nobel
Prize in 1902, (the second Nobel Prize given (the first was to van't Hoff (section 1.11))
was able to bring order to the structures of the various carbohydrates and to sort out
these stereoisomeric possibilities for glucose.



Emil Fischer.

Starting from small molecules using chemical reactions he had discovered and
perfected, Fischer synthesized all sixteen of the glucose isomers. Imagine that he had
these 1somers in sixteen separate flasks on his laboratory bench, each with their
individual melting and optical activity properties. Your imagination is probably close to
the truth.

The first step in Fischer's success in connecting the physical samples to
stereochemical structures depended on his finding a way of representing the possible
structures in an orderly manner (Figure 3.12).

Fischer created these two dimensional representations of the three dimensional
reality of the molecular structures to be able to easily see the complex stereoisomeric
issues he was dealing with. He could manipulate these projections in his mind as long
as he followed certain rules. These rules can be understood from inspection of the
Fischer projections of the tartaric acid stereoisomers in Figure 1.9. By comparison of
the three dimensional structural models in Figure 1.9 with the Fischer projections one
can determine that the backbone carbon chain must be vertical and that the horizontal
groupings pendant to the backbone are coming out of the page toward the viewer. This
means that the projections must not be turned over. The only movement possible is that
of rotating the projection in the plane of the paper by 180 degrees.

When Fischer created the representations of the stereoisomeric possibilities for
glucose shown in Figure 3.12 the cyclic structures of the sugars were not clear, and
certainly not understood. Nevertheless, representing the various sugars as open chains
in his projections led to no disadvantage. As Fischer gradually was able to assign the
particular chemical samples on his laboratory bench, each with their melting and optical
activity properties, to the various stereoisomeric representations in Figure 3.12, the ring
structures would later be defined as well because there is a unique relationship between
each of the stereoisomers in Figure 3.12 and its cyclic form. Once the stereochemistry
of the open form is known the structure of its closed form is known as we’ve seen



already in Figure 3.11.

CHO CHO CHO CHO CHO CHO CHO CHO
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L-allose L-altrose L-glucose L-mannosa L-gulose L-idose L-galactose L-talose
Melting point (oC)
128 103 146 133 syrup syrup 167 120

FIGURE 3.12

Fischer Projections for the Sixteen Stereoisomers, Eight
Diastereomers each with an Enantiomer, One of Which is D-Glucose

Fischer's projections are a perfect example of the use of models, but hardly the
first. For example when van't Hoff and Le Bel came to understand the role of tetrahedral
carbon in isomerism, van't Hoff made paper models and sent them to leading chemists of
the day greatly helping the acceptance of these ideas and greatly advancing his own
career by having chemists accept his ideas. We've seen the opposite of that happening in
the story of Hermann Sachse (section 3.2) who presented his insights into the structure
of cyclohexane in a mathematical rather than a visual format. Nevertheless, there was a
problem facing Fischer, which could not be resolved even given his exceptional skills
and insights. It was a problem that was impossible to solve at the time and would have
to wait for the work of Bijvoet we discussed in section 1.12.

Fischer realized at the beginning of his investigations that although he could
distinguish stereoisomers that were not mirror image related, that is, diastereomers, he
could not distinguish mirror image stereoisomers. There was no experimental technique
available at that time. Certainly enantiomers gave rise to opposite signs of optical
activity, as we've noted with the d, I nomenclature (section 1.10 Figure 1.9) but there



was no way to connect these signs with a chemical structure. It would be many years,
more than a half century, before Bijvoet (section 1.12) discovered how scattering of X-
rays could be modified in order to distinguish enantiomeric crystals.

So, the first task Fischer faced required that he make a decision. He had two sets
of eight diastereoisomeric possibilities, the mirror image sets in Figure 3.12, and
knowing he could not distinguish one set from the other by the experiments he was going
to use, he arbitrarily chose one of the sets to consider, the one on the top of Figure 3.12.
He realized that whatever physical properties he assigned to each of the structures in the
set he chose, the mirror image molecule he was not considering would have the
identical physical property. The only difference would be in the sign of the optical
rotation.

Although Fischer's experiments could not distinguish mirror image isomers, he
could distinguish the eight diastereomers from each other within one mirror image set.
The set of eight diastereomers he chose were eventually designated D-sugars (Figure
3.12). In every one of the eight diastereomers within these D-sugars, the hydroxyl group
on the next to the last carbon from the bottom of each stereoisomer in the set, as he
wrote his projections, and as presented in Figure 3.12, was to the right. In the set he did
not consider, the equivalent carbon had the hydroxyl group to the left and this set came
to be designated L.

Fischer realized that if the single structure his experiments led to as natural
glucose was, in fact, the mirror image of natural glucose, if his choice of the top set in
Figure 3.12 instead of the bottom set, had been wrong, then chemists who followed him
could simply replace their structural diagrams with mirror image diagrams. But, as
we've seen, when Bijvoet carried out his experiments (section 1.11) it turned out that
Fischer's guess was correct. The glucose found in nature was in fact one of the eight
diastereomers on the top of Figure 3.12, therefore D-glucose.

PROBLEM 3.31

There are sixteen stereoisomers shown in Figure 3.12 for the non-cyclic structures of these constitutionally identical
sugar molecules. If the cyclic forms were used, how many stereoisomers would be possible?

PROBLEM 3.32

Use the structures of the glucose stereoisomers to test the formula for calculating the number of isomers as 2™ where
n designates the number of chiral carbon atoms. Does the formula work for tartaric acid and if not why?

PROBLEM 3.33

Why are the structures in figure 3.12 designated as pairs of isomers? How many pairs of isomers and what kinds of
isomers are there in this figure?

PROBLEM 3.34



Assign (R) and (S) configuration to each stereocenter in the open forms of the sugars in Figure 3.12 and then use this
information to assign axial and equatorial groupings to drawings of the chair conformations of the cyclic forms of these
sixteen sugar molecules. Ignore the stereocenter at the carbon atom that was derived from the aldehyde group in each
structure. Remember that each horizontal bond in these Fischer projections rises out of the page.

PROBLEM 3.35

Why do Fischer projections lose their meaning in translation to three-dimensional structures when rotated 90° but not
180°?

PROBLEM 3.36

Why are there only eight experimental parameters shown in Figure 3.12.

PROBLEM 3.37

Why is the unique use of glucose over all other diastereomers shown in Figure 3.12 an obvious choice by nature while
unique use of the D over the L isomer rather than the L over the D isomer is a mystery?

PROBLEM 3.38

Imagine the figurative experimental problem faced by Emil Fischer. He looks at a laboratory bench containing eight
vials, each with a substance, two of which are syrups and six of which are crystalline (Figure 3.12). Because of the
synthetic source of these samples, which he knows because the work was done in his own laboratory by his students,
he knows that each sample represents a pure substance of what he has designated the D series. The purity represents
not only chemical purity, but also diastereomeric purity and enantiomeric purity. Now which vial corresponds to which
Fischer projection? If at some point in your life you want to know how he did it, you can find the information in many
textbooks and as well via Google on the web under the heading: Fischer's proof of the structure of glucose.

3.12

LL THESE eight diastereomeric possibilities for the basic
stru®turd 1s glucose chosen? Why does D-glucose alone of all the

stereoisomers in Figure 3.12 play the central role as we've seen in Figure 1.1 in the
formation of both starch and cellulose, and as the only sugar taking part in the
biochemical mechanisms responsible for supplying energy and the building blocks for
life processes? In fact D-glucose in all the forms in Figure 1.1, polymeric or not, is the
most abundant organic molecule on earth, estimated to be more than 50% of the dry
biomass on the earth.



Why did evolving life processes select only glucose of all the eight
diastereomeric possibilities shown in Figure 3.12 to be created by the action of light
acting to combine carbon dioxide and water, in what we call photosynthesis? There is a
clue. Inspection of Figure 3.12 shows that there are only three stereoisomers of D-
glucose that differ from it by change of R and S at a single carbon, D-galactose, D-
mannose and D-allose. D-galactose and D-mannose are the only two stereoisomers of
glucose that participate in our biochemical processes when we, respectively, drink milk
or milk products and when we eat meat. However, in the absence of disease, enzymes
erase the difference between these carbohydrates and D-glucose.

The other stereoisomer of D-glucose that differs from D-glucose by a single
change between R and S is D-allose, which although found in nature, is quite rare, and
which certain microorganisms are capable of converting to D-fructose. But allose 1s not
a sugar found in our systems.

All the four remaining D-carbohydrates, D-altrose, D-gulose, D-idose and D-
talose are not found naturally. These sugars could only be converted to D-glucose or D-
fructose by interchanging R and S at more than a single carbon - a bigger job and one
apparently Nature does not take on.

Throughout Chapters 1 and 3 we've seen that D-glucose exists in a cyclic form.
Figure 3.13 presents the six-membered structures that are formed in the ring closing of
the D-carbohydrates in Figure 3.12. Let’s focus for now, however, only on carbon
atoms 2-5 in each of the sugars, the carbon atoms for which stereochemical change can
not occur by ring opening and closing. The stereochemical configurations (R) or (S) at
these carbon atoms are invariant within each diastereomer in contrast to the
stereochemical configuration at carbon-1, the o or [ configuration, which canbe
changed by ring opening and closing, as in mutarotation (Figure 3.11).
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Chair Forms for Eight Diastereomers, One of which Is D-Glucose

In every sugar where the configurations at carbon atoms 2-5 differ from D-glucose
as seen in comparing Figures 3.12 and 3.13, the pendant groups on these ring carbon
atoms will take an axial instead of an equatorial position. And, the three to one ratio of
equatorial to axial pendants in allose, mannose, and galactose in the conformations
shown would disfavor flipping to the other chair form to escape the higher energy of the
axial pendants. Moreover, in altrose, gulose, iodose and talose there are equal numbers
of equatorial and axial pendant groups on C2 to C5 in both chair forms, making this



conformational change more likely since it would simply switch equatorial to axial as a
price for switching axial to equatorial.

Whatever conformational motions these eight diastereomeric sugars may undergo,
axial pendant groups on six-membered rings cause the ring to be less stable, as we’ve
discussed in detail in sections 3.3, 3.4 and 3.5, and glucose as shown in Figure 3.13 is
the only one of the eight diastereomers with the possibility of all equatorial pendants in
a single conformation. Glucose therefore has the most stable closed form of all the
diastereomers shown in Figures 3.12 and 3.13.

The structures in Figure 3.13 and the absence of an axial group on the fixed
configuration carbons of D-glucose, C2-C5 (Figure 3.12), make it difficult to see
glucose as anything but the fittest molecule - demonstrating Darwinian evolution at the
molecular level. And this favoring of glucose over all the other seven diastereomers can
not be understood without knowing that these sugars tend to form a six membered ring
structure. In the absence of the ring, the configurations at carbons 2-5 in glucose would
have no advantage over the other seven diastereomers.

Emil Fischer determined which diastereomer is glucose without using the
information that the sugars form rings, let alone anything about the nature of those rings
and the concept of axial and equatorial. Yet if given this problem today we could have
predicted which diastereomer was glucose because it is the one that forms the most
stable ring structure. Add this to Fischer’s lucky (?) guess of which enantiomer was
natural glucose, D in his nomenclature. Professor Fischer was prescient on all counts.

All this bring us back to galactosemia. Ring formation in the seven other
diastereomers is less favorable than in glucose because of the presence of one or more
axial pendant groups. In the array of molecules in aqueous solution, in blood for
example, the proportion of molecules in the closed form would be largest for glucose.
The open form of the sugar, which we’ve seen in Figure 3.11 as responsible for the
mutarotation, would be more favorable in the other diastereomers where the closed
form 1s destabilized by axial pendant groups.

We are almost ready to understand galactosemia but first must be understood the
chemical nature of the aldehyde functional group, which is exposed in the open form of
all the sugars in Figure 3.13 and therefore least accessible for undergoing chemical
reactions in glucose. In glucose, the highly favored cyclic form ties up the aldehyde
group as part of the ring structure. Now we have a clue as to the molecular source of
galactosemia.

PROBLEM 3.39

Why does D-gulose exist with two axial pendant hydroxyl groups in either possible chair conformation? Ignore the OH
group from carbon-1.



PROBLEM 3.40

Gulose will exist in aqueous solution as a mixture of configurational and conformational diastereomers as well as a pair
of constitutional isomers. Show all these structures including equilibrium arrows designating the interconversions among
them.

PROBLEM 3.41

Would ring flipping from the chair forms shown in Figure 3.13 increase the stability of any of the diastereomers and if
so which would benefit most? Ignore the OH group from carbon-1.

PROBLEM 3.42

Would the idea that D-glucose is an example of Darwinian evolution hold up as well if natural glucose had been the L
isomer: and if so, why?

PROBLEM 3.43

Would it not have been better if evolution had constructed mothers’ milk entirely from glicose? Can you find any
advantage in the use of galactose?

PROBLEM 3.44

How would the proportion of the open form of the sugar, with the aldehyde group exposed, be related to the axial
versus equatorial placement of the pendants on the cyclic form and why?

PROBLEM 3.45

Use Newman projections, as used for cyclohexane and methyl cyclohexane in Figures 3.4 and 3.5, to redraw the
structures of several of the sugars shown in Figure 3.13. Use the Newman presentations to evaluate the source of the
instability in these sugars making the approximation that an OH group can be treated as if it were sterically similar to a
methyl group.

ES, SUCH AS THE SIMPLEST ALDEHYDE, formaldehyde,
nd also the aldehyde functional group (CHO)found in all the

diastereomers of CgH17Ogq (Figure 3.12), are two dimensional structures, which

exist, therefore, in one of either the x,y, or the x,z, or the y,z plane, that is, in one plane.
Hybridization of atomic orbitals, which accounted so well for the geometry of four-
coordinate carbon (Figure 1.2) can account just as well for the three-coordinate central
carbon atom in an aldehyde or for that matter any other of the functional groups (section



3.9) featuring a carbon-oxygen double bond (a carbonyl function) such as ketones and
derivatives of carboxylic acids, which we’ll come across later in the book.

The orbital picture for formaldehyde, which applies to any carbonyl compound, is
shown in Figure 3.14 where we observe that rather than mixing 2s, 2p,, 2p, and 2p,

leading to sp> hybridization and tetrahedral bonding we instead leave one of the p
orbitals out of the mix. For the representation of the structure in Figure 3.14, which finds
all the atoms directly connected to the central carbon of the aldehyde in the xz plane, the
py orbital is not hybridized. The mix of the second quantum level p,, p, and s orbitals

forms three hybridized sp? orbitals.
The result of the sp? hybridization allows three bonds to form between the central

carbon of the aldehyde group with its three sp? orbitals and the three connected atoms,
the oxygen, and the two other groups, which in any of the sugars in Figure 3.12 would be
a hydrogen atom and carbon-2 of the sugar.

In formaldehyde, as shown in Figure 3.14, the carbonyl carbon is bonded to two

hydrogen atoms and the necessary oxygen atom. All three sp? bonds must exist in the xz
plane as shown in Figure 3.14 as required by the use of the p, and p, orbitals in forming

the hybrid orbital sp? orbitals.

In the sp® hybridization of tetracoordinate carbon the four bonds formed a
tetrahedral array with ideal bond angles, which allowed the greatest separation between
the four bonds, a separation required by the fact that each bond contained two electrons,
with these electron pairs repelling each other (section 1.4). Driven by the repulsion of

the electron pairs in the three sp? bonds, the greatest separation between the three bonds
in a plane would occur in a trigonal array with bond angles of 120 degrees. And these
indeed are the bond angles found by experiment between the atoms connected to a
carbonyl carbon.

The three bonds arising between the central carbon atom of the carbonyl group
and the surrounding atoms are similar in nature to the bonds formed in tetracoordinate
carbon, that is, sigma (o) bonds. In this bonding situation there is maximum overlap
between the orbitals forming the bond as shown in Figure 3.14. Such overlap allows the
highest bond strength because the electron density in the bond penetrates maximally to
the positively charged nuclei. The bond between the sp? hybridized carbon and the
carbonyl oxygen atom is, however, a double bond. One bond of the two is a ¢ bond as
just described. The second bond of the double bond is an entirely different kind of bond,
a weaker bond, termed a pi () bond.
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Atomic Orbitals and Hybridized Orbitals for the Carbon and Oxygen
Atoms Forming a Carbonyl Group, Applied to Formaldehyde
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If the oxygen atom is also hybridized sp?, as is the carbon it is bound to, then the
eight electrons will be distributed as shown in Figure 3.14: two electrons in the 1s

orbital; one electron in the Py orbital; and one electron in one of the three sp? orbitals.

The two remaining sp? orbitals would contain two electrons each, two lone pairs of



electrons (section 1.5). The single electron in the sp? orbital overlaps in a ¢ bond with

the central carbon sp? bond.
The single electron in the p, orbital on oxygen can not overlap in a ¢ bonding

relationship with the single electron in the p,, orbital on the carbonyl carbon. The two p,

orbitals, one on oxygen and the other on carbon, do not lie along a line but rather are
parallel to each other and separated at their regions of maximum electron density at the
position of the two atoms forming the bond. This picture is shown in Figure 3.14. The
poorer overlap arising from the © bond that forms gives the carbonyl group its special
reactivity to be discussed shortly.

Another factor contributes to the properties of the carbon oxygen double bond in
addition to the poor overlap of the m bond, electronegativity (section 1.4), which was
shown to play a role in chemical shifts in both proton and carbon NMR (section 2.4).
This difference in electronegativity between carbon and oxygen is the basis of a bond
dipole between the carbon and oxygen atoms of the carbonyl group. The bond dipole
represents an unequal distribution of the electrons in the bond. Electron density is
attracted away from carbon and toward oxygen further weakening the bond between
these atoms.

Tables of electronegativity can be widely found on the web by searching under
electronegativity where it can be seen that the electronegativity of carbon is less, around
2.5, than the electronegativity of oxygen, around 3.4. This is consistent with the general
trend of increasing electronegativity as one moves from left to right in the same row
across the periodic table, a concept that is learned at the very beginning levels of the
study of chemistry.

HE @.OSS OF ELECTRON DENSITY at the carbon atom end of the
ca yl group arising from the electronegativity difference between

carbon and oxygen discussed in the last section, acts to attract electron-rich
moieties to interact with this carbon atom. Such electron-rich entities are given the name
nucleophiles for seekers of the nucleus, seeker of the positive. The seeker of the
electron-rich, on the contrary, is called an electrophile. Much more use will be made ot



these terms and their wide application in organic chemistry in later chapters.

A typical reactivity pattern always follows from the weak m bond and the bond
dipole in carbon oxygen double bonds, which can be applied to a wide range of
chemical reactions at carbonyl carbon. This pattern of reactivity is responsible for the
formation of the closed form of glucose, and for a myriad of other chemical reactions,
which we’ll come across as study of the subject of organic chemistry moves ahead.

An electron rich group, the nucleophile, adds to the carbonyl carbon, the
electrophile, with a breaking of the m-bond of the carbonyl group. For example, the ring
closing of sugars occurs via the oxygen of the hydroxyl group at C-5, which is a
nucleophile, with the four nonbonding electrons (electron rich), acting as the moiety
attacking the electron poor carbonyl carbon, C-1, of the aldehyde group (Figure 3.15).

In Figure 3.15 we come across, for the first time, a way that organic chemistry
expresses a feature of chemical reactivity, the curved arrow. Such an arrow points to
the way we hypothesize, that is, how we believe, a chemical reaction takes place, what
we call a mechanism

Intramolecular nucleophilic attack

FIGURE 3.15

Representation of the Movement of Electrons Involved in the Ring
Closing of D-Glucose demonstrating Nucleophilic Attack at Carbonyl
Carbon

To understand what the curved arrow represents, that is, the movement of pairs of
electrons in the direction of the arrow head we have to look again at sections 1.4 and,
especially, 1.5 from Chapter 1 where the ideas about bonding and hybridization of
carbon were introduced and where the concept of nonbonding electrons was introduced.
Nonbonding electrons are most available for making new bonds. All chemical
reactions, without exception, involve the movement of electrons, requiring a change in
electron density, and organic chemistry reserves the curved arrow seen in Figures 3.15
to show this electron “movement.”
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FIGURE 3.16

Mechanism Involving Water Molecules for the Ring Closing of D-
Glucose

In his classic text "Chemistry of Organic Compounds," written nearly half a
century ago, Carl R. Noller wrote the following sentence: The path that molecules are
assumed to follow in order to account for the various factors on the course and rate
of a reaction is called the mechanism of the reaction.

Carl R Noller

The bold and italicized words are Noller's and the statement is the best I am
aware of to describe what mechanism is. Chemical reactions of all varieties involve the
movement of electrons and because electrons make up the bonds between atoms,
chemical reactions also involve the movement of atoms. Therefore understanding the
idea of mechanism, which is necessary to understand why galactose is a dangerous
sugar in our bloodstreams, must involve understanding chemical bonding and
mechanism.



The reaction shown in Figure 3.15 does not involve the isolated molecule but
rather a water solution and a more fully described mechanism certainly involves water
molecules as shown in Figure 3.16. Here we see that the nucleophilic character of the
hydroxyl group and the electrophilic character of the carbonyl group are both enhanced
by proton transfers with nearby water molecules. There are several variations on how
this can take place. Although we don’t know with absolute certainty the precise motions
of the interaction between the water molecules and the open form of the glucose, we
have chosen a most reasonable one to present in Figure 3.16. Other possibilities are that
the proton transfers occur independently of the formation of the bond between the
hydroxyl group and the carbonyl carbon or variations with mixtures of these two
extremes. There can be a great deal of uncertainty in the extreme details of the
mechanisms of organic chemical reactions.

PROBLEM 3.46

Consider boron trifluoride, which is a molecule in which the boron atom is bonded to three atoms, fluorine in this
situation. Aldehydes are also bonded to three atoms, which in the open form of glucose are carbon, oxygen and
hydrogen. What analogies exist between the orbitals’ arrangement in boron trifluoride and in the aldehyde of glucose
and what differences as well?

PROBLEM 3.47

Explain how the p-orbital not used in the hybridization of orbitals for bonding in boron trifluoride and forming the -bond
in aldehydes determines the plane of the bonding among the atoms.

PROBLEM 3.48

Show how the orbitals involved on both oxygen and carbon lead to the difference between the m and ¢ bonds of the
double bond linking these two elements in the aldehyde functional group. Why is the m-bond only about 2/3 as strong as
the o-bond? Now try to describe the orbital arrangement for ethylene, HyC=CHy>, which forms a similar bond, a

double bond, between the carbon atoms, as the bond between the carbon and oxygen atoms in the aldehyde.

PROBLEM 3.49

What fundamental characteristics of carbon and oxygen and the double bond between them lead to the reactivity of
the aldehyde functional group with electron rich groupings, such as the oxygen of -OH and the nitrogen of -NH2? Why
would such reactivity characteristics differ for a carbon-carbon double bond?

PROBLEM 3.50

Why is there no molecular dipole moment for carbon tetrachloride, CCly, while for methyl chloride, H3CC], a large

dipole moment can be experimentally determined although both molecules have large bond dipoles between the carbon
and chlorine atoms?

PROBLEM 3.51

The reactivity of a carbonyl functional group manifests itself by addition of an electron rich group (a nucleophile) to the

central carbon of the carbonyl function causing the bonding around this carbon atom to change from approximate sp2



to sp3 hybridization with the change in geometry from three to four coordinate. Given this information can you think of
a reason why aldehydes are so much more reactive than ketones? In ketones the central carbon atom doubly bonded
to oxygen is bonded to two other carbon groups instead of, as in the aldehyde, one carbon group and a hydrogen atom.

PROBLEM 3.52

Alkenes such as ethylene, H)C=CH>, a functional group we will discuss in great detail in later chapters, also exhibit a

reactivity associated with the weakness of the bond. Why might you expect that this reactivity characteristic would
differ greatly from that of an aldehyde or a ketone?

PROBLEM 3.53

What does formal charge have to do with atomic number? Use this relationship to show that while aluminum bonded to
four oxygen atoms is negatively charged, silicon bonded to four oxygen atoms is neutral.

PROBLEM 3.54

Propose an alternative mechanism for that shown in Figure 3.16 in which the proton transfers between water
molecules and glucose occur prior to the ring closing step. An intermediate is therefore produced. Draw the structure
of this intermediate including all formal charges. To aid in answering this question and for determining the formal
charges it is best to show all nonbonding electrons on the atoms involved in the reactions.

PROBLEM 3.55

Some ascribe the explosive power of molecules that contain the nitro functional group, -NO», to a functional group

with a formal charge. One example is trinitrotoluene (TNT). Find this formal charge in the nitro group and hypothesize
how this idea connecting formal charge to explosive power could be correct.

PROBLEM 3.56

How might the frequency region around 1700 cm-1 in the infrared spectra of the diastereomers of glucose reveal
fundamental properties of their structure? How might this frequency region differ for glucose versus galactose?

HE BIOCHEMICAL BASIS OF GALACTOSEMIA points to the source of
the®oxicity of galactose as arising from a higher proportion of the open
form of this sugar than for glucose, which means an aldehyde group is available
to react with intermolecular nucleophiles (Figure 3.17). Intermolecular designates



interactions between molecules rather than within the same molecule, for which the
word intramolecular is used (Figure 3.15).

Aldehyde is a highly reactive functional group and aldehydes react with many
functional groups with available electrons, nucleophiles, some of which are commonly
found in vivo, such as, in particular, the amino groups, -NH,, on proteins. Such

uncontrolled reactivity of sugars is given the name glycation in contrast to the controlled
biochemical reactions of proteins with sugars called glycosylation.

Glycation causes disease by altering the structure of proteins in ways not intended
for their normal biochemical function. Glycosylation of proteins is enzyme-controlled,
such as in posttranslational modification of proteins, a biochemical reaction that acts to
expand the functions of proteins beyond the structural capacity of the basic structure of
the protein.

However, the posttranslational modifications of a protein are narrowly
prescribed. Posttranslational modifications of a protein, which are not intended by the
information in DNA, can let loose in the biochemical machinery a substance that can
carry out chemical and physical changes that can damage the organism. Glycation is
such a damaging posttranslational modification and available aldehydes can take part in
such damaging in vivo chemistry.

Intermolecular nucleophilic attack

lysine unit of
a protein chain

FIGURE 3.17

Intermolecular Nucleophilic Attack of the Side Chain Amino Group of
Lysine at the Carbonyl Group of D-Galactose

When ring closing of a sugar leads to a higher energy structure because of the
axial pendant groups that are produced, then the aldehyde group seeks other sources of
electron density, which can be found, among other sources, in the abundant amino
functional groups, -NH,, found 1in proteins (Figure 3.17).

The nucleophilic character of amino groups that makes them available partners for
aldehydes arises from the lone pair of electrons on the nitrogen atom. The nitrogen atom
must surround itself with seven electrons (the atomic number) to avoid a net charge



(section 1.5). InFigure 3.17 an amino group, -NH, is shown as part of a protein

structure. This amino group is bonded to a carbon atom and two hydrogen atoms and
therefore 1s surrounded by three electrons, half of each of the bonds to the two hydrogen
atoms and the carbon atom. Two more electrons from the valence shell must be added to
the two electrons in the first quantum level to make up the seven electrons to avoid a net
charge on the nitrogen and as in oxygen, these two electrons find themselves in a single
orbital, a lone pair of electrons. The lone pair of electrons is shown on one of the
nitrogen atoms in Figure 3.17.

If the oxygen atom on carbon number 5 of the sugar resists closing the ring
because an axial group will be generated, then the lone pair of electrons on the amino
group of the protein (Figure 3.17) may take the opportunity to react with the now
available aldehyde of the sugar, a glycation event. In this manner an unwanted
posttranslational modification of the protein takes place, therefore leading to results
nature did not intend, disease in the form of galactosemia.

PROBLEM 3.57

Write an “essay” using only chemical structures outlining your understanding of the source of galactosemia.

G DEAL IN THIS CHAPTER has been written about axial versus

at bonds on six-membered rings and we've seen that much can be

understood based on the structural insights of Hassel and Barton (Figure 3.3).
The difference between cellulose and starch are equatorial linkages between the
glucose units in cellulose and axial linkages in starch.

It makes sense, doesn't it? If nature needs to construct a macromolecule that will
be most resistant to destruction, a material that 1s used for the construction of trees and
of cell walls in plants, would it not make sense to choose the equatorial linkage
between the glucose units, the more stable of the two possibilities? And if a material
were to evolve from the identical units used in the construction of cellulose but a
material that is designed to ease breaking the units apart so that they can be broken
down in an energy yielding process, does it not make sense to link the units together
with an inherently less stable bond, an axial bond?



There is much involved in the difference between cellulose and starch including
important properties that have to do with how the macromolecular chains are put
together, in the ability of the polymer chains to form crystals. Strong relationships
among the chains in cellulose act to resist breaking down the individual chains because
access by destructive groups, groups that act to break the linkages between the glucose
units have restricted access. If starch is exposed to water, the granules swell while
cellulose under the same conditions resists interacting with water.

Equatorial linkages act together with the equatorial pendant groups on the glucose
units to make an overall more symmetrical structure for the cellulose and therefore
better packing relationships among many chains, which leads to crystal stability. In
general for all of chemistry, crystallization and higher melting points occur for more
symmetrical molecules and macromolecules.

Nature uses this symmetry factor in the opposite direction for starch. The highest
proportion of starch, amylopectin, is not fully linear (not shown in Figure 1.1) but has
branches of linked glucose units going off in all directions. This increases the disorder
of starch, retards crystallization, and increases access of the enzymes designed to break
down the starch to smaller units. In contrast, cellulose chains are unbranched and tend to
be longer than the chains in starch, which means higher strength. In this manner cellulose
1s protected against breakdown both by the stability of the equatorial linkage within the
chains of glucose units and by the crystal stability arising from the symmetry of the all
equatorial relationships and the far larger number of units in each chain arranged in an
orderly linear manner.

There it is.



CHAPTER 3 SUMMARY of the Essential Material

HE ESSENTIAL CONCEPT IN THIS CHAPTER 1is to understand the properties of six
membered rings, first cyclohexane and then, by extrapolation, glucose and its
diastereomers. To incorporate tetrahedral angles in such rings, the rings can not be flat
but must be puckered and the favorable shape is termed a chair form. Such
conformations of six membered rings cause pendant hydrogen atoms or other groups
attached to the carbon atoms of the ring to take an axial or equatorial position, while the
flexibility of these rings allows a motion called flipping in which the axial and
equatorial groups can interconvert. These motions occur extremely rapidly.

The conformational properties of cyclohexane and by extension six membered
ring-forming sugars such as glucose can be well represented by Newman projections,
which allow comparison between the six member ring of carbon, cyclohexane with a
pendant methyl group, and conformations of n-butane. Such comparisons reveal the
source of the stability of equatorial versus axial pendant groups on the rings by
comparing the conformational details to gauche and anti forms of n-butane. In this way
we understand how concepts of steric strain affect the stability properties of six
membered rings.

The material in the chapter then focuses on the properties of glucose and its
diastereomers. We discover that there are eight diastereomers including glucose and
how they differ and understand the general approach Emil Fischer took to understand the
stereochemical properties of these diastereomers. An essential feature of this approach
was the development of an extremely useful way of presenting the structure, which is
now called a Fischer projection. Because the sugars form six membered rings the
configurations at each of the carbon atoms determines if the group will be an axial or
equatorial pendant to the six membered ring formed. It is only glucose out of the eight
diastereomers with all pendant groups equatorial, which causes the ring form of glucose
to be most stable of all other diastereomeric sugars.

Chapters ..

BT

The chapter introduces the idea of functional groups and the prominent functional



groups in glucose and its diastereomers are hydroxyl, and aldehyde. We discover how
the bonding in the aldehyde group is responsible, in addition to the electronegativity
difference between carbon and oxygen, for the reactive properties of this functional
group. This focus on reactivity introduces the concepts of nucleophile and electrophile,
or that is, the electron rich and the electron poor and how this difference accounts for
the reactive characteristics often seen in organic chemistry. The idea of mechanism is
introduced, which is the descriptive term for how chemical reactions take place. We
discover the role of the curved arrow and see its use in the intramolecular reaction
between electron rich oxygen in OH, with its lone pairs of electrons, and electron poor
carbon in the carbonyl group of the aldehyde causing the ring closing of the sugars. We
investigate this ring closing reaction and discover the source of a phenomenon called
mutarotation in which the optical activity of glucose in water changes with time. In this
way we reinforce the difference between configurational and conformational isomers.

Finally we see how these ideas, the combination of the conformational properties
of six membered rings of sugars and the reactive properties of the aldehyde functional
group lead to understanding a disease of infants, galactosemia, which arises from an
intermolecular reaction between electrophilic carbon in an aldehyde group and
nucleophilic carbon of an amino group, NH,, on a protein.

Last, the structural ideas discovered in this chapter help understanding of the
differing properties of cellulose and starch.
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Chapter 4

Understanding Carbocations: from the Production of
High Octane Gasoline to the Nature of Acids and Bases

N MARCH 31, 1937, at Sun QOils Marcus Hook plant hard by the
Delaware River, engineers charged Houdry Unit 11-4 with 15,000

barrels of sloppy residuum after Sun's thermal cracking refiners thermal
cracking refiners had squeezed every drop of gasoline they could from the crude. Up
went the heat to 900°. Pressure was applied. And as still men and panel men
anxiously watched the gauges, the vaporized residuum was forced through the
macaroni-shaped catalyst of silica and alumina. When 11-4 had done its work, yield
sheets showed that the waste oil had given 7,200 barrels of gasoline. Furthermore,
the gasoline had an octane (antiknock) rating of 81, compared with the octane-60
which average crudes yield under present processes.”

Eugene Jules Houdry was one of the great inventors of the twentieth century,
responsible not only for our focus here on the invention of catalytic cracking of
petroleum but as well for finding a way to make a key molecular component of synthetic
rubber. And if that was not enough he also invented the first catalytic converter for cars
to help to reduce exhaust contribution to smog.




Eugene Houdry

Houdry was born near the end of the nineteenth century in France, the son of Jules
Houdry and his wife, the former Emilie Thais Julie Lemaire the owners of a steel
manufacturing facility. The young Houdry wanted to enter the family business and
therefore decided to study mechanical engineering. In those years the work carried out
by a modern chemical engineer was the job of a team - a mechanical engineer and a
chemist so that young Houdry’s decision connected him to the world of chemistry.
Houdry’s life’s work proved that he encompassed both professions within his own
abilities, which were considerable. In a portent for his future accomplishments, when he
graduated from the Ecole des Arts et Métiers in Paris in 1911, he won a gold medal for
receiving the best grades in his class.

Houdry became interested in gasoline driven engines from his time in the tank
corps of the French army in World War I, an interest that lead to a life-long love affair
with race cars and speed, which also led him to try to find better methods to produce
gasoline. All this eventually led Houdry to accept an offer from American oil
companies to carry on his research in the United States where he discovered the
catalytic process described in general terms in the Time Magazine article copied
above.

Houdry had tried hundreds of substances to try to alter the structure of the
molecules in petroleum to improve the rather poor performing gasoline available at that
time. The idea was to increase the octane number so as to avoid knocking, that is,
premature ignition and, therefore, yield more power in each explosion taking place in
the cylinders of the internal combustion engine. Among these were clays, which in
modern terms have evolved to be the most important catalysts in the petroleum industry,
the zeolites.

Zeolites are networks of aluminum oxides and silicon oxides in which both metal
atoms are dispersed throughout the network, each bound to four oxygen atoms. An
example of this bonding is shown in Figure 4.1. The network itself is very interesting in
consisting of channels of the dimensions of small molecules, that is, in the range of
several to tens of Angstroms. On entering these channels the molecular structures of the
petroleum molecules are transformed from low to high octane hydrocarbons. How this
happens will be one of our focuses in this chapter.



FIGURE 4.1

Zeolite Structure Showing the Charged Aluminum Atoms

The greater yield and the higher octane of the gasoline obtained by the Houdry
process is given credit for a considerable advantage of the Allies over the Axis powers
in the second world war including in the critically important Battle of Britain when
German air power tried to pound the British into submission. Although the German
planes were at least as well engineered if not superior to the British planes, the gasoline
from Houdry’s catalytic cracking process is reported to have given the British planes
far greater engine power for both take-off and climbing, for maximum speed and for
carrying a load. When the British planes took off to meet the air attack these advantages
are given some credit for the failure of Germany to win the Battle of Britain.

PROBLEM 4.1

The ability of zeolites to act as catalysts depends on the formal charge on the occasional aluminum atoms in the
network as shown in Figure 4.1. Account for the fact that silicon in the network has no formal charge while aluminum
does.

PROBLEM 4.2

Replace one of the silicon atoms by a phosphorus atom and another of the silicon atoms by a boron atom in the
structure shown in Figure 4.1 and calculate the formal charges, if any, on these replacement atoms. The incorporation
of boron and phosphorus atoms in a silicon network is the basis of materials used for solar cells to generate electricity.

PROBLEM 4.3

The electronic structure of carbon monoxide, CO, and carbon dioxide, CO», two products of combustion of gasoline in
the internal combustion engine can be arranged both with and without formal charge. Show the bonding in these



structures and account for all electrons. Are you able to find a bonding arrangement that obeys the octet rule for both
molecules?

HE KEY TO HOUDRY’S INVENTION is found in the words “catalyst of

b]

sili®®- and alumina.” In section 1.5 we learned something about the

necessity for atoms in molecules to be surrounded with as many electrons
as there are protons in the nucleus of the atom. Carbon needs six, oxygen eight, nitrogen
seven and so on, where the number of electrons is determined by the atomic number of
the atom in question. We saw that each single bond, each line of the structure drawn,
contributes one electron, half of the two electrons in that bond, to the accounting. In
tetrahedral carbon this means that half of the electrons in four single bonds to the four
groups that are bonded to the carbon atom contribute to the accounting, that is, four
electrons. These four electrons are then added to the two electrons in the uninvolved 1s?
orbital to make up the necessary six electrons to match the atomic number of carbon. As
a result there is no formal charge on the bonded carbon atom.
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FIGURE 4.2

Replacement of the Sodium Counterions for the Charged Aluminum
Atoms in a Zeolite with Protons

A similar accounting works for carbon that is doubly bonded to oxygen, as in any
carbonyl compound, such as an aldehyde (section 3.13). Again here there are four bonds
to the carbon atom. Although three of these bonds are ¢ bonds and one is a © bond we
still come up with four electrons “belonging” to the carbon atom to be added to the two

electrons in the uninvolved 1s? orbital.

Applying this accounting to the structural picture in Figure 4.1 shows that an
aluminum atom bonded to four oxygen atoms, as is encountered in the structure of the
zeolite, requires that the aluminum atom has a negative charge, which can not be
avoided by any bonding scheme or arrangement of electrons. Not so for each of the far
more abundant silicon atoms, which have no formal charges. A negative charge must
have a positive countercharge to balance it and in a zeolite this positive charge is
usually supplied by a nearby sodium ion, which is shown in Figure 4.1. In the petroleum
industry today the sodium counterions in modern zeolites are replaced with ammonium

ions, NH,", and then heated to eject ammonia, NH;, leaving a proton behind. This means



that along the molecular size channels, the petroleum molecules find themselves in
proximity to a charged environment filled with protons, in other words, an acidic
environment. This transformation is shown in Figure 4.2.

In the highly polar environment of the zeolite cavities bristling with protons,
which are acting as counterions to the negatively charged AlO,” moieties interspersed
within the more numerous SiO, frameworks, the hydrocarbon fractions from petroleum

encounter an exceptionally reactive environment at high temperature. Even today
petroleum chemists can not define precisely every reaction that takes place but one
certainty is that carbocations are formed, that is, trivalent positively-charged carbon
atoms (Figure 4.3), which are believed to be the species responsible for the changes
that Houdry produced with his catalyst.

A carbocation is formed along the n-octane chain

'#CHQ_\ fCHg +,/BH2M JGHQ
Pl i i~ i HaC o e CHy
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FIGURE 4.3

Positively Charged Carbon Atom in a Hydrocarbon Structure, a
Carbocation

PROBLEM 4.4

In carbocations (also called carbenium ions) there are three groups bonded to the positively charged carbon atom.
Count the electrons in a carbocation, as shown for example in Figure 4.3, to account for the positive charge. Is there
any difference between this charge and what we have been calling a formal charge?

PROBLEM 4.5

In Chapter 3, we came across the aldehyde functional group in which carbon was bonded to three groupings. Compare
the orbitals and the hybridization in a carbocation with that in an aldehyde and show how this information leads to the
same geometry for both.

PROBLEM 4.6

How do the two p orbitals that participate in the hybridization for a carbocation determine the plane in which the
charged carbon and the three atoms bonded to it exist, Xy, xz, or yz?

PROBLEM 4.7

If a carbon with four different groups attached, a chiral carbon, lost one of these groups (with the two electrons that
bound it to the carbon) to become positively charged, what would be the stereochemical consequence if the lost group
eventually returned to reform the chiral carbon?

/



OUT A HUNDRED YEARS, for the entire nineteenth century,
ists could not imagine the possibility that what was called the carbon

skeleton of a molecule could change. The bonding arrangements of the carbon
atoms within that skeleton were believed to be fixed. All chemical reactions were
thought to take place in a way that left that part of the structure, the carbon skeleton,
unchanged.

According to an article published by Ludmila Birladeanu in the Journal of
Chemical Education in 2000, the great French chemist Auguste Laurent, a man whose
career and in fact life were greatly limited by his difficulty in getting along with others,
expressed this belief as the principle of “least structural change,” a concept articulated
by Kekule¢, stating that molecules tend to undergo the fewest possible changes in
structure during a chemical reaction.

= Auguste Laurent

However, experimental results had accumulated throughout the nineteenth century,
which, if understood, would have disproved this principle. These reactions, however,
were not understood well enough to realize that structural changes were taking place, as
was especially the situation with chemical changes of molecules obtained from natural
sources, the terpenes. The principle of least structural change could not be eliminated
from the thinking of chemists until someone came along with a new insight.

Figure 4.4 shows a transformation between two terpene molecules, which was



observed as early as 1802, but without understanding the chemical structures, without
understanding that the carbon atoms in the skeleton of isoborneol and camphene are
connected differently. These experiments, if understood at the time, would have
absolutely demonstrated that carbon skeletons can undergo change. But the tools for
structural analysis now available, such as nuclear magnetic resonance, would show in
an instant the changes in the carbon skeleton. But NMR would not be available to
chemists for over 150 years.

It took nearly one hundred years until a Russian chemist came to fully understand
the structural difference, the skeletal difference between what we now know to be
1soborneol and camphene (Figure 4.4). This man, Egor Egorevich Vagner, who
studied at the University of Kazan under another well know organic chemist (Alexander
Zaytsev, who in turn had worked for Alexander Michailovich Butlerow(v) (section
1.11), was professor in Warsaw. He called himself Georg Wagner, I guess to better fit
in with the German dominated field, and is well remembered as the Wagner in the
Wagner-Meerwein rearrangement, a name chemists give to the kind of changes in
structure seen in Figure 4.4.

Alexander Zaytsev

Wagner’s insight, which had been earlier developed as the concept of molecular



rearrangement by Butlerow(v), his scientific grandfather, was first revealed in
publications in the 1890s. However, although Wagner correctly understood the
structural differences shown between the two molecules in Figure 4.4, he could not
explain how it occurred, that is, the mechanism (section 3.15). This feat was
accomplished later by Hans Meerwein’s hypothesis in 1922 of the intervention of a
carbocation, but too late for Wagner, who died in 1903.

Hans Meerwein

The transformation of the carbon skeleton of organic molecules seen in Figure 4.4
1s not an exception but, in fact, is commonly observed when organic molecules are
subjected to certain reactive conditions, especially reactive conditions that form
carbocations.

I once saw an undergraduate student in Professor Paul von R. Schleyer’s lab at
Princeton University sitting in front of a large flask fitted with a long air condenser to
trap whatever volatile substance might come off the black liquid that filled half the
flask. The flask was heated to high temperature with a Bunsen burner. The student was
repeating an experiment carried out in 1957 by Schleyer, an experiment that was based
on the power of carbocations to undergo rearrangements of their carbon skeletons. From
time to time I would drop in to see if anything was happening. On one of those visits
there was considerable excitement in the lab, needle-like crystals had appeared, and in
rather considerable quantity, crystals of a molecule that is found in only minute amounts
1n nature - adamantane, a molecule with a diamond-like structure.



Paul von Ragué Schleyer

The highly symmetrical structure of adamantane (Figure 4.5) had earlier attracted
the attention of Vladimir Prelog, whom we have met in Chapter 1 (section 1.12), the
chemist who participated in the creation of the basic (R) and (S) nomenclature
necessary to describe chiral molecules. Prelog had synthesized adamantane in 1941
long before his interest in chiral nomenclature but it was a synthesis requiring a
complex series of chemical reactions taking much time and effort, hardly an
undergraduate student simply sitting quietly in front of a flask.

What magic was going on inside that student’s flask and why did Professor
Schleyer hypothesize that such an amazing transformation could take place? The answer
1s that carbocations were at work.

When you look at the transformation occurring in that student’s flask (Figure 4.5)
or in that nineteenth century transformation of two terpenes (Figure 4.4) we’ll come to
see that rearranging linear to branched hydrocarbons to raise the octane number (look
ahead to sections 4.5 and 4.6) of a fuel is a piece of cake once a carbocation is
involved.



CHa
= OH = - OH
£ H
OH Hgo= =0k
isoborneol
-H.O | H*
camphene

FIGURE 4.4

Rearrangement Of The Carbon Skeleton In Going From Isoborneol
To Camphene Caused By Carbocation Intermediates
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FIGURE 4.5

Carbocation Rearrangement from Tetrahydrocyclopentadiene to
Adamantane



Branched hydrocarbons are defined as structures in which the skeleton of carbon
atoms 1s not linear. In Figure 1.6 two of the i1somers of C¢H;, are branched. Forming

carbocations from the molecules in petroleum to cause branching of the linear
hydrocarbons is precisely what zeolites can accomplish, which is what Houdry
discovered.

PROBLEM 4.8

Are isoborneol and camphene (Figure 4.4) isomers? Answer this question for tetrahydrodicyclopentadiene and
adamantane in Figure 4.5.

PROBLEM 4.9

Redraw all the structures in Figures 4.4 and 4.5 in three dimensions showing all atoms. If possible, construct molecular
models of these compounds. If you remove a molecule of water (H>O) from the structure of isoborneol, which in fact

is chemically possible inorder to produce a carbon-carbon double bond, does this change cause an isomeric relationship
between the two structures?

PROBLEM 4.10

Six membered rings can be found within the structures in Figures 4.4 and 4.5. Identify the atoms making up these rings
and determine if chair forms of these rings are present. Evaluate the strain present in other six membered
arrangements that are not chair forms but exist within these structures. Is there torsional strain or angle strain?

PROBLEM 4.11

Is there any structure in Figures 4.4 and 4.5 which does not suffer from torsional strain (Problems 3.7-3.9)? Give a
reason for your answer.

PROBLEM 4.12

Is there any opportunity for conformational isomerism with the structures in Figures 4.4 and 4.5 and if not, why not?

PROBLEM 4.13

What functional groups, if any, can be found in the structures in Figures 4.4 and 4.5?




MICAL REACTIONS PASS THROUGH several states before
tving-Mthe final product or products, that is, those chemical structures

that we can 1solate. If a chemical can be isolated it means that the chemical has to
have a life time that is long on the time scale of our measurements, which is generally
many hours if not days and longer. This requirement does not mean that we have to be
unaware of shorter-lived entities in the chemical processes we study. Using modern
methods based on lasers, for one example, fleeting species existing for fractions of a
microsecond can be studied, but not isolated, not put in a bottle, so-to-speak.

We’ve already seen in section 1.13 that some molecules exist as mixtures of
conformational isomers, which interconvert with each other so quickly there is no
chance to isolate one from the other. Carbocations are another example of molecular
species that almost always can not be isolated because they exist for too short a length
of time. Nevertheless carbocations are important because they often intervene in the
transformation of one molecule into another. Such changes brought about by the
presence of carbocations confused nineteenth century researchers (Figure 4.4) but, as
we’ve seen, fascinated twentieth century researchers in transforming a rather disorderly
structured molecule into a molecular model for diamond (Figure 4.5 compare Figure
3.2).

Carbocations are called intermediates, a word chemists use to point to molecular
species that are not isolated but nevertheless play important roles in chemical
transformations.

Other short-lived chemical entities are conformational isomers which, although
also not isolated because of their short lifetime are, however, not necessarily involved
in chemical reactions. They are, therefore, not necessarily intermediates.
Conformational isomers may or may not be especially reactive.

Intermediates are always highly reactive. Although the lifetime of an intermediate
1s very short, in the range for example of milliseconds, this is long enough to carry out
the molecular changes they are responsible for. The fact that carbocations are
exceptionally reactive makes sense. Look at the structure of a carbocation in Figure 4.3.
A carbocation disobeys all of the rules for molecular stability. They have a charge
arising from the fact that there are only five electrons belonging to the carbon, two from
the usual place, the 1s orbital, and three from half the electrons in the three bonds to that
charged carbon atom. Carbon needs six electrons “belonging” to it and hence comes the
positive charge.

Moreover, stable molecules of the second row of the periodic table obey the octet
rule, meaning that all the second quantum level electrons, the valence electrons



surrounding the atoms, add up to eight, the number of second row electrons in neon. In a
carbocation, the total number of valence electrons surrounding the carbon atom adds up
only to six.

The carbocation 1s, therefore, both charged and disobeys the octet rule predicting
an unstable species. And instability means the potential for change, which translates to
chemical reactivity. The orbital picture of the carbocation in Figure 4.3 is shown in
Figure 4.6 where the three bonds surrounding the charged carbon are in the x,z plane,
and, from this picture, we can understand the basis of carbocation reactivity.

We’ve seen that carbon bonded to four groups, as are all the carbon atoms in the
cyclic form of glucose, tends to a tetrahedral geometry and can be understood by

Pauling’s theory as sp> hybridized (Figure 1.2). We’ve also seen that carbon bonded to
three groups, as in the aldehyde group in the open form of sugars, can be understood as
sp? hybridized (Figure 3.13). The charged carbon in a carbocation (Figure 4.3) is
bonded to three groups and as in an aldehyde can be well described as sp? hybridized
with internal angles of 120°. This hybridized state is shown in Figure 4.6 where the
orbitals hybridized to form the sp? orbital are 2s and 2p, and 2p, with the remaining

empty p orbital assigned to 2p,. This choice of orbitals participating in the sp?

hybridization is the reason that the plane of the three groups surrounding the carbon of
the carbocation in Figure 4.6 can be defined (section 1.4) - the x, z plane.
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FIGURE 4.6

Orbital Hybridization and Geometry of a Carbocation

In Figure 4.6 we discover the driving force behind Houdry’s invention, which is
the empty p orbital. This empty orbital space, one might say, is “hungry” for electron
density, that is, the carbocation is electrophilic. Two electrons “pouring” into this empty
p orbital to be shared with an incoming atom, would satisfy the octet rule for this carbon
and as well remove the positive charge by satisfying all the charges of protons in the
nucleus of the carbon atom.

Finding electron density for this empty p orbital (Figure 4.7) by causing another
carbon atom to take on the destabilizing characteristics of a carbocation does not deter
the process. Carbocations accomplish this transfer of the charge to another atom in the



same molecule by a reaction path that is characteristic for these intermediates, the 1,2
shift. As seen in the 1,2 shift (Figure 4.7), a reaction path of carbocations that takes
place with great speed, passing the instability to another carbon atom is quite
acceptable. One could see this as the acceptability of “passing the buck,” a
characteristic of chemical reactivity that is quite common, as we’ll come across many
times in the study of organic chemistry.

1,2 shift
+
H
—_— 4 —_—
H H HaCi—%~ 1y HaC—

FIGURE 4.7

Examples of How the 1,2 Shift of a Carbocation can Convert a Linear
to a Branched Hydrocarbon

It 1s this 1,2 shift of carbocations, this “passing the buck,” that is responsible for
the transformations taking place in catalytic cracking of petroleum fractions and the
other carbon skeleton rearrangements discussed above, and to be discussed in the
following chapter when we turn our attention to biological phenomena.

In Figure 4.7 we have shown two 1,2 shifts that transform a hydrocarbon with a
linear skeleton to a hydrocarbon with a branched skeleton.

For many years the intervention in chemical reactions of carbocations as
intermediates was a hypothesis that was difficult to prove, even if chemists were certain
that such species were responsible for the changes in structure that were seen, as in



Figures 4.4, 4.5 and 4.7. The problem is that carbocations change and disappear as
rapidly as they are formed. Finding an experiment to detect, let alone capture such a
fleeting intermediate, was destined to change when a greatly talented young chemist in
October 1956 saw that the tanks entering Hungry to quell the revolt against Soviet
domination (a brutal action causing much loss of life) was reason to move to a western
country. He did this with his family and much of his research group, first moving to
England and then in the following year to Canada, where the Dow Chemical Company
was establishing a new laboratory that took in the young researcher.

George Olah was already known for his work. Starting in the late 1940s, while
still in Hungary, Olah began to investigate reactions in which carbocations were
hypothesized to be intermediates. For example, he investigated the Friedel-Crafts
reaction, which we are going to look at in detail (Chapter 6), a reaction that is a
stalwart of the chemical industrial synthesis of important plastics and a reaction that
also involves carbocations.

George Olah

Olah’s early papers and his interest in molecules that contained fluorine, an
element that was to prove exceptionally useful in studies of carbocations, attracted the
attention of Hans Meerwein, the German chemist who proposed carbocations as
responsible for the rearrangements and other changes seen in the terpenes (Figure 4.4),
the Meerwein of the Wagner-Meerwein rearrangement ( section 4.3). This attention and
that of other prominent chemists who had noticed Olah’s work in Hungary certainly
helped in his finding a way to continue his work and his finding suitable positions after
escaping from Hungary.

Olah eventually established his research efforts in the United States where his
work on carbocations led to the Nobel Prize in chemistry in 1994, awarded for finding
ways to observe carbocations using spectroscopic techniques such as by nuclear
magnetic resonance (NMR) (section 2.3). He accomplished this by extending the life of
carbocations. This approach involved keeping them at exceptionally low temperature
and by forming and maintaining carbocations in a “super acid” environment in the



absence of reactive nucleophiles forcing the carbocation to remain in the charged state.

PROBLEM 4.14

Atoms in the first row of the periodic table do not obey the octet rule but instead a rule that derives from the same
basic idea. Describe this rule for hydrogen and see if it fits the hydrogen atoms in the various structures you’ve come
across.

PROBLEM 4.15

If a positively charged carbon atom is hybridized sp2 using the p yand p, orbitals, the remaining p orbital must exist

along the y axis. Use this information to make three dimensional drawings using both the sawhorse and Newman
projections showing how this remaining orbital can be anti, gauche or eclipsed with an atom on a carbon atom adjacent
to the positively charged carbon atom.

PROBLEM 4.16

Can the concepts of conformational analysis (section 1.13) be applied to problem 4.15 and if so how?

PROBLEM 4.17

Draw a Newman projection (a sawhorse projection would work as well) to ask the question if rotation around the -
bond between a carbocation carbon and an adjacent carbon has any effect on the 1,2 shift described in Figure 4.7.
Answer the question using the terms, anti, gauche and eclipsed.

PROBLEM 4.18

Use a series of 1,2 shifts starting from a carbocation site anywhere along the chain of n-nonane, CgHy(), to produce a

branched isomeric carbocation. Can you imagine a more branched hydrocarbon with the formula CgoH».

4.5

E YPU' VE TRIED YOUR HAND at problem 1.46? You’ve also been
se®t0 names of organic molecules as we’ve gone along up to now

and, therefore, have some idea of how organic molecules are named and gained
some knowledge in the area of nomenclature even without focusing on it. In this chapter
we are about to come across a wide variety of hydrocarbons in the study of petroleum
cracking and octane rating and related subjects concerning hydrocarbons. Some insight



into the nomenclature that is used by organic chemists would help. Here are some
essential points, some of which were noted in problem 1.46.

All linear hydrocarbons are named by the number of carbon atoms in the linear
skeleton so that going from 1 to 10 we have: methane, ethane, propane, butane, pentane,
hexane, heptane, octane, nonane and decane. Moreover, if the carbon skeleton is linear,
then we call the hydrocarbon normal with the designation n before the name, as for
example, n-pentane.

When presented with a structure to name we search for the longest string of
carbon atoms and name the structure as a derivative of that number of carbon atoms.
Let’s see how this works. If the “ane” in each of these names is replaced by a “yl,” such
as methyl or ethyl and so on, this change designates a group with one carbon or two
carbons and so on that is bonded to another atom. In this way, methyl chloride is H;C-

Cl. Or 2,2 4-trimethyl pentane would be a linear chain of five carbon atoms in which
there are methyl groups, CHj;, attached at positions 2 and 4 of the chain, two methyl

groups bonded to carbon 2 and one methyl group bonded to carbon 4. Later in this
chapter we are going to look at terpenes, which are molecules based on a building block
named isoprene. The carbon skeleton of isoprene has five carbon atoms, four connected
in a chain and a methyl group on the second carbon of the chain. The name for such a
skeleton 1s 2-methyl butane. That’ll get you started and you’ll progress with exposure,
as for any language, as noted in the Introduction of the book.

PROBLEM 4.19

Draw as many constitutional isomers of the formula CgHy() as you can imagine and use your nomenclature skills to

name them. Look ahead to section 4.6 to evaluate which of these isomers would have the highest and which the
lowest octane numbers?

PROBLEM 4.20

Answer problem 4.19 but for structures with the formula C7H|50H where the oxygen always is part of an OH group,
a hydroxyl functional group.




HE @NSWER TO THIS QUESTION, as noted above, 1s the 1,2 shift, by
W a positively charged carbon atom shifts its positive charge burden to

another carbon (Figure 4.7). But before we look into how these 1,2 shifts
accomplish the increase in octane number observed in Houdry’s cracking process, first
let’s find out some things about octane number.

As early as 1882 engineers were aware that internal combustion engines, which
are defined by a spark-initiated fuel explosion in the cylinder, were subjected to
premature ignition. Explosion of the fuel before ignition by the spark could be detected
by knocking or pinging of the engine, which in some extreme cases could damage the
engine and, in all cases robbed the engine of power. Because gasoline is a mixture of
hydrocarbons it became interesting to determine which hydrocarbons were better or
worse at causing this unwanted premature ignition.

In 1927 all parties interested in automobiles as well as fuel production formed
what was called the Cooperative Fuel Research Committee. This lead to the concept of
“octane number” based on the fact that the worst hydrocarbon for knocking was the
linear hydrocarbon heptane while the best fuel, available at the time, which did not
cause knocking, was 2,2,4-trimethyl pentane also known as isooctane. Octane number
came to be defined as the percentage of 2,2,4-trimethyl pentane that had to be added to
n-heptane to give the same knocking characteristics as the fuel being tested. For
example, a fuel with an octane number of 84, typical regular gasoline we buy at the
pump, would be a mixture of hydrocarbons with the same knocking characteristics as a
mixture of 84% 2,2,4-trimethyl pentane and 16% n-heptane.

2,3,4-trimethyl pentane, with a very closely related structure to 2,2,4-trimethyl
pentane, is also a great fuel for an internal combustion engine, with an octane rating of
97. n-Octane, a structural isomer of these branched hydrocarbons, in contrast, has an
octane number near to zero, a horrible fuel to be kept away from your car’s engine.

Now take a look at Figure 4.3 and 4.6. Here we see the structure of n-octane and
the structure of the carbocation formed at carbon atom 4 in the chain. In this figure we
saw how two sequential 1,2 shifts from the carbocation in this figure could produce a
branched hydrocarbon, 2-methylheptane, with a positive charge at carbon 2 in the chain.
Let’s now see (Figure 4.8) how several more 1,2 shifts could convert the n-octane all
the way to that great fuel, 2,3,4-trimethyl pentane, which has the same formula, CgHs,

as n-octane. These two hydrocarbons, only one appropriate for the internal combustion
engine are structural isomers (section 1.8).

Every transformation between chemical structures inFigure 4.8 is a 1,2
carbocationic shift with the curved arrows within each structure (section 3.15) showing



the movement of the electrons responsible for the 1,2 shift. These were the chemical
changes going on in the catalyst invented by Houdry and reported in 1939 (section 4.1).
And these are the changes going on in modern catalytic crackers in the zeolite catalysts
that have evolved from Houdry’s invention, all driven by that empty p-orbital seeking
electron density to rid itself of charge and gain the same number of electrons as in neon.

However, there are two reactions between the branched positively charged
carbocations with the neutral molecule designated by R-H as shown in Figure 4.8,
which are not 1,2 shifts - reactions that form neutral 2,3,4-trimethyl pentane. These are
examples of the step that transfers the positive charge between molecules, an
intermolecular change, rather than the 1,2 shift, which transfers the positive charge
between carbon atoms within a molecule, an intramolecular change.
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FIGURE 4.8

Carbocation rearrangements convert n-octane to 2,3,4-trimethyl
pentane. A poor fuel with a very low octane rating is converted to an
excellent fuel

The intermolecular reaction plays another role in converting a neutral n-octane
molecule to the carbocation state initiating another series of 1,2 shifts that will



transform the linear into the branched isomer. We’ve come across these commonly used
terms in organic chemistry, inter and intramolecular, in section 3.15 (Figures 3.15 —
3.17) with regard to the chemistry of sugars.

The chemical reactions, the structural transformations, shown in Figure 4.8 define
the essential chemical transformations in the catalytic cracking process. First of all,
every reaction is reversible, a 1,2 shift can proceed in either direction. In addition,
there are other 1,2 shifts that are possible and not shown here leading eventually to still
other CgH,g structural isomers. And as well, any neutral molecule in the mass of

petroleum molecules from the fraction subjected to the cracking process can be a source

of the intermolecular transfer of the hydride, the H", from R-H, to a carbocation site in a
charged molecule. The neutral molecule, which happened to collide with the charged
molecule, is then itself transformed to a positively charged molecule and begins
undergoing 1,2 shifts. But the key point is that all processes lead in the direction of
forming branched structures. Why branched structures?

PROBLEM 4.21

Describe the electron occupation of the orbitals leading to the hydride ion structure, H™. Is there any relationship
between the hydride ion and a noble gas?

PROBLEM 4.22

Consider five carbon atoms linked in a row, n-pentane. Now remove a hydrogen atom with the two bonding electrons
from one of the terminal carbon atoms. A positive charge is therefore produced on this carbon atom. Propose a series

of 1,2 shifts that would convert this carbocation to a carbocation with the structure (CH3)2C+(CH2CH3).

PROBLEM 4.23

Working with the carbon skeleton of n-octane, with a carbocation site at any carbon atom in the structure, explore all
the 1,2 shifts you can imagine to generate a wide variety of branched carbocation structures. At any point in the path
of the changing positively charged molecule, allow an intermolecular hydride shift from another n-octane molecule.

PROBLEM 4.24

Is there really any difference between an intramolecular 1,2 shift of a hydride and an intermolecular shift of a hydride?
Are not both really the same process in principle? What do you think about this?

4.7




HE BRNSWER TO THIS QUESTION is that carbon in an electron deficient
stat®=that is, carbon with a positive charge and without an octet number of

electrons, 1s most stable when most substituted. What does this mean, most
substituted and why does substitution affect carbocation stability? And how 1is stability
determined?

One approach, which gives an answer to the latter question, is to study a series of
molecules in which a chlorine atom is bonded to a carbon atom that is differently
substituted. Such a series is shown in Figure 4.9. In each one of these alkyl chlorides, a
reaction can be made to occur in the gas phase in which the chlorine-carbon bond is
broken so that the two electrons in the bond leave with the chlorine atom producing
chloride anion and a carbocation site. Such a bond breaking is called heterolytic
cleavage because the two atoms bonded end up in different charged states. Because the
chloride anion is identical in each reaction compared, the endothermic enthalpy change
of the reaction, AH, the energy necessary to break the bond, is a measure of the stability
of the different carbocations produced. The more energy that is necessary to break the
bond, the larger the AH, the less stable is the carbocation.

The information in Figure 4.9 makes sense. A carbocation is exceptionally
electron deficient and relieving this electron deficiency is of primary importance to
stability. It makes sense, therefore, that a carbocation site in a larger molecule, a
molecule with more atoms and more electrons would be more stable than a carbocation
site in a smaller molecule. After all, although we write the structure of the positively
charged molecule as if the carbocation site were isolated on a single carbon atom, this
idea can not be the whole story. If a molecule has a carbon atom within it that is
positively charged, doesn’t it make sense that this perturbation, this disruption, this
“irritation,” would be transmitted beyond the formal site of the positive charge? Or
given multiple sites for a carbocation within a molecule does it not make sense that a
carbocation site would be more stable on a carbon atom that is more highly substituted,
one with more electrons around it?

Even if electrons are part of bonds not directly associated with the positively
charged carbon atom in the molecule, the electron distribution within the molecule will
be distorted by the positive charge. Every bond in the molecule will respond to the
presence within the molecule of an atom that because it is positively charged is
extremely electronegative (sections 1.4 and 2.4), more electronegative in fact than any
atom without a charge. Every bond in the molecule and especially those bonds nearest
to the carbocation will be polarized so that the electrons in that bond will be pulled in
the direction of the carbocation. Such stabilization in quantum mechanical terms belongs



to the realm of hyperconjugation or alternatively as no-bond resonance. But that is
getting us into the idea of resonance, which is ahead of our story right now.

The larger the molecule and the more deeply buried the positive charged carbon
1s within the molecule, the greater are the number of electrons within that molecule to be
perturbed by the positive charge, to reduce the “tension” of that positively charged site.
The data inFigure 4.9, and so many more observations of carbocationic organic
molecules, demonstrate the essential truth of this qualitative statement.

The qualitative prediction between carbocation stability and substitution outlined
above is precisely in line with theoretical calculations based on quantum mechanics and
most importantly 1s seen experimentally in the enthalpic data in Figure 4.9, which shows
a rather large effect. The energy differences are huge. The most substituted, tertiary
butyl (3°), 1s most stable, with isopropyl, the secondary carbocation (2°) next, followed
by the primary carbocation ethyl (1°), and least stable, methyl.

So what does all this have to do with catalytic cracking induced rearrangements
producing branched hydrocarbons? Once a carbocation is formed with the capacity for
structural reorganization allowed by the 1,2 shifts (Figures 4.7 and 4.8), these
rearranging shifts will continue to change the structure trying to find a tertiary (3°) site
for the positively charged carbon. This effect is seen in Figure 4.8 and although the
rearranging structure may sometimes go back and forth between 3°, 2°, and 1° sites the
trend 1s always toward the tertiary site. This result is the basis by which catalytic
cracking produces branched hydrocarbons.

The relationship between structure and stability in carbocations discussed here is
the driving force in catalytic cracking production of branched structures, and contributes
to producing even higher octane number fuels using processes not involving catalytic
cracking. 2,2,4-Trimethyl pentane with an octane number of 100 is produced by the
petroleum industry using an approach that is also based on carbocation stability -more
on this shortly.
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Carbocation Stability Measured by the Endothermic H Change on
Loss of Chloride Anion from Various Alkyl Chlorides

PROBLEM 4.25

Bromomethyl cyclobutane has a -CH»Br group bonded to one of the carbon atoms of a ring of four carbon atoms,

cyclobutane. What reasonable chemical steps might rearrange the structure of this molecule following the loss of a

bromide ion, Br, from the original point of attachment to form a carbocation and then return of the Br™ to form a
neutral rearranged structure?

PROBLEM 4.26

Might your answer to the question in problem 4.25 change if the -CH7Br was bonded to one of the six carbon atoms
of cyclohexane instead of cyclobutane? What’s the difference?

PROBLEM 4.27
Consider the followmng molecule, (CH3)3C-CH)Br. Now consider a related molecule, (CH3)3CC(CH3)Br". First

draw the complete Louis structures, showing all bonds. Allow loss of the bromide ion, Br~, to initially form the
carbocation from each structure. Now allow return of the bromide ion to capture the carbocation by forming a carbon
to bromine bond. What would you predict about the likely chemical changes?

PROBLEM 4.28

Consider a molecule with a basic structure of four carbon atoms in a row with a bromine atom attached to the first
carbon and a methyl group attached to the next to the last carbon, the penultimate carbon atom: 1-Bromo-3-methyl

butane, (CH3)pCH-CH7-CH7-Br. Show how loss of Br~ from its original point of attachment could, on return of the



Br™ to the rearranged structure, lead to 2-bromo-2-methyl butane, CH3CHC(CH3),Br. What do the data in Figure

4.9 have to do with your answer? What roles do 1,2 shifts play in the transformation? Do any of the 1,2 shifts involve
shifting of carbon atoms?

PROBLEM 4.29

Look back at the structural change in Figure 4.4. Take the starting structure, add a proton to the OH group and then
lose water to form the carbocation. Are you able to carry out the transformation using 1,2 shifts?

PROBLEM 4.30

Consider the following alkene: 2-methyl-2-butene, (CH3),C=C(CH3)H,. Account for the fact that adding first H' and

then Br", that is, the acid HBr, will produce the same product produced in Problem 4.28.

HE LAST YEARS OF THE NINETEENTH CENTURY and into the

tieth century as automobile use increased, and engines became more

powerful, the problem of finding a proper fuel for the internal combustion
engine became a prime focus of automobile manufacturers. The often variable mixtures
of linear hydrocarbons obtained from the distillation of petroleum, known as straight run
gasoline or light naphtha were poor fuels as discussed in section 4.6. We learned in
section 4.1 how Houdry’s invention of catalytic cracking supplied large quantities of
higher octane number fuel for internal combustion engines. But Houdry’s process did
not come along until the late 1930s, in time for the Second World War but late in the
game for solving the problems automobiles faced.

Long before catalytic cracking, Thomas Midgley, Jr., a mechanical
engineer/chemist, who came from a family of inventors, and had graduated from Cornell
University in 1911, was working for a subsidiary of General Motors, the Dayton
Research Laboratories. In this position in 1921 Midgley discovered that an organic
derivative of lead, tetraethyl lead, (C,H5),Pb, when added to the poor gasoline that

existed at that time, was able to greatly reduce knocking. Midgley was working for
Charles Kettering, the man who invented the first electric starter for automobiles,



which was introduced in the 1910 Cadillac, and the man who founded the Dayton
Engineering Laboratories Company, DELCO. In addition, the Memorial Sloan-Kettering
Cancer Center in New York City is named after Kettering.

Thomas Midgley

Midgley greatly helped the automobile industry in its fuel problem, but he doesn’t
come off too well in the historical record. On one web site I found, there is a quote from
the Georgetown University historian, J.R. McNeill, with the claim that Midgley ‘“had
more impact on the atmosphere than any single organism in Earth’s history.” McNeill
was not praising Midgley who had not only invented tetraethyl lead but also Freon, both
of which we now know are serious environmental hazards, the former as a poison and
the second for destroying the earth’s ozone layer. But Midgley can not be condemned
for, at the time, unforeseeable consequences.

The discovery about the danger of tetraethyl lead followed on the work of Clair
C. Patterson, a geochemist, who was studying lead to understand the geologic record
of the age of the earth by using the known decay constant for the breakdown of uranium
into lead. His estimate of close to 4.5 billion years still stands. In these studies
Patterson discovered that a surprisingly large amount of lead contamination existed in
his samples and was able to demonstrate that the tetraethyl lead added to gasoline was
the source of this contamination, a contamination of the environment and all of us as



well. Patterson took a great deal of abuse for this conclusion, especially from Ethyl
Corporation, which was marketing tetraethyl lead but his view eventually prevailed
with the passage of the Clean Air Act in 1970. While Ethyl Corporation had a great
investment in tetraethyl lead it also was the company that employed Graham Edgar, the
chemist who gave us octane rating. And also, Edgar was the chemist who first
synthesized all nine structural isomers of n-heptane and, very importantly, the isomer of
n-octane, 2,2,4-trimethyl pentane, the basis of determining octane number. It was this
synthetic work and the subsequent testing of the physical properties and knocking
characteristics of these isomers that quantitatively taught the petroleum and automobile
industries of the importance of branching in hydrocarbons used for fuels.

Clair C. Patterson

The isomers synthesized by Edgar are shown in Figure 4.10 with their octane
numbers and, also, other hydrocarbons for which octane numbers are readily available.
You can expand your increasing familiarity with nomenclature (section 4.5) using this

figure.
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Octane Numbers of Various Hydrocarbons

In the modern petroleum industry, catalytic cracking is not the only route to
branched hydrocarbons with high octane numbers. Various catalysts that produce
carbocation intermediates have been invented that are responsible for the conversion of
isobutene and isobutane into Graham Edgar’s high octane 2,2,4-trimethyl pentane
(Section 4.10). When we look at the mechanism of the reactions that produce this 100
octane number fuel, we’ll see another aspect of carbocation reactivity that makes sense
based on what we’ve learned above.

But before we look into the mechanism of the combination of these two four
carbon molecules, 1sobutane, (CH;3),C, and 1sobutene, (CH;),C=CH, to the eight carbon



molecule with the 100 octane number, 2,2,4-trimethyl pentane (Figure 4.10), we need to
take a short diversion into what acids and bases are all about. Acid catalysis is the
critical element in the reactions that produce high octane gasoline, which we are about
to consider.

PROBLEM 4.31

Here’s one to chew on. Use the following pieces of information to attempt to understand the basis of the difference
between Diesel fuel and gasoline: (1) The structural variations of the C7 and Cg hydrocarbons in Figure 4.10 and their

octane numbers; (2) In excellent fuels for Diesel engines, the fuel explodes in a cylinder from a compressive force
rather than a spark, and fuels with low octane numbers are better Diesel fuels; (3) Fuels with low octane numbers in
an internal combustion engine are characterized by premature ignition, that is, before the spark fires; (4) The C-H
bonds in CH 3 are stronger than other kinds of C-H bonds and branched hydrocarbons have more CH3 groups than

linear hydrocarbons; (5) The premature ignition causing knocking in poor fuels in internal combustion engines is caused
by explosive reactions initiated by free radicals; (6) Tetraethyl lead (CpHz)4Pb with weak bonds between carbon and

lead, which produces free radicals that quench other free radicals, reduces knocking on addition to gasoline.

E’ THE WORD ACID QUITE A BIT, although not spelling out
what thi¥ term precisely means. There are different definitions of acids and
in this chapter we have so far seen both the Brensted-Lowry and Lewis
varieties. Bronsted acids are readily recognized as molecules that give up a proton, H'.
But give up a proton to what? The answer is to a base, that is, to a molecule that can
accept a proton. In some situations, the accepting partner for a proton, the base, is a
molecule of the solvent such as the case when HCI, hydrochloric acid, or a carboxylic
acid, such as acetic acid, H;C-CO,H, are dissolved in water.

In other situations the entity accepting the proton is a molecule that may not be
part of the medium, such as the situation we’ll discuss in the formation of the 100 octane
fuel production (Section 4.10).

First, let’s note that the development of the theory of acidity by Brensted and
Lowry, published in 1923, was built on an earlier proposal by Arthur Lapworth. Dr.



Lapworth was Professor of Organic Chemistry at Manchester University in England. He
proposed in 1908 that acids are donors of hydrogen ions and bases are acceptors of
hydrogen ions, apparently first clearly stating the basis of our current understanding.
However, another important contribution of Professor Lapworth is thatJ. R.
Partington, who wrote the volumes, “A History of Chemistry,” which I so much
appreciate and use in writing this book, and which anyone interested in the history of
chemistry must consult for complete and accurate information on the subject, was
Professor Lapworth’s first doctoral student in 1909.

Tmas értin Lowry



James Riddick Partington

The propensity of a molecule to donate a proton determines the acidic strength of
this molecule and two or more molecules may be compared in this regard if the base is
kept constant. The comparison can be expressed in quantitative fashion using the
concept of pK,, which is simply a version of the equilibrium shown in Figure 4.11,

designed to place the comparison of acid strength on a logarithmic scale: pK, =-log K,.

In Figure 4.11, the acid strengths of hydrochloric and acetic acids are compared,
with water, the solvent, acting as the base. The true equilibrium constant, K, and K,

differ by the molar concentration of H,O (about 56 Molar at 25° C), which hardly
changes because it is the solvent, therefore being effectively a constant allowing it to be
taken out of the equilibrium ratio and multiplied with K.

The information in Figure 4.11 shows that the stronger the acid, corresponding to
larger values of K,, the smaller is the value of pK,, with the strongest acids having
negative values for this parameter. Negative values for pK, arise from the very large
values of K,,.

The range of acid strengths among organic molecules is enormous. Methane, H-

CH;, for example could donate a proton to a water molecule only in principle. The K, is
estimated in the range of 1043, or therefore a pK, as large as +48.

Ethanol, CH;CH,OH, which as in acetic acid, CH;CO,H, has a potential proton
donor, H', attached to oxygen, is not such an impossible proton donor to water, with a
pK, of about 16. The pK, for ethanol, however, is still far larger than the pK, of acetic

acid, corresponding to a many orders of magnitude smaller equilibrium constant for loss
of the proton to the surrounding water molecules. The pK, of acetic acid is far larger, in

turn, than the pK, for HCI, corresponding to about 12 orders of magnitude difference in
K,. The structural basis of these differences resides in fundamental principles of

organic chemistry, which will be dealt with shortly.
The other player in this acid base interplay is, naturally, the base, and bases have



their own scale of ability to accept a proton from an acid. The weaker the base, the
stronger must be the acid to be able to donate a proton to this base and vice versa. All
bases, whatever their molecular structure, according to the Bronsted-Lowry definition,
must have electrons available to form a bond with the donated proton. It makes sense
therefore that a weak acid such as ethanol with a pK, of nearly +16 may not be able to

donate a proton to a base that would be able to accept a proton from hydrochloric acid
with its pK, of -7.

HCI + H,0 (solvent) =—= H40 =+ Glf

[Hs0*1[Cl ]
K[H0] = -
0] [HCI] =
HD\H/CHB + Hz0 (solvent) === Hz0" +:0___CHs
o 0
H30" ] [CHa-CO, ~
K[H20] = sl W =Ka

[CH3COsH]

pKa=-log Kz =-7 HCI

HO
pKa=-logK,; =+4.8 \"’
@]

FIGURE 4.11

Definition of pK, Applied to a Hydrochloric and Acetic Acids

CH3

The strength of a base, the ability of a molecule to accept a proton, can be related
to the strength of an acid that could yield that base. What do we mean by that? Well,

consider HCI with its pK, of -7 in water. Loss of H" from HCI yields CI", which is

called the conjugate base of HCI. CI" is certainly a base with electrons available to

accept a proton to reform HCI but it is a weak base considering that the stability of CI°
is responsible for the acid strength of HCl. HCI is termed, in turn, the conjugate acid of

Cl". A far stronger acid than HCI, that 1s, an acid with a lower pK, (larger negative

number) than HCI, would be necessary to convert Cl™ to HCI.
Consider another example, at the opposite extreme. If one could somehow extract



a proton from methane, CH,, or form CH; by some other means, which organic
chemists know how to do, you would have in CHjthe conjugate base of an

exceptionally weak acid. In fact CHjy'is the conjugate base of methane, which could
hardly be called an acid with a hardly measureable but estimated pK, of near to +50.

Exceptionally weak acids, to say the least, would be capable of converting CH;™ to

CH,. CHjy™ 1s a powerfully strong base.

Completely at the opposite end of the spectrum, really in a different universe, is
therefore, CH;™ from CI". The former is the strongest base one could imagine, which in a
manner of speaking is wildly anxious to add a proton and return to CH,, while the latter

1s one of the weakest bases known, perfectly stable and, in a manner of speaking, having
no regret at having given up the proton by which it was formed from HCl. What this
result means is that, while few molecules are strong enough acids to convert Cl” to HCI,
many molecules are capable of donating a proton to CH;to form CH,. Ethanol, let alone

acetic acid, 1s a far more than a strong enough acid for CH;" but far too weak an acid to

yield a proton to CI".

Let’s now try out some of these ideas in the problems below and also in helping
to understand the chemistry in the next section by which 2,2,4-trimethyl octane is
industrially synthesized.

PROBLEM 4.32

Hydrocyanic acid, HC=N, has a pK, of about 9. Write an equation for the chemical reaction that occurs when this

acid is dissolved in water and assign the equilibrium constant for the reaction.

PROBLEM 4.33

The pKj, of the hydronium ion, H3O+, is nearly -2, well below zero. One could say that in an aqueous solution, a weak
acid can be distinguished from a strong acid by having a pK, above zero. Can you support this statement by observing

the behavior of a weak versus a strong acid in water in quantitative terms using acetic acid versus hydrochloric acid?

PROBLEM 4.34

Would it be correct to say that an acid can be characterized as weak or strong depending on the base it reacts with
and, if so, why? And if this conclusion is correct, does it mean that pK, is solvent dependent, so that the values given

in this section apply only to aqueous solutions?

PROBLEM 4.35

Go to the web or any text book of chemistry and you can easily find tables of pK, values. Can you figure out which

acids would donate a proton to the conjugate bases of other acids?



HE INDUSTRIAL SYNTHESIS of 2,2,4-trimethyl pentane (Graham
r’s 100 octane gasoline, section 4.8), acid catalysis is absolutely
essential. Strong acids have been traditionally used in this process, sulfuric
acid, H,SO, and hydrofluoric acid, HF. The conjugate bases of these acids, HSO,", and

F-, are exceptionally weak bases, consistent with the discussion just above in section
4.9.

In the industrial synthesis, exceptionally strong acids are necessary because the
base that must accept the protons from these acids is a rather weak base, although not as

weak a base as CI” or either HSO, or F~. The molecule that must accept the proton, that

1s, act as the base, is isobutene (Figure 4.13). Isobutene is produced in petroleum
processing in abundance making isobutene a reasonable starting material to produce a
component of modern gasoline. Isobutene itself is not suitable as a gasoline or as a
component of gasoline. It is too small of a molecule, making it too volatile and
containing too little energy. But we’ll discover how simple it is, in a clever industrial
process, to convert two four carbon molecules, isobutene and a molecule easily
obtained from it, isobutane, to the branched octane we need, 2,2,4-trimethyl pentane
(Figure 4.13).

In 1sobutene we are introduced to a new functional group (section 3.9) to add to
our growing list of functional groups. Isobutene is an alkene, a molecule that contains a
carbon-carbon double bond. We’ve come across double bonds before this in the
aldehyde functional group on carbon-1, the anomeric carbon of glucose and its
diastereomers (section 3.13, Figure 3.14) and in carboxylic acids such as, for one
example, acetic acid (Figure 4.11).

Aldehydes and carboxylic acids, among many other functional groups belong to
the class of molecules containing a carbonyl group in which carbon is doubly bonded to
oxygen. InFigure 3.14 we looked at the orbital picture of the carbonyl group in
formaldehyde, the simplest aldehyde and discovered that the double bond is described
as made up of two very different kinds of covalent arrangements, a sigma () bond and a
p1 (m) bond. This combination is no less the situation for the double bond in an alkene as
shown in Figure 4.12.
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The linear overlap of orbitals in a o-bond lends strength to this bond, that is,
makes it more difficult to break, compared to the orbital overlap in a n-bond. It is this
inherent weakness of the m-bond in the aldehyde carbon oxygen double bond in the open
form of galactose that gives rise to the reactivity responsible for the tragedy of
galactosemia (section 3.15). And similarly, this inherent weakness of the n-bond, even
if the bond is between two carbon atoms rather than a carbon and an oxygen atom,
allows isobutene to act as a base for the industrial acids used in the synthesis of 2,2,4-
trimethyl pentane.

The acid base reaction, (1), that initiates the other reactions in Figure 4.13
produces a carbocation. Looking back at Figure 4.11, the acid base reaction shown

between HCIl and H,O also lead to a positive charge, but in that situation H;O". In

Figure 4.13 the base 1s also a source of electrons to make the bond with the proton.
However, here we are not using a lone pair of electrons, as on the oxygen atom of
water, but rather the two electrons that form the w-bond of the double bond of isobutene.
There is another big difference in having the n-bond supply the electrons to form the

bond to H". The proton can become covalently bound to either of the two carbon atoms
of the m-bond with the other carbon atom becoming positively charged.

Why is the carbocation shown inFigure 4.13 produced, rather than the
carbocation that could be produced by addition of the proton to the other end of the
double bond? The answer can be found in the discussion insection 4.7 (Figure 4.9)
where we discovered that the success of catalytic cracking of petroleum fractions arises



from carbocations rearranging to the most substituted site in the molecule. If the proton
addition to isobutene (Figure 4.13, (1)) had added to the most substituted carbon of the
double bond, the carbocation site produced would have to reside at the primary carbon,
at the =CH, end of the double bond, rather than at the tertiary carbon, the =C(CHj;), end

of the double bond. Formation of —CH," is the less stable situation. We’ll say more
about this shortly.
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Carbocation Chain Mechanism for the Industrial Formation of 2,2,4-
Trimethyl Pentane from Isobutene and Isobutane
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The carbocation produced by addition of the proton contributed by sulfuric or
hydrofluoric acid to the =CH, end of the isobutene in reaction (1) (Figure 4.13) is

called tertiary (t-) butyl cation. The proton addition is the initiation step of what is a
chain mechanism in which this step leads to propagation step, (2) (Figure 4.13), which
produces the product, 2,2,4-trimethyl pentane, and a new t-butyl cation.



The newly produced t-butyl cation from steps (2) and (3) then undergoes another
reaction (2) with a new isobutene and begins the process again, hence the designation
“chain reaction mechanism.” This process will continue until one or both of the
reactants, isobutene and isobutane are consumed or if some other step occurs that
terminates the chain. If such a termination occurs, a new chain can begin by a new
proton reacting with isobutene.

The t-butyl cation produced in step 3 occurs by a parallel reaction to one we’ve
seen before in the mechanism of catalytic cracking shown in Figure 4.8 and discussed in
section 4.6. In the catalytic cracking process, the 1,2 shifts that transformed the linear
hydrocarbon to the branched hydrocarbons were intramolecular reactions, reactions that
occur within a molecule, as defined in section 3.14. However, the branched carbocation
produced by these intramolecular reactions is released from the rearrangment process

by taking a hydride ion, H", from an uncharged molecule, R-H, in the petroleum fraction.
This is a reaction between molecules and is called an intermolecular reaction. The
production of the t-butyl cation in step 3 in Figure 4.13 1s also the transfer of a hydride
ion between molecules, another example of an intermolecular reaction transforming the
branched carbocation to a neutral product molecule, 2,2,4-trimethyl pentane.

In all three steps in Figure 4.13 the carbocation produced is tertiary (Figure 4.9,
section 4.7), which, as we’ve just discussed, is the most stable carbocation state we’ve
discussed so far in the book. The tertiary carbocation is produced in reaction (1) by
addition of the proton to the terminal carbon of isobutene, as noted above. Another
tertiary carbocation is produced in reaction (2) by the addition of the t-butyl cation
produced in reaction (1) to the terminal carbon atom of another isobutene molecule. In

reaction (3) the new t-butyl cation is produced by transfer of a hydride ion, H, that is,
transfer of a hydrogen atom carrying both electrons that had bound this hydrogen atom to
the tertiary carbon in isobutane.

In this manner, 2,2,4-trimethyl pentane is produced and the tertiary carbocation
that propagates the process, turns, so-to-speak, the wheel for another spin.

Remember the great Russian chemist Alexander Michailovich Butlerow(v), who
contributed important advances to structural theory (section 1.11) and whose student
Egor Egorevich Vagner we learned started the road to revealing the existence of
carbocations, the Wagner in Wagner-Meerwein ( section 4.3). Well, Butlerow(v) had
another student whose name is known to almost all students of organic chemistry,
Vladmir Markovnikov. Markovnikov was so highly thought of when he graduated with
his doctoral degree in 1869 that he succeeded his mentor as professor at the University
of Kazan. Although he lasted there for only two years before he left, he generated a rule
that has become famous among students of organic chemistry*“Markovnikov’s Rule.”



]
Vladimir Vassilyevich Markovnikov

For reasons that are now seen as an “inspired guess,” as put in an article about
this rule by Peter Hughes from Westminster School in England, Markovnikov, in
translation from the original German, wrote: “When an unsymmetrical alkene combines
with a hydrohalic acid, the halogen adds on to the carbon atom containing the fewer
hydrogen atoms, that is the carbon that is more under the influence of other carbons.”

Precisely correct Professor Markovnikov, and we know the reason why, a reason
the Russian professor could not have known in those early days of the science. In the
addition of a hydrohalic acid to an alkene, the proton is added first, forming the most
stable and therefore the most substituted carbocation, which then adds the negatively
charged halide that the proton left behind.

For a full discussion of Markovnikov’s rule look ahead to the discussion in
Chapter 6 around Figure 6.13, In observing the reactions (1) and (2) of the chain
mechanism 1n Figure 3.13, we could see the results as fitting into a slightly broadened
application of Markovnikov’s rule as he stated it so many years ago.

PROBLEM 4.36

An allene is a molecule in which two double bonds are connected to the same atom. Allene itself has the structure
H»C=C=CHj. Propose hybridized orbitals consistent with this structure and predict the geometry of allene based on

your proposed hybridization.

PROBLEM 4.37

Use hybridization of orbitals to describe acetylene, HC CH, and predict its geometry. Now use this hybridization to
describe another molecule with a triple bond, hydrocyanic acid, HC N, making certain that you take account of all
electrons associated with the nitrogen atom.

PROBLEM 4.38

Draw two dimensional structures for ethylene, CH»=CH», changing the sp2

hybridized orbitals from x and z, to x and



y.

PROBLEM 4.39

We’ve seen that the reactivity of aldehydes arises from the weakness of a bond in combination with the
electronegativity difference between carbon and oxygen. In an alkene we have the bond but not the electronegativity
difference. How do the reactivity properties of alkenes still arise from the weakness of the bond but differ from
aldehydes because of the absence of the electronegativity difference?

PROBLEM 4.40

In addition reactions to double bonds the product of the reaction shows unequivocally if the mode of addition follows
Markovnikov’s rule. Draw the structures of alkenes in which addition of HCI could test this statement. Now draw the
structures of alkenes where addition of HC1 would not reveal if the addition followed Markovnikov’s rule.

PROBLEM 4.41

In Figure 4.13 in step 1 the proton adds to the double bond of isobutene to produce the most substituted carbocation,
obeying Markovnikov addition. In step 2 the carbocation produced in step 1 adds to the double bond of another
isobutene to again produce the most stable carbocation. These two modes of addition, steps 1 and 2, produce the
carbon skeleton of 2,2 4-trimethyl pentane. Now carry out steps 1 and 2 in conflict with Markovnikov’s rule. Show the
carbon skeleton this mode of addition leads to and name the neutral molecule that would arise from an intermolecular
hydride transfer.

PROBLEM 4.42

The alkene, 3-methyl-1-butene, CHy=CH-CH(CH3)7, in the presence of a Bronsted-Lowry acid is transformed to 2-
methyl-2-butene, CH3-CH=C(CH3). How does the rule of Markovnikov play a role in this transformation from a
terminal double bond to an internal double bond? If the alkene, 4-methyl-1-pentene, HyC=CH-CH»-CH(CH3)), is
treated in the same way, it is transformed to 2-methyl-2-pentene, H3C-CH»-CH=C(CH3)>. What do these reactions

reveal about the relationship between structure and stability of double bonds, a subject we will take up in later
chapters?

PROBLEM 4.43

In work carried out by M. S. Kharash and F. R. Mayo at the University of Chicago in 1933, addition of HBr to certain
alkenes seemed to go with the rule and against the rule of Markovnikov in a random way over many experimental
trials. What would they have observed if HBr were added to isobutylene, CH»=C(CH3)2? The result was finally

+
attributed to the fact that instead of a polar addition, that is, first H , and then Br--, the reaction path sometimes

followed a free radical path with first addition of Br and then addition of H. Write out a chain mechanism (as for
carbocations in Fig.4.13) for this free radical path and account for the so-called anti-Markovnikov behavior. We’ll
learn about free radicals and their capricious behavior in Chapter 9.

4.11




E ONS (2) AND (3) IN FIGURE 4.13 are defined by the idea of acid
r&etions just as much as the proton donation to water that occurs

when hydrochloric or acetic acid 1s dissolved in water (Figure 4.11) or when a
proton from a strong acid is added to isobutene (Figure 4.13, reaction (1)). But
reactions (2) and (3) do not belong to the narrow definition of acids and bases within
the Bronsted-Lowry concept. A proton is not added to a base in these reactions, a
carbocation is added. A broader idea of acid base reactivity was proposed by Gilbert
Newton Lewis in the same year, 1923, that the Bronsted-Lowry definition was
published. It’s about time you were introduced to G. N. Lewis, who took giant steps in
the progress of chemistry.

Wﬁfﬁwﬁﬁ

. Gilbert Néwton Lewis

Although here we will focus on Lewis’ idea about what constitutes an acid and a
base, G. N. Lewis’s most well known contribution to chemistry was his understanding
that the line drawn by organic chemists to designate the bonded relationship between
two atoms in a molecule was, in fact, a shared pair of electrons. It’s difficult to believe
that what we now see as so simple an idea was not understood until Lewis’ influential
paper published in the Journal of the American Chemical Society in 1916. In this paper
Lewis not only proposed the shared electron pair bond but also showed how this
concept fit into a continuum of bonding under his heading of polar and nonpolar.

At the polar extreme, Lewis saw the electron pair as being transferred to one of
the atoms, giving this atom a negative charge and therefore necessarily its bonding

partner a positive charge - consider NaCl, that is, Na™ and CI-. At the other extreme
using Lewis’ own example would be the carbon-carbon bond in a hydrocarbon, such as



the ones we have studied in this chapter. He used n-hexane (section 4.5) for his
particular example of a molecule in which the carbon-carbon bonds were formed by
equal sharing of the electrons, one from each carbon atom.

And then there were all the bonds in between these extremes such as water, in
which the electrons in the bond between oxygen and hydrogen are pulled in the direction
of the oxygen atom and away from the hydrogen atom forming a polar bond. But in water
we do not reach the extreme of a fully polar bond, what we now would call an ionic
bond, as in NaCl.

It is a remarkable experience to read this 1916 publication to see what we now
consider obvious to be presented for the first time. In fact Lewis’ bonding concepts are
considered to be the foundation on which the understanding of chemical reactivity and
mechanism were built in the years to follow. Drawing a line between two atoms in a
molecule was well enough for structural ideas at that time, which only required knowing
where the atoms were, but knowing what that line meant in terms of electrons was
necessary to understand the changes occurring in chemical reactions, which are almost
always represented in organic chemistry by the curved arrow, that is, by the movement
of electrons (section 3.14, Figures 3.15-3.17).

Moreover, the concept of the electron pair bond was also the foundation of
structural chemistry as this insight was extended by quantum mechanical ideas into the
realm of orbitals and then to the idea of Linus Pauling about hybridization of orbitals
and the geometry of molecules (section 1.4). It is interesting to read letters, which can
be found on the web, between Lewis and Pauling to see how much the older man at
Berkeley appreciated the work of his younger colleague at the California Institute of
Technology.

Insection 4.7 the word resonance was introduced as a concept describing the
distortion of electron density in a molecule with a positively charged carbon atom.
Although we are not yet ready to delve deeply into this important concept of chemistry
let’s say just a bit more about the origin of the idea. Pauling contributed greatly to this
area but again here it was Lewis who first introduced the idea that a single structural
representation (drawing) may not in many situations properly describe the bonding
characteristics of a molecule. Lewis suggested that more than one representation
(drawing) may be necessary in which the atoms’ positions are not changed but the
electrons are shown in a different arrangement.

Lewis did not use the word resonance, a word that evolved later, but the original
concept was his. Let’s say no more about this until it is necessary, a bit later (section
5.4). You don’t need to know about the details of resonance just yet. G. N. Lewis, a
chemist of constant innovation and original thought, was also a great educator. His
brilliance was quickly recognized and before graduating from the University of
Nebraska, he was sent to Harvard University to finish his education. His teachers in the
Midwestern part of the United States recognized that this young man needed the



influence of the leading scientists of his era.

Lewis was successful in his studies at Harvard and in fact was asked to become
an instructor at this famous school. But this did not last for reasons that are unknown
now, although Lewis is reported to have “bragged” later in his life, that he had been
fired from Harvard. At any rate he was sought out by the University of California at
Berkeley which gave him the position and the resources to build the chemistry program
on this west coast bastion of excellence. And this Lewis did, building this department to
one of the best in the world of science, which position Berkeley still maintains to this
day. It is generally agreed that Lewis was a historical figure who brought America to
the foremost place in chemistry both in his research, his theories and his teaching.

Let’s now hear Lewis’ ideas about acids and bases as expressed by Gerald E. K.
Branch, one of Lewis’s first hires at Berkeley and regarded as the colleague he was
closest to in the development of his ideas about chemistry.

o
K. Branch

| iJ,._"?'.I___'._'__!,I i

Gerald E.

“Among Lewis’ own application of this theory of the electron pair bond to
chemistry was his generalized concept of acids and bases. In this theory, the base has
a pair of electrons to share with the acid which has room for such a pair. Lewis’
definition of an acid was therefore based on phenomena as well as theory. Thus an
acidic hydrogen compound was classed as an acid, not only for its ability to form an
addition compound with a base by a hydrogen bond, but also because it gives the
proton to a base in an almost instantaneous process.”

Well, Professor Branch’s view of Lewis’ acid base concept is an interesting
statement to mull over for anyone, and especially for a beginning student of the subject.
Let’s translate the concept into more accessible language, language that will show us
that Lewis would consider all three reactions (1), (2) and (3) in Figure 4.13 to be acid
base reactions.

Professor Lewis was not aware of the concept by Brensted and Lowry when he



published his idea in the same year. He was thinking of the concept of acidity and
basicity independently and realized some broad definition was necessary. Lewis
considered that any molecule or an ion that lacked a pair of electrons in its valence shell
should be considered an acid. And that any entity that can supply the electron pair to fill
that empty shell of what he considered an acid, would be defined as a base. Typical
examples of what Lewis had in mind as acids, which would not be acids in the
Bronsted-Lowry definition, are shown in Figure 4.14 in their reactions with a Lewis
base. None of these Lewis acids would be considered acids in the Brensted-Lowry
definition. In the latter definition of an acid, the proton is not the acid, but rather the
molecule that supplies the proton, for example HCI. In the Lewis definition the proton or
the t-butyl cation (Figure 4.13) are both acids.

With the information in Figure 4.14 in mind look again at reactions (1), (2) and

(3) in Figure 4.13. Reaction (1) fits both definitions if we consider the source of H', for
example H,SO,, the Brensted-Lowry acid and isobutene the base. In the Lewis

definition, H' is the acid. Reactions (2) and (3) fit only the Lewis definition with the
acids being the carbocations on the left side of these reactions. For reaction (2) the base
is isobutene again, as it is the base in reaction (1). In reaction (3) the base is isobutane,
which contributes two electrons forming a hydride ion, to satisfy the acid, the
carbocation at carbon-4 of 2,2,4-trimethyl pentane.

In many situations in the material to follow in the book, the acid-base concepts of
both Brensted-Lowry and Lewis will offer understanding of the many reactions of
organic molecules from both biochemical and industrial examples. In fact, in some ways
of thinking, as we’ll discover, many reactions of organic molecules can be seen as
belonging to one or the other category of acid base reactions.
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Examples of Lewis Acid/Base Reactions

PROBLEM 4.44

Answer true or false and explain your answer: (a) The conjugate base of a neutral acid will always be negatively
charged; (b) HCl is not a Lewis acid; (c¢) His not a Lewis acid; (d) BF3 is Lewis acid because of its empty p orbital;
(e) HBr is a Bronsted-Lowry acid; (f) a molecule with a large pK, is necessarily a strong base; (g) a conjugate base
formed from an acid with a small pK, will always be a weak base; (h) pK, can be a negative or a positive number; (i)

a double bond can act as a weak base; (j) the transformations of hydrocarbons in a zeolite cavity are not acid base
reactions; (k) the conjugate bases of strong acids are unstable; (I) a negative pK, corresponds to a small equilibrium

constant for ionization of a Brensted-Lowry acid; (m) the protonated conjugate base of a weaker acid will have a



larger pK, than the protonated conjugate base of a stronger acid.

PROBLEM 4.45

Assign acid or base designations to the reactants in Figures 4.13 and 4.14 according to the two definitions, Breonsted-
Lowry or Lewis.

PROBLEM 4.46

Could the 1,2 shifts observed for carbocations, as in Figures 4.7 and 4.8, be considered to be acid base reactions within
a single molecule, that is, intramolecular acid base reactions? If so, identify the acid and the base according to either
the definition of Brensted-Lowry or Lewis.

PROBLEM 4.47

Look ahead to Chapter 5. G. N. Lewis pointed out that a single structural representation (drawing) may not in many
situations properly describe the bonding characteristics of a molecule and more than one representation (drawing) may
be necessary in which the atoms’ positions are not changed but the electrons are shown in a different arrangement.
Are you able to imagine the structures of several molecules where multiple representations are necessary and several
molecules where multiple representations are not necessary?

PROBLEM 4.48

Would it be correct to say that a single representation of the structure of the t-butyl cation in Figure 4.13 does not
represent the complete characteristics of this ion? If you believe the answer to this question is yes, then how would
you represent the structure of the t-butyl cation? Would resonance, that is, drawing multiple structures in which the
electrons change but the atoms do not, help and if so how would you apply this concept of resonance to this situation?
Read ahead to section 5.4 to help to answer this question.

PROBLEM 4.49

In the structure of benzene, six carbon atoms form a regular hexagonal ring, each bearing a single hydrogen atom.
There is no formal charge and the octet rule is obeyed for every carbon atom in the structure. Is it possible to describe
benzene by a single structural drawing (representation) considering that double and single bonds normally have
different lengths? If more than one drawing is necessary, what do you suggest? Here we are looking ahead to Chapter
6.



CHAPTER 4 SUMMARY of the Essential Material

HE FOCUS OF this chapter is the nature of carbocations, trivalent carbon

wi ormal positive charge. We learn how the empty p orbital in these sp? hybridized
reactive intermediates is the basis of the powerful electrophilic properties of
carbocations. The electrophilic nature of carbocations drives two kinds of chemical
reactions, 1,2 shifts and addition to double bonds. The 1,2 shift is the reaction
responsible for the rearrangements of chemical structure that occurs when carbocation
intermediates are present. These kinds of rearrangements are responsible for the
chemical changes occurring in many chemical reactions including in cracking of
petroleum fractions, which leads to the change from the linear hydrocarbons found in
petroleum to the branched hydrocarbons necessary to gain high octane ratings for
gasoline. Addition of carbocations to double bonds is the basis of a reaction between
two four carbon products of petroleum, isobutene and isobutane, which is used to
synthesize a highly branched hydrocarbon that is a standard for defining octane number.

The foundation of the chemistry of hydrocarbons is the relationship between
carbocation structure and stability and we spend time understanding why more
substituted carbocations are most stable and how this manifests itself including the rule
generated long ago by Markovnikov about addition to double bonds. We are introduced,
in the industrial process for addition of carbocations to double bonds, to the chain

mechanism, a favorite of industry, which we’ll see several examples of later in the
book.

Chapter 4

Understanding these industrial processes requires learning about the differences
between the Bronsted-Lowry definition and the Lewis definition of acids and bases and
the fundamental nature of acid-base chemistry and how acidity and basicity is measured
and defined.

We learn how increasing familiarity with aspects of nomenclature helps in
discussion of the changes in structure focused on in this chapter.
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Chapter 5

Carbocations In Living Processes.

S.1

OPULAR INTERPRETATIONS OF GENESIS, God is said to have
ted Eve from Adam’s rib. In other words, man came to life before

woman. Genesis was written quite a long time before the twentieth century
when it came to be understood that the biological pathway to the sexual hormone that
defines the female, estradiol, starts with the male hormone, testosterone, a kind of
molecular confirmation of an ancient idea. Steroids are clearly very important
molecular components of life and Figure 5.1 shows the structures of these hormonal
steroids.

As we’re about to learn, all steroids are synthetically derived in vivo from a class
of molecules known as terpenes, which arise by the linking together of molecules with
five carbon atoms each based on the carbon skeleton of isoprene. The linking chemistry
uses the same intermediate we’ve learned is responsible for the production of high
octane gasoline, that is, the carbocation. Let’s now discover how the behavior of
carbocations in life’s chemistry is driven by the identical forces at work in the
laboratory and in the chemical industry.

Testosterone’s source is another steroid, cholesterol, which brings us to the
chemist who discovered cholesterol, Michel Eugéne Chevreul, who was born in
Angers, France in 1786, and when he died in 1889, yes, at nearly the age of 103, a
public funeral was held in Paris demonstrating again how much this great chemist was
known and appreciated. Three years earlier, medals with his image were issued on his
one hundredth birthday. This was a greatly beloved man. Certainly important to this
appreciation was not so much that Chevreul had lived through almost all the
developments that took chemistry to the edge of modern structural theory but as much
also for what he did that affected people’s lives. For example, he transformed the
manufacture of candles so that the average person could have reliable and pleasant light.



And pleasant his candles were. Chevreul’s research formed the basis of constructing
candles without using wax derived directly from living sources, and therefore without
unpleasant smells when they burned. His scientific work also set the stage for
understanding the use of color in the arts and in the dye industry and not to be
diminished, he possessed a jovial and generous outsized personality - a likeable person
of great accomplishments, a winning combination.

estradiol testosterone

FIGURE 5.1

Estradiol and Testosterone, the Female and Male Sex Hormomes

Chevreul was born to a family of physicians but turned down a career in medicine
to enter the world of chemistry. He was a man of immense curiosity about the natural
world, which probably accounted for his decision to enter the world of science. His
investigations touched many areas and near the end of his life he even began to study the
nature of aging, a topic which likely interested a man who had lived more than one
hundred years and a topic of enduring interest.
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FIGURE 5.2

Structures of Cholesterol, Glycerol, Stearic and Oleic Acids

Our interest here is about the work for which Chevreul i1s best remembered, his
research on soaps and animal fats. These investigations among other advances led to his
discovery of cholesterol, and several fatty acids, including most prominently, stearic
and oleic acids and as well glycerol (Figure 5.2). Moreover, his efforts led to the
understanding that fats are, in the words of that time, anhydrides of fatty acids and
glycerol. Now we use the word ester to describe the functional group (section 3.9)
formed by the combination of a carboxylic acid and an alcohol with elimination of
water, that 1s, the functional group that defines the combination of a fatty acid and
glycerol. More will be said about fatty esters later in Chapter 7 when we focus on how
biological processes break them down with subsequent conversion to the energy that
sustains us and, as well, builds them up to create our body’s fat. But for now our focus
is on the route that leads to the family of steroids.

The biological processes that lead to the molecules which Chevreul investigated,
cholesterol and the fatty acids (Figure 5.2), begin with the same two carbon moiety, an
acetyl group, in which a carbon with three hydrogen atoms, a methyl group, CHj;, is
bonded to a carbon with a double bond to oxygen, a carbonyl group, C=0O. The
biological molecule that begins both the synthesis of fatty acids and of cholesterol is

acetyl coenzyme A, abbreviated acetyl CoA, which is shown in Figure 5.3. Although
acetyl CoA is the starting point on the route to the steroids and to the fatty acids, the first



steps taken on the two paths quickly diverge. We are going to look carefully at
biological syntheses in Chapters 7 and 8 where we will investigate the properties of
negatively charged carbon, the carbanion. But for now let’s focus on a key intermediate
produced in the path to the steroids, isopentenyl diphosphate also shown in Figure 5.3.
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FIGURE 5.3
Structures of Acetyl Coenzyme A and Isopentenyl Diphosphate

PROBLEM 5.1

In all structures in Figures 5.1-5.3 account for all lone pairs of electrons, including on phosphorus, and for the presence
or absence of formal charge and attention to the octet rule where applicable. How many different functional groups
can you find in these structures? Make a list of these functional groups and discover which ones you know the names
for.

PROBLEM 5.2



If you have a set of molecular models and can share with others who also have a set, then you may have enough
carbon and hydrogen atoms to construct cholestanol, which has the same structure as cholesterol (Figure 5.2) but with
two hydrogen atoms added to the double bond. Construct the three six member rings in the structure in their chair
forms so that the two sites of fusion of the three rings are made with all equatorial bonds within each of the three
rings. Are the two methyl groups that sit at the two fusion sites in equatorial or axial positions? We will be studying the
synthesis of cholesterol in Chapter 12.

5.2

USANDS OF MOLECULES have been isolated from natural
rcts #™which the arrangement of the five carbon atoms in isopentenyl

diphosphate can be recognized. Figure 5.4 shows examples of these molecules,
which are given the name terpenes and vary from so-called monoterpenes with ten
carbon atoms, to sesquiterpenes with fifteen carbon atoms, diterpenes with twenty and
so on up to rubber with uncountable numbers of carbon atoms.

According to many sources, the connection of human beings to terpenes derives
from a tree common to the Mediterranean region, the terebinth tree. It’s difficult to judge
the truth of that claim because what we call terpenes are found in all plant matter, as
well as in the animal and insect world. In a walk in any forest we are calmed by the
odor of the multitude of terpenes exuding from the plants surrounding us. Whatever may
be the history of our ancestors who took those first pleasant breaths and who eventually
thought up the idea of creating perfumes from these sources, it is agreed that the
terebinth tree is the source of the name terpene.

Near Istanbul in the Sea of Marmara there is a small island whose name in
Turkish translates to Mother-of-Pearl Island and whose ancient Greek name,
Terebinthos, translates to turpentine, a liquid, composed of various molecules of
approximate formula C;oH¢, corresponding to that of monoterpenes. One doesn’t have

to travel to Istanbul and take a ferry to obtain turpentine. Copious amounts of terpenes
are obtained on steam distillation of the exudate of all conifers and the oils of numerous
plants including citrus fruits and eucalyptus trees. I remember my first visit to the



University of California at Berkeley and the overwhelming wonderfully distinctive
smell of the eucalyptus forest surrounding the campus.
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FIGURE 5.4

Several Terpenes Varying from a Monoterpene to Rubber

At the other end of the molecular weight spectrum, but nevertheless also a terpene
and where enough volatility to reach us is impossible, is natural rubber (Figure 5.4).
Nature’s elastomer is also obtained from a tree, Hevea brasiliensis, whose name
derives from the place of its discovery by Europeans in the Amazon Rain Forest of
Brazil. We’ll be discovering much about rubber and other elastomers and the organic
chemistry principles associated with this subject in Chapter 11.
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FIGURE 5.5
Various Monoterpenes with Attractive Odors

The historical roots of organic chemistry find their origin in investigations into
our own lives and the plant and animal life around us and therefore it is hardly
surprising that terpenes were a subject of investigation even before modern scientific
methods were introduced, during the centuries when alchemy reigned,. In those ancient
studies the word terpene didn’t exist nor did any understanding of the molecular
structure of these marvelous molecules but now we understand that many of the odors
that intrigue us and form the basis of the perfume industry are terpenes. Figure 5.5
shows several of these chemical structures, which are critical components of familiar
scents: geranial and neral - lemongrass oil; a and 3-ionones - odor of violets; geraniol -
palmarosa oil of gingergrass; nerol - orange blossom; R-(+)-citronellal - oil of
citronella; S-(-)-citronellol - rose oil; limonene - component of lemon and orange; (-)-
menthol - mint oil. And these are only exemplary of the multitude of terpenes that
contribute to the symphony of odors that envelope us from natural sources. When one
speaks of the chemistry of terpenes there immediately comes to the fore the great



chemist, Lavoslav Stjepan Ruzicka, who was born in 1887 in what is now Croatia. He
was said to be the first in the history of his family of craftsmen and farmers to be
educated beyond a few years of schooling. This turned out to be a good idea considering
that Ruzicka won a Nobel Prize in 1939. The path to this prize began with his work with
another Nobel Prize winner, Hermann Staudinger in Germany, with whom he
investigated a natural material of use for insect control, Dalmation insect powder.
Ruzicka took a life-long interest in what are called in organic chemistry, natural
products or more particularly, essential oils.

h B3 |
Lavoslav Stjepan Ruzicka

Terpenes are the essence of essential oils in the plant world, which although
investigated by chemists for over one hundred years before Ruzicka entered the field,
were not understood to be built from a common starting material and with a recurring
structural pattern. From his investigations over many years, mostly at the
Eidgenossische Technische Hochschule in Zurich, Switzerland, Ruzicka saw, with a
few understandable exceptions, that the multitudes of terpenes were all built of five
carbon units based on isoprene, an insight he termed the “isoprene rule” (Figure 5.6).
According to this rule, terpenes can be recognized by being able to break the carbon
skeleton down to isoprene units. How this is done for several terpenes is shown in
Figure 5.6 where a dashed line and numbered carbon atoms demonstrate that these
molecules fit the 1soprene rule.
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FIGURE 5.6

Demonstration of Ruzicka’s Terpene Rule

In Ruzicka’s Nobel lecture, the delivery of which was delayed until December,
1945, after the end of World War 11, he pointed to the larger picture that would emerge
from his studies, a picture that could reveal fundamental principles of how nature
synthesizes the chemicals he had studied, and therefore would give insight into the
workings of life. Let’s use his words:

“Attempts may be made to interpret the isoprene rule, not only as a working
hypothesis in the laboratory, but also as a structural principle employed by nature.
The structural similarities of the higher terpenes raise the question as to whether
these compounds may have been formed according to a uniform principle in nature.
At the present time, however, there is no point of reference which might lead to an
interpretation of the mechanism of this biochemical process, which is so widely
distributed in nature.”

The mechanism of this “biochemical process,” as Ruzicka put it, would later
connect the terpenes, which so fascinated Ruzicka, to the world of steroids. But let us

bl



put this story aside for a moment to realize that the biochemical process Ruzicka was so
interested in understanding brings us full circle to the creation of high octane gasoline.
This connection is best expressed by an outstanding French chemist, Guy Ourisson,
who summarized the biochemical synthesis of the terpenes in 1990 as follows (Ourisson
used the term carbenium ion for what we have called carbocation and the term
polyprenol for terpenes with multiples of five carbons):

Gu urisson

“The Biogenetic Isoprene Rule of the Zurich School has given us a universal
interpretation of the structure of all known terpenoids: they derive from the simply
acyclic polyprenols by “normal” chemistry, mediated by enzymes but involving
“normal” reaction mechanisms. Of these mechanisms, the most important ones for
the formation of the skeleton are the addition of a carbenium ion on a double bond,
and the 1,2 migration on a carbenium ion: these insure not only the formation of the
simpler acyclic precursors, the polyprenols, but also their cyclizations and the
rearrangements of cyclized products.”

Ourisson followed this statement with structural drawings showing the same 1,2
shift we have seen in Figure 4.7 and the addition of a carbocation to a double bond,
which we have seen in reaction (2) in Figure 4.13. Apparently the chemical reactions
we discover in our laboratories and our industries have been going on right under our
noses, so to speak. And the carbocations are only one of numerous examples supporting
this statement, as we shall see later in the book.

PROBLEM 5.3

For the structures in Figure 5.6 identify all stereochemical possibilities and name the stereoisomeric pairwise
relationships.

PROBLEM 5.4

Use numbering of carbon atoms to test the terpene rule for all the chemical structures in Figures 5.4 and 5.5.



PROBLEM 5.5

What conclusion can you draw about the biological source of stearic and oleic acids (Figure 5.2) by their structures?
Are these fatty acids synthesized biologically by parallel mechanisms which create the terpenes?

PROBLEM 5.6

Does the structure of cholesterol obey the terpene rule? How can you correlate your answer with the fact that the
source of cholesterol is isopentenyl diphosphate?

5.3

HEI@E ARE FIVE CARBON ATOMS both in isopentenyl diphosphate
(Fi##re 5.3) and in isoprene (Figure 5.6), and the two molecules have the

same carbon skeleton. Isoprene however is not a contributor to the natural
world of terpenes. Isopentenyl diphosphate stands in for isoprene, a fact that Ruzicka
could not have known in those early days of the understanding of biological
mechanisms. In those years the other important biological contributor to the terpene-
steroid story, acetyl CoA (Figure 5.3), an essential building block of isopentenyl
diphosphate, was also unknown.

We now understand that isopentenyl diphosphate is derived in vivo from three
acetyl CoA molecules with the extra carbon atom being lost as carbon dioxide in the
synthetic path, a process we are going to study in Chapter 8. For now let’s see how
1sopentenyl diphosphate can be the source of the terpenes shown in Figures 5.4-5.6 and
further how the terpenes can lead to a molecule that is the precursor to all steroids,
lanosterol. Carbocations, as we shall see, are the key.

Insection 4.9, in our introduction to the properties of acids and bases, we
introduced the concept of the conjugate base, the molecule produced when a Brensted-
Lowry acid loses a proton. A conjugate base produced by loss of a proton from a strong
acid, an acid with a low positive or negative pK,, must be a stable molecule.

Otherwise, why would the acid easily give up the proton? And alternatively, a conjugate
base arising by loss of a proton from a weak acid must be relatively unstable. The



conjugate base instability retards the loss of the proton leading to a higher positive pK,.

Consider CI the conjugate base of HCI, or HSO,", or H,PO,", the conjugate bases
of sulfuric or phosphoric acids. The structural origin of the stability of each conjugate

base may differ. For example Cl- finds stability in attaining the electron configuration of
argon while satisfying a highly electronegative character. The negative charges of
sulphate and phosphate anions may be spread among three oxygen atoms in the former
and two oxygen atoms in the latter, a favorable electronic arrangement, which falls
under the heading of a subject we have not yet addressed, but which we will shortly
discuss, resonance stabilization (section 5.4).

Whatever the source of a conjugate base, its stability resides within its structure,
not its history. What this means, is that the molecule we are calling a conjugate base
may not derive from an acid at all. The moiety we have been calling a conjugate base,

for example CI™ in Figure 4.9, may derive from the breaking of a bond in which a proton
is not lost. The “conjugate base” may simply be a group that leaves with the two
electrons that had connected it to another atom, whatever that atom may be — a carbon
atom in the examples in Figure 4.9.

This possibility that the conjugate base structure may not arise by loss of a proton
from an acid brings us to the idea of leaving group. For example, Figure 4.9 reveals the
energy necessary, expressed as the endothermic change, for ionization of various alky
chlorides. The ionizations produce different carbocations while always yielding the

same anion, ClI". Now Cl" is the conjugate base of HCI but here this anion is not
produced from HCI but rather by heterolytic breaking of a bond between carbon and
chlorine. where the two electrons in that bond go with the chlorine, heterolytic bond
breaking.

Organic chemists use the term “leaving group” to describe Cl in this situation: the

entity that has left the positively charged carbon atom behind. CI™ is an excellent leaving
group for the same reason that it is the conjugate base of a strong acid, HCI. In other
words, if a molecular moiety that would form an excellent leaving group is bonded to
carbon, then that bond is weakened and a carbocation is produced. If this leaving group
1s bonded to hydrogen, then that bond is also weakened and a proton is produced. When
the bond breaks delivering the electron pair to the leaving group a stable anion is
formed.

Biochemists have traditionally called weak chemical bonds high energy bonds
and high energy bonds (section 8.9) are necessary to most biochemical transformations
and therefore to life. High energy bonds require excellent leaving groups for the reasons
just given and nature has focused on just a few excellent leaving groups to do the
numerous biochemical jobs essential to life. The best among these are derivatives of
phosphoric acid.

The structure of isopentenyl diphosphate in Figure 5.3 shows a molecule with an



excellent leaving group, which would form P,0;%, on breaking the bond to the CH,

group. This leaving group is essential to the role isopentenyl diphosphate plays in the
biological production of the terpenes and the derived steroid family.

There are two players in the breaking of a chemical bond in which the electrons
are unevenly distributed, what we have called a heterolytic cleavage. There is the
moiety that takes the electron pair, the leaving group, and the moiety that is left behind,
the positively charged carbon atom, as we’ve seen in Figure 4.9.

It makes sense that the more stable is the positively charged carbon left behind,
the weaker is the bond to the leaving group. We see this in the AH values in Figure 4.9.

The more stable is the carbocation produced when Cl™ leaves, the smaller the enthalpic
change — the easier is the breaking of the bond. Applying this idea to isopentenyl
diphosphate (Figure 5.3), does not point to a weakened bond in this biological

molecule. If P,O,* left, the carbocation site would be a -CH, group, a relatively

unstable carbocation (Figure 4.9). To understand how nature solves this problem we
have to learn about the concept of resonance, which we’ll see has to do both with the

stability of the leaving group, P,O;#, and as we shall see is the phenomenon which
nature uses to change a -CH, group from a poor site to an acceptible site for positive
charge.

PROBLEM 5.7

Bond energies are defined with negative H values. In other words the stronger the bond the larger is — H or therefore
the larger is the exotherm when the bond is formed from the elements that comprise the bond. Since smaller values of
— H may be considered higher energy, weaker bonds are called high energy bonds. When such weaker bonds are
formed, a smaller exotherm is produced. Make a graph to demonstrate these ideas by looking up bond energy values
on the web and notice that weaker bonds have smaller bond energies. An excellent site is
http//www.cem.msu.edu/~reusch/OrgPage/bndenrgy.htm

PROBLEM 5.8

Must leaving groups always be associated with the formation of trivalent carbocations?

S.4
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E NCE IS A SUBJECT alluded to in section 4.11 where we
d that G. N. Lewis realized that molecular representations, the

structures we now draw or make models of on computers or elsewhere, may
not tell the whole structural story. He suggested that in the description of a single
molecule it may be necessary to present the electrons in different ways while not
varying the positions of the atoms to gain a complete, or that is to say, a true picture of
the molecule. In other words, a single drawing although describing the positions of the
atoms, may not adequately describe the bonding in that molecular structure. This idea
was developed in its present form by Linus Pauling.

We’ve already heard about Pauling in Chapter 1 (section 1.4) on hybridization of
orbitals to account for the bonding of carbon, but Linus Carl Pauling was so much more.
He has been called the “Scientist for the Ages,” and is recognized as one of the greatest
scientists of the twentieth century. Pauling was born in 1901 and died in 1994 and his
long life, his extraordinary intelligence and energy, and his social consciousness,
touched almost all aspects of life in the century his life came close to spanning. Pauling
felt keenly about the role of scientists in society and acted accordingly with the view
that science has much to say beyond the boundaries of science, to the nature of how we
conduct ourselves, our social behavior and politics, a view that led to a second Noble
Prize, not, as for his first Noble Prize for his scientific work, but the Peace Prize in
1962.

Pauling’s interest in the molecular basis of biology led him to propose, later in his
life, the importance of nutrition in health and to create a field termed orthomolecular
medicine. The most famous example of this view was in his proposal that large amounts
of vitamin C could be important for human health. As with many of his ideas, including
his opposition to testing of atom bombs in the atmosphere, which led the government to
take away his passport during the early 1950s and therefore his ability to travel out of
the United States, his ideas on orthomolecular medicine were attacked as quackery by
the medical establishment.

I remember reading, when I was a young professor, a paper by Pauling in defense
of using Vitamin C, which intrigued me for being so reasonable. Pauling proposed that,
in contrast to other species, the behavior of human beings over the millennia has
changed too quickly for our evolutionarily determined biochemistry to keep up with and
particularly with the way we eat. For someone planning a life in science and wanting to
know how the great man conducted himself I recommend reading about his life:
http://Ipi.oregonstate.edu/Ipbio/lpbio2.html.
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In a remarkable series of insights submitted for publication to the Journal of the
American Chemical Society between February, 1931 and May, 1932 under the general
heading of “The Nature of the Chemical Bond,” Pauling at an age between 