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To my students



To the Students

You are about to embark in what may be a life-changing experience. After taking
organic chemistry, a stroll in the forest will never be the same. You will perceive the
world around you with renewed senses as if a new dimension had been added. This
dimension is knowledge.

Organic chemistry is everywhere, from the delicate smell of violets to the paper
these words are printed on. In the organic chemistry laboratory you will learn to
decode some of nature’s secrets, and in doing so, you will learn to use tools that will
extend your senses to the molecular level. You will also learn a new language that will
enable you to describe what you see through the magnifying glass of experimental
organic chemistry.

In the laboratory you will learn to observe, interpret, and predict organic chemistry.
You will develop your problem-solving skills and will gain a sense of self-confidence
and self-reliance. By the end of this course you will be proficient in the most
important aspects of laboratory work and will be able to design and interpret your
own experiments.

In developing this laboratory course I tried to be loyal to my conviction that
we learn only what we enjoy. Whenever possible, I made an effort to relate the
experiments to everyday life and to provide social and historical notes. Many of the
experiments have biological applications or are connected to medicine. For example,
you will prepare diiodotyrosine, a compound related to the thyroid hormones that
control metabolism and development. You will transform a pain-relief ointment,

such as Bengay, into aspirin. You will isolate caffeine from tea. You will analyze

vitamin tablets. You will isolate the components of milk. You will prepare fragrances
that mimic the smell of fruits and flowers. You will obtain volatile oils from plants.
You will make an ant pheromone (pheromones are compounds used by animals to
communicate with members of the same species). You will explore the chemistry of
steroids. You will make plastics and dye fabrics.

One of the first lessons that you will learn in the laboratory is to be patient. In this
fast-paced society it seems that patience is a virtue that has fallen by the wayside. As
a scientist in-training you will leam to follow nature at its own speed and to respect
its timing. Very often, there is little we can do to hasten the course of an experiment.
In the laboratory you will learn to budget your time efficiently while waiting for an
experiment to conclude. You will also learn to take frustration in stride. An experiment
may not work as planned and must be repeated. But a failed experiment gives us an
opportunity to learn from our mistakes. Another lesson you will learn in the laboratery
is to be faithful to your data. You will learn to accept your results and treat them
with respect, avoiding embellishment and intentional omissions. Remember that the
building of science is made of truth and its foundations are rooted in trust. It is in the
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PREFACE

laboratory where the advances of science are made. Without laboratory work, science
would be just a poetic fabrication.

You are not alone in the endeavor of discovering experimental organic chemistry.
All of us working in the laboratory, from the beginner to the most seasoned chemist,
are always learning new aspects of this science, art, and craft.

The Subject of Experimental Organic Chemistry

In this course you will learn to work with organic chemicals by obtaining them,
identifying them, and transforming them. Organic chemicals can either be obtained
from natural sources, by a technique called extraction, or can be prepared from other
chemicals by a technique called synthesis. When a compound is extracted from nature
or synthesized in the laboratory, it is hardly ever obtained in a pure form. Normally
the chemical of interest is in a mixture with other components from which it must be

- separated. After the separation, the chemist must make sure that residual amounts of

the other components, called impurities, are eliminated from the compound of interest.
This process is called purification. Separation and purification are carried out by similar
techniques (see diagram below), and the differences between the two procedures
are more conceptual than operational. In the separation of a mixture, the chemist
usually recovers all of its components in separate containers. In the purification of a
chemical, on the other hand, the chemist is only interested in that chemical and tosses
away the impurities. In this course you will learn many separation and purification
techniques such as recrystallization, distillation, chromatography in all of its different
forms (gas chromatography, thin-layer chromatography, column chromatography,
and high-performance liquid chromatography), sublimation, liquid-liquid extraction,
and acid-base extraction. Units 4-10 and 14 are devoted to these subjects.

L : b = s - Spectroscopy (NMR, MS, IR)
Extraction Synthesis Identification | Physical properties
)\
Charsbisizationt b Cherpical tests :
- Physical properties
1 (melting point, boiling point, etc.)
Organic chemicals Separation — Purification
- Distillation - Recrystallization
- Liquid-liquid extraction - Distillation
- Chromatography - Sublimation
- Chromatography

After a compound has been purified, it must be characterized and identified.
Characterization and identification go hand in hand and are performed by similar
techniques. Characterization, which usually precedes identification, is the study of the
physical and chemical properties of a compound. Charaterization is done by chemical
tests, which by a simple color change in a test tube can give valuable information
about the chemical, and also by the determination of physical properties such as
melting point, boiling point, refractive index, and density. Identification, on the other
hand, is a more involved procedure and implies the elucidation of the structure of
the compound. Identification is normally accomplished by a battery of chemical and



spectroscopic methods. Nuclear magnetic resonance (NMR), infrared spectroscopy
(IR), and mass spectrometry (MS) are among the most valuable tools to this end. You
will find numerous spectroscopic applications at the end of the experiments beginning
in Unit 11. Units 30-34 are fully devoted to spectroscopy.

Organization

This book is organized into three sections. Section 1 (The Basics) contains three units:
Laboratory Safety (Unit 1), Basic Concepts (Unit 2), and Basic Operations (Unit 3).
Read Unit 1 and familiarize yourself with the safe practices in the laboratory before you
start your experimental work. You can delay reading Unit 2 and Unit 3 until a later
time if you want. These units contain basic information about common operations
and procedures in the laboratory. Some of this information is a review of what you
have already learned in general chemistry; other information will be new to you. You
will find references to Units 2 and 3 throughout the book.

Section 2 (Units 4-29) contains the experiments. Each unit is composed of
two parts: the background information and the experiments themselves. There are
exercises at the end of each background part with answers to selected problems at
the end of the book. Try to work out these problems; they will give you a deeper
understanding of the subject and will prepare you to do and enjoy the experiments.
Interlaced in these exercises you will find the story of Synton X. Plosiff, a “slightly
vain, somewhat absent-minded, but totally dedicated graduate student”” who is our
fictional chemistry hero. I hope that you like him and his friends.

Each experiment begins with an overview where you will find a brief description
of the aims and organization of the experiment. Read this part carefully because it will
provide you with the “big picture” of the experiment. At the end of each experimental
part you will find guidelines, in the form of pre-lab and in-lab questions, to help
you prepare for the experiment and write a lab report. Answer the pre-lab questions
before you start your experimental work. They will help you understand and take full
advantage of the experiment. The in-lab questions will assist you in interpreting and
analyzing your data.

Section 3 (Units 30—34) deals with spectroscopy: infrared (Unit 31), ultraviolet-
visible (UV-vis, Unit 32), nuclear magnetic resonance (Unit 33), and mass spectrom-
etry (Unit 34). All of the spectroscopic techniques are grouped together in one section
because they are routinely used in most of the experiments. You should read the
spectroscopy units as the course progresses according to the needs of the experiments
or as indicated by your instructor.

To the Instructors

One of my main goals in writing this book was to acknowledge that chemistry, like
music, can only be learned in a progressive manner. Basic laboratory techniques
should be learned and practiced before they can be properly put to use to explore
more advanced problems. The experiments in Units 4-11 and 14 introduce the
most important techniques in the organic chemistry laboratory through extensive
practice. Recrystallization, distillation, extraction, and chromatography are among the
techniques presented in these units. The treatment of these techmques is thorough
from both a theoretical and a practical standpoint.

The units in this book are modular and do not need to be introduced in the
order in which they are presented. However, I have found that students understand
the concept of chromatography better if the subject is presented after liquid-liquid
extraction and if a connection between partitioning between two liquid phases and
pamtxon chromatography is made. Also, high-performance liquid chromatography
is better appreciated by the students if they have a previous knowledge of gas
chromatography.

In general, two experiments, or one experiment with several independent parts,
are offered in each unit. The teachers can select the parts that suit their needs. To
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PREFACE

help focus the students, the suggested background reading is listed at the beginning
of each experiment.

Beginning in Unit 12, experiments on the chemistry of functional groups are
introduced in an order similar to that in which most organic chemistry textbooks
present them. However, these units are also modular and teachers can alter this order
without important consequences. The background information on the chemistry of
functional groups summarizes only the most important aspects of their chemistry,
with emphasis on experimental issues.

Unit 18 covers the subject of chemical kinetics and reaction mechanisms. The
principles of kinetics are also illustrated in Units 19 and 29. In these experiments
the students will go beyond the determination of rate constants and will learn to
use chemical kinetics as a tool for the elucidation of reaction mechanisms. Unit 21 is
about oxidation and reduction reactions. Grouping these subjects in one unit enables
students to compare different methods and see their applications and limitations.
Unit 23 deals with multistep synthesis. With a few exceptions, organic synthesis as
a subject in its own right is not discussed in introductory lecture textbooks. Given
the growing importance of this subject, a discussion of the concepts of retrosynthesis
and synthons is presented in this unit. Units 26 and 27 deal with the chemistry of
polymers and dyes. Both units provide a wide range of experiments to choose from.
Unit 28, on bioorganic chemistry, introduces students to the use of microorganisms
to perform stereospecific transformations.

The units on spectroscopy (Units 30~34) are intended to be used as the course
progresses. From Experiment 11 on, most experiments include spectroscopic analysis.
If the instrumentation is available, the students should obtain their own spectra. State-
of-the-art IR, "H-NMR, and *C-NMR, and sometimes the mass spectra, are provided
in this book for comparison and interpretation. It is up to the teacher to decide how
much use they want to make of spectroscopic techniques. The treatment of IR and
NMR includes a discussion of the technique of Fourier transform. Despite its growing
use and importance, this subject is only tangentially treated in most textbooks. I tried
to remedy this situation by providing a discussion that can be followed by students
without much background in physics and math. Extensive sets of correlation tables
are offered for UV-visible, IR, MS, and, especially, NMR.

There has been a major change in the teaching of experimental organic chemistry
in the last 10 years. The widespread use of microscale experiments brought about by
the work of D. Mayo, R. Pike, and S. Butcher in 1986 (Microscale Organic Laboratory,
Wiley, New York) has revolutionized the way in which experimental organic chemistry
is taught. Although the advantages offered by the microscale approach are many, I
feel that students should also learn the macroscale approach because, out of necessity,
in academia as well as in industry, some chemical operations are performed at the
macroscale level. This book offers both approaches, especially when general laboratory
techniques such as distillation, recrystallization, and extraction are introduced. Most
of the syntheses, however, are at the micro or semi-micro level. By the end of the
course the students should be in a position to decide at which scale an experiment
would be best performed. :

The experiments presented in this book emphasize the importance of critical
thinking through extensive practice in problem solving and chemical analysis. The
pre-lab and in-lab questions are designed to make the students actively participate in
the experiments. In many of the experiments, the students will analyze and identify
unknown samples. To this end they will make use of different techniques such as
melting point, gas chromatography, thin-layer chromatography, polarimetry, refrac-
tive index, preparation of derivatives, and infrared and nuclear magnetic resonance
spectroscopies. Many experiments have open-ended questions; others are puzzles for
the students to solve. For example, Experiment 12 covers an investigation of the main
product of a dehydration reaction; Experiment 16B involves a puzzle in electrophilic
aromatic substitution; Experiment 18 covers the study of the kinetics and mechanism



of a nucleophilic aromatic substitution reaction; Experiment 19B involves the study
of the hydrophobic effect in the Diels-Alder reaction; Experiment 20A explores the
identification of carbonyl compounds; Experiment 21 includes the identification of a
reduction product; Experiment 23B shows the synthesis and identification of ionones;
and Experiment 28 involves the study of a reduction pathway mediated by yeast,
which also includes NMR conformational analysis.

The experiments have been designed to be performed by each student individually.
[ believe that in the organic chemistry laboratory the students should develop a sense
of self-confidence in their practical skills that can only be obtained by working
independently. I also believe that students, as scientists in-training, should learn to
share results. Some experiments are designed so students can team up to investigate
different parts of a larger problem. They still work individually, but they need to consult
each other along the way and share their results in order to bring the experiment to a

- conclusion.

““Safety First” boxes are incorporated at the beginning of each experiment. They
highlight the most important hazards in dealing with the chemicals. However, they are
not a substitute for the Material Safety Data Sheets, which should be made available
to the students in the laboratory. “Cleaning up” guidelines are offered at the end
of each experiment. They will help in the collection, segregation, and disposal of the
waste. Because waste disposal procedures vary locally, these guidelines should be
checked by laboratory personnel against local and state regulations before disposing
of any chemical, or before instructing the students to do so.

All the experiments presented in this book have been tried and optimized in our
teaching laboratories. They work as planned under the conditions described here.
Suggestions and comments are welcome and will help us in future editions.
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