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»Preface

Ralph Shriner and Reynold Fuson wrote the first edition of “The Identification of
Organic Compounds” in 1935. In those days, students had to identify organic com-
pounds by solubility tests, physical properties, elemental tests, classification tests, and by
preparing a derivative. The classification tests, the derivative experiments, and the deriv-
ative tables were expanded in the second edition in 1940 and in the third edition in 1948.
The solubility tables were also redrawn in the third edition. David Curtin was added as
author in the fourth edition in 1956. The title of the book was changed, in the fourth
edition, to “The Systematic Identification of Organic Compounds.” Infrared spec-
troscopy was added, with correlation tables. A discussion of ultraviolet spectroscopy was
added. Raman spectroscopy and nuclear magnetic resonance spectroscopy were men-
tioned as “show promise of becoming increasingly important.”

In the fifth edition, in 1964, 712 new entries were added to the original 2000 entries
in the derivative tables. In the preface to this edition, proton magnetic resonance was
considered second in importance to infrared spectroscopy. Proton nuclear magnetic res-
onance, including chemical shifts, peak areas, and spin-spin coupling, was described.
Terence Morrill wrote the majority of the sixth edition, in 1980. Ralph Shriner pro-
vided the well-tried and chemical tests, in addition to providing advice from years of
teaching organic chemistry and qualitative organic analysis. The chemical tests, the
preparation of derivatives, and spectroscopy were combined into one large chapter.
More infrared spectra and proton nuclear magnetic resonance spectra were included.
The discussion of carbon-13 nuclear magnetic resonance spectroscopy, including spec-
tra, was in a later chapter.

The seventh edition, in 1998, was written by Terence Morrill and Christine
Hermann. Spectroscopy, the classification tests, and the preparation of derivatives were
separated into three chapters. An introduction section was added to each set of func-
tional groups in the classification tests and preparation of derivatives chapters. Cleaning
up instructions were added at the end of each experiment. Many new drawings of appa-
ratus were included. Almost all of these drawings were done by Christine Hermann’s
husband, Richard Hermann. The derivative tables were greatly expanded. A solutions
manual was written to accompany this book.

The eighth edition of the book promises to continue the great tradition of qualitative
organic chemistry. All of the photographs are new. Chromatography, which had been
previously in several chapters, is now combined into Chapter 4. Chapter 4 also contains
the separation of mixtures, based upon extractions, and distillation techniques.
Spectroscopy is now divided into three chapters. Chapter 6 describes NMR spectrome-
try, including DEPT, COSY, and HETCOR. IR spectrometry is discussed in Chapter 7.
Chapter 8 discusses mass spectrometry and ultraviolet spectrometry. Chapters 6, 7, 8,
and 11 contain all new spectra. More problems have been added throughout the book.
A solutions manual is available that contains the answers to all of the problems.

I am grateful to the following chemists for contributing their time and ideas to
this edition: Andrew Bressette (Berry College), Earl Alley (Mississippi State
University), Theodore Snider (Cameron University), Francis Smith (King'’s College),
Robert Cunico (Northern Illinois University), John Allison (Michigan State
University), F. Lamar Setliff (University of Arkansas at Little Rock), Daniell Mattern
(University of Mississippi), and Charles Garner (Baylor University). Darrell Koza
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Preface

(Eastern Connecticut State University) offered several suggestions for new classifi-
cation tests.

Several chemists contributed spectra to this edition of the book. They are also
acknowledged in the figure legend of each spectrum. Thomas Glass (Virginia Tech) and
Geno Iannoccone (Virginia Tech) contributed several NMR spectra for this edition.
Vernon Miller (Roanoke College) contributed mass spectra. Terra Hosp (Radford
University) contributed IR spectra and tested the new classification tests in the labora-
tory. I would also like to thank Daniel Traficante (NMR Concepts) for teaching a course
in NMR Interpretation that I attended while writing this book. I owe a special debt of
gratitude to my husband, Richard Hermann, for his patience during the preparation of
this manuscript.

This book could not have been published without David Harris and Deborah
Brennan, Chemistry Editors at Wiley, and Catherine Donovan, Editorial Program
Assistant at Wiley.

In summary, I hope that I have provided a book that is useful in the identification of
organic compounds. I would appreciate input from faculty, students, and professional
chemists on the value of the book and any comments about the book.

Christine K. FE. Hermann
Radford University
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Introduction

1.1 SYSTEMATIC IDENTIFICATION OF ORGANIC COMPOUNDS:
THE NEED FOR ORGANIC QUALITATIVE ANALYSIS

Qualitative organic chemistry has been in use since long before the advent of modern
spectroscopy. Modern spectroscopic techniques have assisted the chemist by providing
spectra that can be interpreted to give more detail of the interaction between atoms
and functional groups. Some students have difficulty identifying structures using ex-
clusively nuclear magnetic resonance (NMR) spectra, infrared spectra, and mass spec-
tra. The information obtained through chemical tests allows the student to narrow down
the possible functional groups. Additionally, by taking a course in qualitative organic
chemistry, a student is given the freedom of selecting, for himself or herself, the par-
ticular chemical tests that are needed to identify a compound.

In roughly two dozen chapters of a standard organic text, the student encounters
many chemical reactions. Literally millions of different organic compounds have been
synthesized. Chemical companies sell thousands of compounds, and industrial-scale pro-
duction generates thousands of different compounds on various scales. Characterization
of organic compounds can be done by a handful of physical and chemical observations
if it is done in a systematic manner. The list of more common and more readily avail-
able chemicals is much smaller than the millions that are possible.

In this text we have focused our attention on an even smaller list of compounds
that can be used as “unknowns.” The melting point-boiling point tables give a very ac-
curate idea of the focus of this book. Instructors using this book may very well use other
references (CRC reference volumes,! the Aldrich Company catalog, etc.) for a more
extensive list of possibilities for “unknown” compounds.

Organic chemists are often confronted with either of the following extreme situations:

1. Determination of the identity of a compound that has no prior history. This is
often the case for a natural-products chemist who must study a very small
amount of sample isolated from a plant or animal. A similar situation applies
to the forensic chemist who analyzes very small samples related to a lawsuit or
crime.

2. The industrial chemist or college laboratory chemist who must analyze a sam-
ple that contains a major expected product and minor products, all of which
could be expected from a given set of reagents and conditions. It is entirely
possible that such a sample with a well-documented history will allow one
to have a properly preconceived notion as to how the analysis should be
conducted.

'For example, Handbook of Tables for Organic Compound Identification, 3rd ed., edited by Z. Rappaport
(CRC Press, Boca Raton, FL, 1967).



2

Chapter 1. Introduction

The theory and technique for identifying organic compounds constitute an essen-
tial introduction to research in organic chemistry. This study organizes the accumulated
knowledge concerning physical properties, structures, and reactions of thousands of car-
bon compounds into a systematic, logical identification scheme. Although its initial aim
is the characterization of previously known compounds, the scheme of attack consti-
tutes the first stage in the elucidation of structure of newly prepared organic compounds.

If, for example, two known compounds A and B are dissolved in a solvent C, a cat-
alyst D is added, and the whole subjected to proper reaction conditions of temperature
and pressure, a mixture of new products plus unchanged starting materials results.

A+B Reaction .
+ Solvent C - ' Mixture
+ Catalyst D conditions
@ Separation |
procedures
Y

(2 Identification procedures

Immediately two questions arise:

1. What procedure should be chosen to separate the mixture into its components?

2. How are the individual compounds (E through K) to be definitely character-
ized? Which ones are unchanged reactants? Which compounds have been de-
scribed previously by other chemists? Finally, which products are new?

These two problems are intimately related. Separations of organic mixtures use both
chemical and physical processes and are dependent on the structures of the constituents.

The present course of study focuses on the systematic identification of individual
compounds first. The specific steps are given in Chapter 2. Physical properties are de-
scribed in Chapter 3. The use of these principles for devising efficient procedures for
the separation of mixtures is outlined in Chapter 4. Solubility techniques are described
in Chapter 5. Spectroscopy methods are discussed in Chapters 6 through 8. The prac-
tical laboratory methods are given in Chapters 9 and 10.

In recent years the question of scale has become an issue. Scale has always been a
focal point for qualitative analysis. The issue has been recognized at an even earlier
point in the chemistry curriculum, and a very large number of colleges now incorpo-
rate some sort of microscale approach into their sophomore organic courses. (Here we
loosely define microscale chemistry as the use of tens of milligrams of organic com-
pound in a procedure, while macroscale reactions employ tens of grams.) Organic qual-
itative analysis has always been a test-tube subject and thus should philosophically be
in tune with the microscale revolution. We have left most of our experiments at the
scale of the past editions of this text and thus many chemistry instructors may wish to
scale down. We anticipate that scaling down to 1/2, 1/5, or 1/10 of the cited amount
should be very straightforward in most cases, and thus scale is the option of the course
coordinator. The only warning is that certain reactions (for example, conversion of a
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carboxylic acid to an amide or of an alcohol to a 3,5-dinitrobenzoate) are notoriously
sensitive to the purity of the reagents. Thus a larger-scale reaction is likely desirable
here.

Cleanup and Waste Disposal

A related, and in some ways bigger, issue is that of waste disposal. The trend at most
colleges in recent years is to have waste disposal done by a licensed company under
contract with the college. Most instructors are not qualified to dispose of waste and thus
they can only provide cleanup guidelines. We have attempted to prepare this edition
with that in mind. It is usually the job of the instructor to provide containers for waste
disposal (it is now very rare that a chemical can be washed down the sink). Waste dis-
posal vessels are usually labeled as to their use, such as solids vs. liquids and inorganic
vs. organic compounds. In some cases a special vessel is provided for especially toxic
wastes such as halogenated organic compounds. Moreover, there are usually special con-
tainers for glass (especially broken glass) objects. There may be places to recycle paper,
and finally there are simple trash cans for garbage. Thus there is usually a classification
decision for every act of discarding material. Most importantly, the students should re-
ceive instructions from their lab instructor that are in accord with local regulations.

1.2 SUGGESTIONS TO STUDENTS AND INSTRUCTORS

Schedule

An exact time schedule applicable to all schools cannot be set because of the varied use
of semester, quarter, trimester, and summer session terms of instruction. However, for
a semester of 15 weeks, two 3-hr laboratory periods per week plus one “lab lecture” per
week works well. Modification can be made to adapt the course to individual schools.

Lecture Material

The first lecture should describe the course overview as outlined in Chapter 2. Next, a
review of spectroscopic techniques, including operating instructions, should be dis-
cussed (Chapters 6 through 8). Physical properties (Chapter 3), including melting point
and boiling point, should be described next. Recrystallization (Section 3.4) and separa-
tion of mixtures (Chapter 4) could be explained. It is not necessarily to lecture on all
of the experiments and procedures (Chapters 9 and 10), but an introduction to the most
common tests should be discussed.

After the first one or two unknowns have been completed, it will be valuable to
work some of the problems of Chapter 11 in class and discuss the structure correlation
with chemical reactions and spectral data. It is the instructor’s choice whether or not
to make the Solutions Manual available to the students.

Laboratory Work—Unknowns
By use of spectroscopic data and chemical reactions it is possible for students to work
out six to eight single compounds and two mixtures (containing two or three compo-
nents each) in a 15-week semester.

To get a rapid start and illustrate the systematic scheme, it may be useful to give a
titratable acid to each student for a first unknown. The student is told that the sub-
stance is titratable and that he or she is to get the elemental analysis, melting or
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boiling goint, and neutralization equivalent and to calculate the possible molecular
weights.” Then, if the unknown contains halogen or nitrogen, the student is to select
and try three or four (but no more) classification tests. Next, a list of possible com-
pounds with derivatives is prepared by consulting the table of acids (Appendix II). One
derivative is made and turned in with the report (see pp. 17-21). This first unknown
should be completed in two 3-h laboratory periods.

Since many schools run organic qualitative analysis in a lab course connected to the
second semester (or last term) of the traditional sophomore course, the decision about
how to order the functional groups possible for the unknown may very well depend
upon the order of coverage of these groups in the lecture course.

The other unknowns should be selected so as to provide experience with com-
pounds containing a wide variety of functional groups.

It is often desirable to check the student’s progress after the preliminary tests, solu-
bility classification, and elemental analyses have been completed. This checking proce-
dure is highly recommended for the first one or two unknowns for each student.

Purity of Unknowns  Although every effort is made to provide samples of compounds
with a high degree of purity, students and instructors should recognize that many or-
ganic compounds decompose or react with oxygen, moisture, or carbon dioxide when
stored for a considerable time. Such samples will have wide melting or boiling point
ranges, frequently lower than the literature values. Hence, for each unknown the stu-
dent should make a preliminary report of the observed value for melting or boiling
point. The instructor should verify these data and if necessary tell the student to purify
the sample by recrystallization or distillation and to repeat the determination of the

physical constant in question. This avoids waste of time and frustration from conflict-
ing data. (Read also pp. 25-37.)

Amounts of Unknowns As a general guide, the following amounts are suggested:

Unknown No. 1, a titratable acid, 4 g of a solid or 10 mL of a liquid
Unknown No. 2, 3 g of a solid or 8 mL of a liquid
Unknown No. 3, 2 g of a solid or 5 mL of a liquid
Unknown No. 4, 1 g of a solid or 5 mL of a liquid

Mixtures should contain 4-5 g of each component. Note: If repurification of a sample
is required, an additional amount should be furnished to the student.

The amounts listed above are essentially macroscale unknowns; use of analytical
techniques and instrumentation such as thin-layer chromatography and gas chro-
matography may very well allow sample sizes of unknowns to be ca. 20% of that listed
above. In such cases—that is, for microscale samples—it is imperative that chemical
test and derivatization procedures described in Chapters 9 and 10 be scaled down
correspondingly.

Toward the end of the term, when the student’s laboratory technique has been per-
fected and facility in interpreting reactions has been obtained, it is possible to work with
still smaller samples of compounds by using smaller amounts of reagents in the classi-
fication tests and by using a smaller scale in the derivatization procedure.

ZAlternatively, the student can be given a compound with mass spectral data or elemental analyses (% C,
H,N, O, ... )
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Timesaving Hints

It is important to plan laboratory work in advance. This can be done by getting the
elemental analyses, physical constants, solubility behavior, and infrared and NMR spec-
tra on several unknowns during one laboratory period. This information should be care-
fully recorded in the notebook and then reviewed (along with the discussion in each of
these steps) the evening before the next laboratory period. A list of a few selected clas-
sification tests to be tried is made and carried out in the laboratory the next day. In
some cases a preliminary list of possible compounds and desirable derivatives can be
made. It is important to note that few of the 47 classification tests should be run on a
given compound. It should not be necessary to make more than two derivatives; usu-
ally one derivative will prove to be unique. The object is to utilize the sequence of
systematic steps outlined in Chapter 2 in the most efficient manner possible.

The instructor should guide the students so that the correct identification results
by a process of logical deductive reasoning. Once the structure of the unknown is es-
tablished, understanding of the test reactions and spectra becomes clear. Practice in this
phase of reasoning from laboratory observations to structure is facilitated by early guide-
lines in Chapter 11. One method for developing this ability is for the instructor to write
a structural formula on the chalkboard and ask the students to predict the solubility be-
havior and to select the appropriate classification tests.

To tie together the identification work in this course with actual research, the in-
structor can select a few typical examples of naturally occurring compounds, such as
nicotine, p-ribose, quinine, penicillin G, and vitamin B,, and review the identifying re-
actions used to deduce these structures. The recent literature also furnishes examples
of the value of infrared, ultraviolet, and NMR spectra in establishing structures.
Knowledge of the mechanisms of the reactions used for classification tests and for
preparing derivatives requires an understanding of the functional groups and their elec-
tronic structures.

Throughout this book, references to original articles, monographs, and reference
works are given. Many of these will not be used during a one-semester course. However,
the citations have been selected to furnish valuable starting sources for future work and
are of great use in senior and graduate research.

The use of this manual will be greatly facilitated by the preparation of a set of in-
dex tabs for each chapter and parts of chapters. The time spent in preparing the index
tabs is more than recovered in speeding up the location of experiments for functional
groups, derivatization procedures, and tables of derivatives.

1.3 LABORATORY SAFETY

At dll times, the instructor and students should observe safety rules. They should al-
ways wear safety glasses in the laboratory and should become familiar with emergency
treatment.

Laboratories are places of great responsibility. Careful practice and mature behav-
ior can prevent most mishaps. The following are all very important. Treating the lab
with respect makes it far less dangerous.

Eye Protection Goggles or safety glasses must be womn at all times. Eyeglasses, with
shatterproof glass, are inadequate without goggles or safety glasses. Side shields are re-

quired for all protective eyewear.

Shoes Shoes that completely cover the feet are required in the laboratory.
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Protective Clothing A protective apron or lab coat is recommended in the laboratory.
If any chemical is spilled on your skin or clothing, it must be washed off immediately.

Food and Drink Food and beverage are strictly prohibited in the laboratory. Do not
taste or smell any chemical.

No Unauthorized Experiments Do not perform any unauthorized experiments.
Chemicals, supplies, or equipment must not be removed from the laboratory. All ex-
periments must be approved by the instructor.

Smoking Smoking is prohibited in the laboratory.

Personal Items No bookbags, coats, books (except the lab book), or laptop comput-
ers should be brought into the laboratory. Ask your instructor where these items can
be stored while you are in the laboratory. Bring in only the items that are needed during
the laboratory period. These items can be damaged by the chemicals in the laboratory.

Use of Equipment Do not use any equipment until the instructor has shown you how
to use it.

Glassware Do not use any broken, chipped, or cracked glassware. Get replacement
glassware from your instructor.

Bench Cleanup At the end of the laboratory period, put away all equipment, clean
the laboratory bench, and wash your hands.

Use of Chemicals Take only the amount that is needed. Leave all bottles in their
proper places. Place the lids on the bottles after use. Clean up all spilled chemicals
immediately.

Careful Reading of Labels A Material Safety Data Sheet is available for each chem-
ical in the laboratory. Ask your instructor where the paper copies are located. Material
Safety Data Sheets are also available on the web. Many chemical companies have posted
this information. Use web search engines to locate this information. Students are en-
couraged to obtain this information prior to using the chemical in the laboratory. The
safety, health, and fire precautions are the most important information to locate. Special
instructions for the handling of certain reagents may be posted by the instructor.

Waste Disposal In recent years, the rules regarding waste disposal have become more
rigidly defined. Reagents are never poured down the sink. Containers for chemical
wastes are provided in the laboratory. Different containers are needed for different
types of waste chemicals, such as chlorinated hydrocarbons, hazardous materials, and
metals. All reagents in the waste container are listed on the container.

Fume Hoods Most laboratories provide fume hood areas or bench-top fume hoods.
Always use these. If you think the hoods are not turned on, bring this to the attention
of your instructor. Often students are provided with simple methods of testing hood ef-
ficiency, and these should be used periodically. Safety regulations usually prohibit stor-
age of toxic substances in hoods, and fume cupboards for such compounds are normally
available.
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Gloves Most laboratories provide boxes of gloves. Modern gloves are quite manage-
able and allow for handling of equipment with some agility. Gloves have their place and
can certainly protect your hands from obnoxious odors or chemicals that can cause al-
lergic responses. But they are not a license for sloppy technique. Moreover, they often
are easily penetrated by some compounds. Due care is still required.

Compressed Gas Cylinders Compressed gas cylinders, especially those that are
nearly as tall as an adult, can be dangerous if not clamped to the bench top. Gas cylin-
ders containing inert gases such as nitrogen or helium may well be around the lab.
Cylinders containing chlorine or more toxic reagents should be stored in a fume

cupboard.

Safety Equipment The location of safety equipment should be made known to you.
Moreover, you should know if and when you should use these.

Most of the following items should be readily available in the chemistry laboratory;
items on this list or their description may vary due to local safety regulations:

Fire blanket

Fire extinguisher

Eye-wash fountain

Shower

First aid kit

Washes for acid or base (alkali) burns

Accident Reporting All accidents should be reported. The manner in which they
should be reported will be provided by the instructor. It is also important that some-
one accompany an injured person who is sent out of the laboratory for special care; if
the injured person should faint, the injury could easily become compounded.

Medical treatment, except in the simplest of cases, is usually not the responsibility
of the instructor. Very simple, superficial wounds can be cleaned and bandaged by the
instructor. But any reasonably serious treatment is the job of a medical professional.
The student should be sent to the college medical center accompanied by someone
from the chemistry department. In all labs, the instructor should provide the students
with instructions that are consistent with local regulations.

Explosion Hazards of Common Ethers

A number of violent explosions due to accidental detonation of peroxides, which can
build up in common ether solvents, have been reported. These ethers include diethyl
ether, diisopropyl ether, dioxane, and tetrahydrofuran. Apparently the greatest hazard
exists when ethers have been exposed to air, especially for extended periods of time.
Each ether container should be labeled with the date that it is opened. Check with your
instructor if this date is several months old. The danger is enhanced when the ethers
are concentrated—for example, by distillation. Any ether solvent that displays a pre-
cipitate or that seems to be more viscous than usual may well contain peroxides; do not
handle such samples and report their condition to your instructor IMMEDIATELY. The
situation described here involve ether samples that are not acceptable for laboratory use.

There are a number of qualitative tests for the presence of peroxides in ethers; two
are described here. Do not carry out these procedures without permission from
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your instructor. Your instructor may decide that ether peroxide tests are not neces-
sary if fresh ether is used.

Procedure A: Ferrous Thiocyanate Test for Peroxide

Use only a freshly prepared solution. Combine 5 mL of 1% ferrous ammonium sulfate,
0.5 mL of 0.5 M sulfuric acid, and 0.5 mL of 0.1 M ammonium thiocyanate. Add a trace
of zinc dust, if necessary, to decolorize the solution. Shake this solution with an equal
quantity of the solvent to be tested. If peroxides are present, a red color will develop.

Procedure B. Potassium Iodide Test for Peroxides

Add 1 mL of a freshly prepared 10% solution of potassium iodide to 10 mL of ethyl
ether in a 25-mL glass-stoppered cylinder of colorless glass protected from light. View
the glass cylinder transversely against a white background. Observe the color. The ap-
pearance of a yellow color indicates the presence of peroxides. Shake 9 mL of ethyl
ether with 1 mL of a saturated solution of potassium iodide. A yellow color indicates
the presence of more than 0.005% peroxide. Purify or discard the ether if a yellow color
is present.

Removal of Peroxides from Ethers

Ferrous sulfate can be used to remove peroxides from ethers. In the hood, treat each
liter of ether with 40 g of 30% aqueous ferrous sulfate. The reaction may be vigorous
and produce heat if the ethers contain appreciable amounts of peroxide. The ether can
be dried with magnesium sulfate and distilled.

A simple method for removing peroxides from high-quality ether samples, without
the need for the distillation or appreciable loss of ether, consists of percolating the solvent
through a column of Dowex-1 ion exchange resin. Use a column of alumina to remove
peroxides and traces of water from ethyl ether, butyl ether, dioxane, and hydrocarbons.
Use this method also to remove peroxides from tetrahydrofuran, decahydronaphthalene
(decalin), 1,2,3 4-tetrahydronaphthalene (tetralin), cumene, and isopropyl ether.



Identification of
Unknowns

There are two ways in which the information outlined in this chapter can be applied.
The first way is the exercise wherein a student is asked to identify a compound already
described in the literature. The second way is the characterization of a new compound.

The following directions are intended as a guide in the process of identifying an
unknown. Good laboratory technique dictates that students keep their own careful and
systematic records of observations. The preparation of such records will, however, be
greatly simplified by following the suggested sequence of operations.

We shall begin by assuming that the student has a sample, in hand, that is one com-
pound. This compound has probably been characterized in the literature. If the sam-
ple is made of more than one major component, Chapter 4 on separation techniques
should be consulted.

The sample is given a preliminary examination, including determining its melting
point or boiling point. An ignition test may be performed. The unknown is tested for
the presence of nitrogen, sulfur, chlorine, bromine, iodine, or fluorine. Solubility tests
are then used to simplify the list of possible functional groups. Infrared (IR), 'H nu-
clear magnetic resonance (NMR), and I3C NMR spectra are obtained on the unknown.
A mass spectrum may be a reasonable option. The student should consult with the in-
structor to confirm that the spectra are of acceptable quality. The solubility tests and
the spectra are then interpreted, leading to the identification of any functional group(s)
present, Two or more classification tests should be run to confirm or deny the presence
of any proposed functional group(s). Once the presence of a particular functional group
is confirmed, then look in the derivative tables (Appendix II) under the type of func-
tional group. The derivative tables are organized by boiling point or melting point of
the functional groups. A list of possible structures for the unknown can then be pro-
posed. The instructor may select unknowns that are not in the derivative tables. More
classification tests may be done to further restrict the choices. Preparation of one or
two derivatives is the final confirmation of the identity of the unknown.

In Figure 2.1, a systematic approach to the identification of an unknown sample is
illustrated using a flowchart format. The melting point or boiling point, the solubility
class, the IR spectrum, and the NMR spectrum were determined or obtained for the
unknown prior to the first instruction in this chart. In this example, its solubility class
was found to be class N. The possibilities for this solubility class include alcohols, alde-
hydes, ketones, esters with one functional group and more than five but fewer than nine
carbons, ethers with fewer than eight carbons, epoxides, alkenes, alkynes, and aromatic
compounds. Then, by referring to the IR spectrum, the NMR spectra, and the results
of relevant classification tests, the functional group in the compound can be identified.

9
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Solubility class N = monofunctional alcohol, aldehyde, ketone,
ester, ether, epoxide, alkene, alkyne, aromatic compound

Examine IR for C=0 peak | in 1600-1800 c¢cm-1 range

Present Absent
Compound is aldehyde, Compound is not
ketone, or ester aldehyde, ketone, or ester
2, 4-dinitro | phenyl- Examine IR | for 0—H peak
hydrazine | test in 33003500 [ cm~1 range
Positive Negative  Absent Present
Compound is| | Compound is Compound is Compound is
aldehyde ester not alcohol alcohol; use Lucas
or ketone | and Jones tests to
Unsaturation classify as
Tollens|test tests 1°, 2° o 3°
Negative Positive . |
Compound Compound is|  positive Negative
is ketone aldehyde
Compound is Compound is ether,
alkene or alkyne epoxide, or aromatic
Examine | IR Examine IR for | C-O peak in
2100-2260 1620-1680 1020-1275| cm-! range
cm-1 cm-!
Present Absent
C=C peak;| [C=C peak;
compound compound - -
is alkyne is alkene Compound is Compound is
epoxide or aromatic
ether

Figure 2.1 Example of a systematic approach to the identification of an unknown in
solubility class N.

Next, the melting point or boiling point of the unknown is compared with the list of
compounds in Appendix II.

In Figure 2.2, an unknown with a solubility class of S, is analyzed in a similar man-
ner. The S, solubility class includes monofunctional alcohols, aldehydes, ketones, es-
ters, nitriles, and amides with five carbons or less. An elemental test is useful in this
analysis, since it will determine the presence or absence of the nitrile or amide.

To further illustrate the concept of identifying a compound, let us apply these tech-
niques to an actual unknown. The melting point of the unknown was determined to be
80°C. In the elemental tests with sodium fusion (pp. 53-60), the unknown did not
produce a black solid with lead sulfide; thus sulfur is absent. With 2-nitrobenzaldehyde
and 1,2-dinitrobenzene in 2-methoxyethanol, a blue-purple compound was formed,
showing that nitrogen is present. No precipitate was formed upon treatment of the
sodium fusion filtrate with silver nitrate. Therefore halogen is absent.

Following the solubility procedures in Chapter 5 (pp. 114-115), the unknown was
found to be insoluble in water and insoluble in 5% sodium hydroxide. A definitive re-
sult was not obtained when 5% hydrochloric acid was used. Thus the unknown would
be classified as B, MN, N, or I. The solubility class B includes aliphatic amines with
eight or more carbons, anilines, and some ethers. The solubility class MN includes mis-
cellaneous neutral compounds containing nitrogen or sulfur and having more than five
carbon atoms. The solubility class N includes alcohols, aldehydes, ketones, and esters
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with one functional group and more than five but fewer than nine carbon atoms, ethers,
epoxides, alkenes, alkynes, or aromatic compounds containing deactivating groups.
Saturated hydrocarbons, haloalkanes, other deactivated aromatic compounds, and diaryl
ethers are included in solubility class I.

In the "H NMR spectrum, a strong singlet at 8 2.77 ppm probably indicates an iso-
lated methyl or methylene group. A multiplet in the range of 6 7.6-8.8 ppm shows that
the unknown is an aromatic compound. The integration ratio of the singlet to the mul-
tiplet was 3:4, suggesting a disubstituted benzene ring and supporting the methyl group
proposed above. In the IR spectrum, meta substitution on an aromatic ring is shown
by peaks at 745 and 765 cm ™",

Since a flowchart for solubility class N is presented in Figure 2.1, we can use it to
assist us in the identification of the unknown. The presence of a strong carbonyl peak
at 1670 cm™! shows that the unknown is probably an aldehyde, a ketone, or an ester.
The fact that this IR band is at less than 1700 cm ™! implies that the carbonyl group
is conjugated with the benzene ring. A yellow-orange solid formed in the 2,4-
dinitrophenylhydrazone test indicates that the compound is an aldehyde or a ketone.
The Tollens test failed to produce a silver mirror, thus suggesting elimination of an
aldehyde as a possibility. As a confirmation, the IR spectrum is examined for two peaks
in the range of 2695-2830 cm ™' that correspond to the C—H stretch of an aldehyde.
These peaks are absent in the IR spectrum of the unknown, confirming that the com-
pound is not an aldehyde. The absence of a peak in the "H NMR spectrum in the range

Solubility class S; = monofunctional alcohol, aldehyde,
ketone, ester, nitrile, amide with with five carbons or less

Elemental test | for nitrogen
Positive L Negative

Compound is Compound is alcohot,
nitrile or amide aldehyde, ketone, or ester

Examine IR for| C==0 peak Examine IR for| C=0 peak
in 1630-1760| cm-! range in 1600-1800( cm-! range

Positive |7—| Negative Present Absent

Compound Compound Compound is aldehyde, Compound is
is amide is nitrile ketone, or ester alcohol; examine
IR for 0—H peak
2, 4-dinitro | phenyl- in 3300-3500
hydrazine| test range, use Lucas
and Jones test
to classify as
1°, 2%, or 3°

Positive | Negative

Compound is Compound
aldehyde or ketone is ester

Tollens | test
Positive Negative

-

[a)mpound is aldehyde} ‘ Compound is ketone |

Figure 2.2 Example of a systematic approach to the identification of an unknown in
solubility class S,.
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of 8 9.0-10.5, corresponding to the proton attached to the carbonyl in an aldehyde, also
indicates that the unknown is not an aldehyde.

From the above information, we know that the compound is an aromatic compound
containing nitrogen. In the '"H NMR spectrum, a singlet at 8 2.77 ppm indicates the
presence of an isolated methyl group. The classification tests confirm the presence of
a ketone. The IR spectrum suggests meta substitution, but if a group meta to the methyl
substituent is present, this group does not contain hydrogens since no other hydrogens
are seen on the NMR spectrum. The positive test for nitrogen, however, suggests that
this group may be something like a nitrile group or a nitro group.

In the IR spectrum, nitriles show a C==N stretch in the range of 22202260 cm ™!
and nitro compounds show two N(===0O), bands in the ranges of 1259-1389 and
1499-1661 cm™!. In the IR spectrum of the unknown, there are no peaks in the
2200 cm ™! range, but peaks at 1350 and 1545 cm ™' indicate the presence of a nitro
group.

At this time, the derivative tables ‘(Appendix H) are consulted under the headings
of ketone and nitro to find any compounds with this melting point that match the cri-
teria above. The compounds listed below are ketones and nitro compounds that have a
melting point in the range of 75-85°C.

Compound mp (°C)
1-Naphthyl phenyl ketone 76
2-Benzoylfuryl methyl ketone 76
2-Naphthoxy-2-propanone 78
4-Phenylcyclohexanone 78
4-Chlorobenzophenone 78
1,4-Cyclohexanedione 79
1,3-Diphenyl-1,3-propadione 81
3-Nitroacetophenone 81
4-Bromobenzophenone 82
Fluorenone 83

The only compound that contains both a keto group and a nitro group is
3-nitroacetophenone.

Other strategies are possible. The derivative tables can be consulted earlier in the
process. Chemical tests for the nitro group can be used. Other tests for the carbonyl
group, such as semicarbazide, are possible. The 2,4-dinitrophenylhydrazine result al-
ready suggests that derivatives are possible. In summary, there are often a number of
reasonable ways to deduce the structure.

The following sections only briefly outline each technique. Therefore the student
should consult later chapters for a more thorough discussion.

2.1 PRELIMINARY EXAMINATION

[Refer to Chapter 3, pp. 22-24.] Note whether the substance is homogeneous, and
record its physical state (solid or liquid), color, and odor. The student should not di-
rectly sniff the substance but merely note whether an odor is noticeable during general
laboratory operations.
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Thin-Layer and Gas Chromatography

[Refer to Chapter 4, pp. 86-90 and 90-99, respectively.] Simple thin-layer chromato-
graphy (TLC) and gas chromatography (GC) are very simple and direct methods of
purity determination. TLC and GC analyses are optional; consult with your instructor.
Observation of only a single developed spot on a thin-layer chromatogram (after using
solvents of differing polarity), a single peak on a gas chromatogram, and a sharp melt-
ing point all lend strong support to a sample’s purity. If the sample is a liquid or a solid,
TLC should always be attempted. If the sample is a liquid, GC could be tried as well
Gas chromatography of reasonably volatile solids is also possible.

2.2 PHYSICAL PROPERTIES

[Refer to Chapter 3, pp. 25-37.] If the unknown is a solid, determine its melting point
(pp. 25-30). If the melting point range encompasses more than 2.0°C, the compound
should be recrystallized. Some pure compounds may not have a sharp melting point,
especially if they undergo decomposition, such as turning dark, at or near the temper-
atures used for the melting point determination. If the unknown is a liquid or a very
low melting solid, determine its boiling point (pp. 30-37); the range of this constant
should not exceed 5.0°C except for extremely high boiling compounds. Distillation is
recommended if the boiling point range indicates extensive contamination by a wide
boiling point range, if the compound is heterogeneous, or if it appears to be discolored.
Distillation at reduced pressure may be necessary for those compounds that show evi-
dence of decomposition in the boiling point test.

As mentioned earlier, a sharp melting point is strong support for sample purity."
Narrow boiling point ranges do not, however, always indicate sample purity. Specific
gravity (sp gr, pp. 38—42) was used in the past when NMR and IR spectroscopy were
unavailable for structure determination. Occasionally specific gravity might be used
for very inert compounds (e.g., certain hydrocarbons); in these situations, it might be
one of the first steps in structure determination. Refractive index (pp. 42—45) values
can be easily obtained and are of value in the identification of the unknown. NMR and
IR spectroscopy have reduced the need for refractive index for initial structure
determination.

2.3 MOLECULAR WEIGHT DETERMINATION

Molecular weight is normally very useful in determining organic structure; a reasonable
estimate of the molecular formula can be postulated from the molecular weight. Mass
spectrometry, discussed in Chapter 8, gives molecular weights for a wide range of or-
ganic compounds.? Molecular weights may also be obtained from neutralization equiv-
alents (Procedure 1, p. 357) and saponification equivalents (Procedure 35, p. 404). These
techniques apply to specific functional groups (Chapter 10).

'Sharp melting points are misleading; these do not, however, occur very frequently.

2Alternatively, instructors may feel compelled to provide the student with mass spectral data, molecular weights
from colligative properties, or % C, H, N data in order to allow the student to have the experience of
interpreting these data and applying them to structural determination.
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2.4 MOLECULAR FORMULA DETERMINATION

[Consult Chapter 3, pp. 53-60] Simple “wet” or “test-tube” tests can be used to
determine the presence of certain elements in the compound.

The compound should be tested for the presence of nitrogen, sulfur, chlorine,
bromine, iodine, and fluorine (pp. 55-60). If a residue was noted in the ignition test,
the student can identify the metal that it contains by inorganic qualitative methods.

Control Experiments :

Results may be difficult to interpret, particularly if the student is unfamiliar with the pro-
cedure for decomposing the compound or with interpretation of the elemental tests.
In this case, control experiments on a known compound should be carried out at the
same time that the unknown is tested. The compound to be used for the control exper-
iment should, of course, contain nitrogen, sulfur, and a halogen. A compound such as
4-bromobenzenesulfonamide is a good choice for the control experiments of this nature.

If mass spectrometry is available, an attempt should be made to determine the mo-
lecular formula of the organic compound from the cluster of peaks in the area of the
molecular ion in the mass spectrum; these peaks are due to the isotopic contributions of
elements in the molecular ion. Mass spectral data can also be used to determine the
presence and number of elements in the molecule that make unusually large or
unusually small contributions to peaks in the molecular ion cluster (Chapter 8).

Combustion analysis and other quantitative techniques for measuring elemental
composition are useful in determining the structure of organic compounds; these pro-
cedures are generally not carried out in organic qualitative analysis labs, but the data
from such procedures may be made available by the instructor.

The next stage in structural determination involves two steps. First, the student
should determine the solubility (Chapter 5) to allow the placing of the unknown com-
pound in a general structural class. Second, the student should determine the exact
structure of the compound by detailed interpretation of the spectra (Chapters 6
through 8), by chemical tests (Chapter 9), and ultimately by chemical derivatization
(Chapter 10).

2.5 SOLUBILITY TESTS

[Refer to Chapter 5, pp. 111-135.] Using the solubility chart in Figure 5.1 (p. 113), de-
termine the solubility of the unknown in water, ether, 5% hydrochloric acid, 5% sodium
hydroxide solution, 5% sodium bicarbonate solution, and/or cold concentrated sulfuric
acid (pp. 114-115). If the classification is doubtful, repeat the tests with control com-
pounds that will give positive solubility tests and compounds that will give negative sol-
ubility tests. Compare the results of these tests with your unknown.

We also recommend solubility studies in various organic solvents; results of these
studies will be useful in choosing solvents for spectral analyses, for chromatographic
analyses, and for purification by recrystallization.

When testing the solubility of the compound in water, the reaction to litmus (or
other indicator paper) and phenolphthalein of the solution or suspension should be
determined.

When the solubility behavior of the unknown has been determined, compose a list
of the chemical classes to which the compound may belong. The results of these tests
should agree with the information obtained from the IR and NMR spectra.
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Preliminary Report

To avoid loss of time through mistaken observations, it is recommended at this point
that the student consult with the instructor concerning the correct interpretation of the
physical constants, elemental composition, and solubility behavior.

¥ 2.6 INFRARED, NUCLEAR MAGNETIC RESONANCE, AND MASS
SPECTRA ANALYSES

Infrared and nuclear magnetic resonance spectroscopy are crucial to organic structural
determination. Infrared analysis (Chapter 7) is an excellent functional group probe,
which can be used in conjunction with the functional group chemical tests. Use of both
IR and chemical tests may lead to structural diagnosis. Nuclear magnetic resonance
(Chapter 6) also aids in the structure determination. NMR is essentially a method of
determining the relative positions and numbers of spin-active nuclei. Both 'H and '*C
NMR spectra can yield useful information concerning the types of protons or carbons
present, such as aromatic or aliphatic; the number of adjacent protons (for 'H NMR);
and the number of protons attached to a particular carbon. Once some preliminary
structures are chosen, mass spectrometry (Chapter 8) can be used to narrow down the
choices by utilization of fragmentation patterns and molecular weight.

Interim Results

After interpretation of solubility results and IR and NMR analyses (recalling all results in
the preliminary report), the student can usually propose one or more reasonable struc-
tures and subsequently proceed to the final characterization. Note that the instructor
may well wish to review the student’s interim results before the final characterization
is attempted.

The final characterization stage involves application of the “wet” classification tests
and detailed scrutiny of the NMR, IR, and perhaps the mass spectra, culminating in
the derivatization of the compound; all of these steps are outlined below and discussed
in detail in Chapters 6 through 10.

& 2.1 CLASSIFICATION TESTS

[Refer to Chapter 9, pp. 247-350.] From the evidence that has been accumulated, the
student must deduce what functional group or groups are most likely to be present in
the unknown and test for them by means of suitable classification reagents. About 47
of the most important of these are mentioned in Chapter 9, where directions for their
use may also be found. In Table 9.1 these tests are arranged according to the functional
groups for which they are most useful.

The student is strongly advised against carrying out unnecessary tests, since they
are not only a waste of time but also increase the possibility of error. For example, it
would be pointless to begin the functional group tests of a basic nitrogen-containing
compound by testing for keto or alcohol groups. On the other hand, tests that can be
expected to give information about the amino group are clearly indicated.

Several of the tests for ketones and aldehydes are, in general, easier to carry out
and more reliable than tests for other oxygen functions. It is advisable, therefore, in the
classification of a neutral compound suspected of containing oxygen, to begin with the
carbonyl tests, especially when IR analysis has indicated the presence of a carbonyl

group.
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In this book we have provided directions on how to interpret IR, NMR, and mass
spectra and have also included sample spectra of most of the typical organic functional
groups. For additional aid in interpreting the spectra of these compounds, organic and
instrumental analysis texts should be consulted.

After deducing the structure of an unknown compound, or perhaps a few possible
structures, derivatization should be carried out to confirm this structure. Although the
melting point of the derivative may be sufficient to allow correct choice of the identity
of the unknown, it may also be useful to characterize the derivative by chemical and
spectral means, in a similar manner to the procedure used for the characterization of
the unknown.

2.8 PREPARATION OF A SATISFACTORY DERIVATIVE

[Refer to Chapter 10, pp. 351-441.] After the solubility tests, the NMR spectrum, the
IR spectrum, and perhaps the mass spectrum and the elemental tests, the student should
propose a list of possible compounds for the unknown sample. These possible com-
pounds may contain a number of structural differences. More classification tests may
be needed to confirm or deny the existence of particular functional groups. Other char-
acteristic properties, such as specific gravity, refractive index, optical rotation, or neu-
tralization equivalent, may also be desirable. The final confirmation for the identity of
the unknown can be accomplished by the preparation of derivatives. An index to
derivatization procedures by functional group class is listed in Table 10.1. The melting
points of these derivatives are listed in Appendix II.

Properties of a Satisfactory Derivative

1. A satisfactory derivative is one that is easily and quickly made, readily purified,
and gives a well-defined melting point. This generally means that the deriva-
tive must be a solid, because in the isolation and purification of small amounts
of material, solids afford greater ease of manipulation. Also, melting points are
more accurately and more easily determined than boiling points. The most suit-
able derivatives melt above 50°C but below 250°C. Most compounds that melt
below 50°C are difficult to crystallize, and a melting point above 250°C is un-
desirable because of possible decomposition, as well as the fact that the stan-
dard melting point apparatus does not go higher than 250°C.

2. The derivative must be prepared by a reaction that results in a high yield.
Procedures accompanied by rearrangements and side reactions are to be
avoided.

3. The derivative should possess properties distinctly different from those of the
original compound. Generally, this means that there should be a marked dif-
ference between its melting point and that of the parent substance.

4. The derivative chosen should be one that will single out one compound from
among all the possibilities. Hence the melting points of the derivatives to be
compared should differ from each other by at least 5°C.

For example, hexanoic anhydride (bp 257°C) and heptanoic anhydride (bp 258°C)
would have very similar NMR and IR spectra. The amide derivatives, melting at 100°C
and 96°C, respectively, are too similar to be useful. However, the anilide derivatives,
hexananilide (mp 95°C) and heptananilide (mp 71°C), could be used to easily distin-
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guish the two compounds. Consult Chapter 10 and select a suitable derivative from
those suggested.

When determining the physical constants for a compound, considerable latitude
must be allowed for experimental error. Thus, if the boiling point is very high or the
melting point is very low, the range between the observed constant and the ones listed
in the book must be extended somewhat beyond 5°C. Other constants such as specific
gravity (pp. 38-42), refractive index (pp. 42—45), and neutralization equivalents (p. 357)
may be used, with proper allowance for experimental error, to exclude compounds from
the list of possibilities. A complete list of possible compounds with all of the derivatives
for each should be compiled.

Examination of the list of possibilities often suggests that additional functional group
tests need to be performed. For example, if a list of possible nitro compounds contains
a nitro ketone, carbonyl tests may be valuable, especially if the IR spectrum is consis-
tent with the presence of a carbonyl group.

If this text does not describe a useful procedure for the preparation of a derivative,
a literature search can be made for more procedures. The most direct way to make a
thorough search for a particular compound is to look for the molecular formula in the
literature as described in Chapter 12.

[Refer to Chapter 4, pp. 65-110.] At some time during the course, one or more mixtures
may be assigned. After obtaining the mixture from the instructor, proceed with the sep-
aration according to the methods outlined in Chapter 4. The mixture may contain a
volatile component which can be removed by heating the mixture on a steam bath. This
volatile component would then be identified. In dealing with a mixture of unknown
composition, it is inadvisable to attempt distillation at temperatures higher than 150°C.

When the components of the mixture have been separated, identify each accord-
ing to the procedure followed for simple unknowns.

2.10 REPORT FORM

After the identification of an unknown has been completed, the results should be
reported on special forms supplied by the instructor. The following report is an exam-
ple illustrating the information to be reported. In the summary of the NMR data, ab-
breviations such as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), and b
(broad) are used. All spectra, as well as copies of literature (fingerprint) spectra, must
be included with the report. Each report should be accompanied by a vial containing
the derivative. A separate report should be written up for each component in a mix-
ture. Please note that report forms at different schools may vary.

ExampLE oF A ReporT Form

Compound _2-Amino-4-nitrotoluene Name _John Smith
Unknown Number 2 Date _March 17, 2004

1. Physical Examination:
(a) Physical state Solid
(b) Color Yellow
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(c) Odor

(d) Ignition test Yellow flame, no residue

(e) TLC

i GC

Physical Constants:
{a) mp: observed 107-108°C ;
(b) bp: observed ;
Elemental Analysis:

F-_.¢ - ,Br - ,} -— ,N + ,5 -,
Metals None_

Solubility Tests:

corrected

corrected

109-110°C

H,0

ether NaOH NaHCO, HCl

H,S0,

Reaction to litmus:

Reaction to phenolphthatein:

Solubility class: B

Possible compounds: Aliphatic amines with eight or more carbons, anilines

(one phenyl group attached to nitrogen), some ethers

Molecular Weight Determination:

150 + 4 (freezing point depression, in

camphor)

IR Spectrum (attach to end of report):
Solvent: KBr pellet

Significant Frequencies (cm™?) Inferences
3300-3400 (2 bands) —NH,
primary
1500, 1600 c=C
aromatic
1260, 1550 —NO,
2870 C—H
aliphatic




7. NMR Spectrum (attach to end of report):

Solvent: CDCl3/DMSO—-dg
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Type of Peak
é Integration (s,d, t, q, m) Inferences
2.20 3H s ArCH3
4.70 2H bs aromatic —NH,
6.9-7.6 3H m aromatic

8. Mass Spectrum (attach to end of report):

M/Z Ratio Inferences

9. Preliminary Classification Tests:

Reagent Results Inference
Hinsberg NaOH: clear Primary amine
solution;
HCI: ppt
Nitrous acid Orange ppt Primary aromatic
with amine
2-naphthol

Functional group indicated by these tests:

Primary aromatic amine
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10. Preliminary Examination of the Literature:

mp or bp Suggestions for
Possible Compounds ©C) Further Tests
4-Aminoacetophenone 106 Test for methyl
ketone needed
2-Amino-4- 107 Test for nitro
nitrotoluene group needed
2-Naphthylamine 112
3-Nitroaniline 114 Test for nitro
group needed
4-Amino-3- 116 Test for nitro
nitrotoluene ‘ group needed
Run UV spectrum

11. Further Classification and Special Tests:

Reagent Results Inference
2,4-Dinitro- No ppt Not 4-amino-
phenylhydrazine acetophenone
lodine and No iodoform Not a methyl ketone
sodium hydroxide
Zinc and Silver mirror Nitro group present
ammonium
chloride;
followed by

Tollens reagent

12. Probable Compounds:

Useful Derivatives and Their

mp, NE, etc.
Benzene-

sulfonamide Acetamide Phenol
Name (mp °C) (mp °C) (mp °C)
2-Amino-4- 172 150 118
nitrotoluene
3-Nitroaniline 136 155 97
4-Amino-3- 102 96 32
nitrotoluene




2.10 Report Form - 21

13. Preparation of Derivatives:
Observed Reported
Name of Derivative mp (°C) mp (°C)
Benzenesulfonamide 170-171 172
2-Hydroxy-4-nitrotoluene 116-117 118

14.

15.

Special Comments:

4-Amino-3-nitrotoluene has been reported to be hydrolyzed to 4-hydroxy-3-

nitrotoluene [Neville and Winther, Ber. 1882, 15, 2893]. The unknown gave only

starting material under these conditions. The unknown was converted to the
phenol by the method reported by Ullmann and Fitzenkam, Ber., 1905, 38, 3790.

Literature Used:

Additional References:

Pouchert, Charles J. The Aldrich Library of '"H and '*C NMR Spectra (Aldrich
Chemical Company, Milwaukee, 1993).
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Preliminary Examination,
Physical Properties, and
Elemental Analysis

The investigator begins at this point when he or she has in hand a sample that is believed
to be primarily one compound; if the investigator believes that the sample contains more
than one component, Chapter 4 on separations should be consulted. The assumption
that predominantly one component is present may be based on (1) the instructor’s guid-
ance, (2) the method of synthesis, (3) the method of isolation, and/or (4) chromato-
graphic or other analytical results.

This chapter contains four major portions. The first (Sections 3.1 and 3.2) deals
with the usual simple physical properties and the second (Sections 3.2-3.3) with more
detailed and specialized methods of characterization. The simple properties include
physical state, color, odor, and ignition tests (Section 3.1), and the simple physical con-
stants (Section 3.2: melting point, boiling point, and, less frequently, specific gravity and
index of refraction). In most teaching environments those two sections represent the
bottom line of chemical characterization.

The third major portion involves the purification of the sample through recrystal-
lization (Section 3.4) if the sample is a solid. The next portion involves the identification
and quantification of the elements present. Qualitative elemental analysis (Section 3.5)
is used to determine the presence of nitrogen, sulfur, and halogen. If the compound’s
empirical formula is determined (by combustion analysis, as described in Section 3.6)
and the molecular weight is known, then the molecular formula can be determined.

3.1 PRELIMINARY EXAMINATION
3.1.1 Physical State

Note whether the unknown substance is a liquid or a solid. The tables of constants
(Appendix II) are subdivided on the basis of phase. In addition, insofar as the phase re-
lates to the solubility and volatility, an aid to the choice of purification method is pro-
vided. Liquids are usually purified by distillation (Section 4.2.1, pp. 67-71) or by gas
chromatography (Section 4.4.2, pp. 90-99); solids are purified by recrystallization
(Section 3.4, pp. 49-52) or by sublimation (Section 4.2.3, pp. 75-76).

31.2 Color

Note the color of the original sample as well as any change in color that may occur
during the determination of the boiling point (Section 3.2.2, pp. 30-37), during

22
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distillation (Section 4.2.1, pp. 67-73), or after chromatographic separation (Section 4.4,
pp- 84-110).

The color of some compounds is due to impurities; frequently these are produced
by the slow oxidation of the compound by oxygen in the air. Aniline, for example, is
usually reddish brown, but a freshly distilled sample is colorless.

Many liquids and solids are definitely colored because of the presence of chro-
mophoric groups in the molecule. Many nitro compounds, quinones, azo compounds,
stable carbocations and carbanions, and compounds with extended conjugated systems
are colored. If an unknown compound is a stable, colorless liquid or a white crystalline
solid, this information is valuable because it excludes chromophoric functional groups
as well as many groups that would become chromophores by oxidation.

3.1.3 Odor

We cannot in good conscience recommend that you examine the odor of an organic
compound by direct inhalation. Frequently organic compounds have at least some de-
gree of toxicity, and their uses are often regulated. The odor of many organic com-
pounds will, however, quickly become evident during the course of normal handling;
when that happens, you should make note of it.

It is not possible to describe odor in a precise manner, but some basic facts are well
known. Amines often have a distinctly fishy smell and thus they frequently are easily
identified. Some amines have common or trivial names that suggest odors; for exam-
ple, cadavarine and putrescine. Thiols (or mercaptans) and organic sulfides (thioethers)
are easily detected by their rotten egg smell, an odor that you may have encountered
when dealing with hydrogen sulfide. Carboxylic acids of low molecular weight have dis-
tinct and noxious odors: acetic acid yields the bad smell in vinegar, while butanoic (or
butyric) acid has the smell of unwashed gym socks. Esters usually have pleasant smells
that are often characterized as fruity. For example, 3-methylbutyl ethanoate (isopentyl
or isoamyl acetate) is often referred to as “banana oil.” Hydrocarbons can have very dif-
ferent smells: naphthalene has been used as mothballs, and thus the odor should be
recognizable; pinenes are components of turpentine, and therefore they have the odor
of paint thinner. Benzaldehyde, nitrobenzene, and benzonitrile all have odors that have
been described as “cherry-like” or the odor of “bitter almonds.” The origins of some or-
ganic compounds suggest distinct smells; for example, eugenol (from cloves), coumarin
(from lavender oil and sweet clover), and methyl salicylate (oil of wintergreen). Other
compound classes have distinguishable but less pronounced odors. Thus aldehydes are
different from ketones, and both are different from alcohols. Phenols also have unique
odors, and isonitriles have very disagreeable odors.

The theory of odor is certainly dependent upon stereochemistry. A pertinent case
is that of carvone: the (+), or dextrorotatory, stereoisomer has an odor quite consistent
with the fact that it can be isolated from caraway or dill seeds. On the other hand, the
(—), or levorotatory, formis a major component of spearmint.

0)

carvone
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Toxicity information is usually available on the bottle label and in catalogs such as
that available from Aldrich Chemical Co. All labs must provide MSD sheets describing
the toxicity of any organic compound used in that laboratory. The Merck Index can also
be consulted for more information.

3.1.4 Ignition Test

Procedure

Place a 10-mg sample of the substance in a porcelain crucible lid (or any piece of porce-
lain) and bring the sample to the edge of a flame to determine flammability. Heat the
sample gently over a low flame, behind a safety shield. Heat the sample until ignition
has occurred. Note (1) the flammability and nature of the flame (is the compound ex-
plosive?); (2) whether the compound is a solid, whether it melts, and the manner of its
melting; (3) the odor of the gases or vapors evolved (caution!); and (4) the residue left
after ignition. Will it fuse? If a residue is left, allow the lid to cool. Add a drop of distilled
water. Test the solution with litmus paper. Add a drop of 10% hydrochloric acid. Note
whether a gas evolves. Perform a flame test, with a platinum wire, on the hydrochloric
acid solution to determine the metal present.

Discussion ,

Many liquids burn with a characteristic flame that assists in determining the nature of
the compound. Thus, an aromatic hydrocarbon (which has a relatively high carbon con-
tent) burns with a yellow, sooty flame. Aliphatic hydrocarbons burn with flames that are
yellow but much less sooty. As the oxygen content of the compound increases, the flame
becomes more and more clear (blue). If the substance is flammable, the usual precau-
tions must be taken in subsequent manipulation of the compound. This test also shows
whether the melting point of a solid should be taken and indicates whether the solid is
explosive.

If an inorganic residue’ is left after ignition, it should be examined for metallic ele-
ments. A few simple tests will often determine the nature of the metal present.? If the
flame test indicates sodium, a sample of the compound should be ignited on a platinum
foil instead of a porcelain crucible cover. (Why?)

3.1.5 Summary and Applications

The tests in this section are extremely useful for decisions as to whether further pu-
rification is necessary and as to what type of purification procedures should be used. If
various tests in this section indicate that the compound is very impure, recrystallization
(Section 3.4) or chromatography is almost certainly required. Although liquids are very
often easily analyzed by gas chromatography (Section 4.4.2), those that leave residues
upon ignition should not be injected into the gas chromatograph.

!A “residue” becomes identifiable with a little experience. A residue is more than a small streak of blackened
remains; the amount should correspond to a reasonable percentage of the original sample. The control samples
cited earlier containing metal (sodium, barium) ions should be ignited as a reference.

2Consult a book on inorganic qualitative analysis.
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‘- 3.2 DETERMINATION OF PHYSICAL PROPERTIES
321 Melting Points and Freezing Points

The melting point of a compound is the temperature range at which the solid phase
changes to liquid. Since this process is frequently accompanied by decomposition, the
value may be not an equilibrium temperature but a temperature of transition from solid
to liquid only. If the ignition test indicates that a solid melts easily (25-300°C), the
melting point should be determined by Procedure A. For higher melting point ranges
(300-500°C), use special equipment. If a melting point determination by Procedure A
indicates definite decomposition or transition from one crystalline state to another,
Procedure B is recommended. Compounds melting between 0°C and 25°C may be
analyzed by the freezing point method described on p. 29.

Melting points for a large number of compounds and their derivatives are listed in
this book. Frequently a small amount of impurity will cause a depression (and broad-
ening) of the observed melting point. Thus the procedure of determining melting points
of mixtures described below is strongly recommended. If, for any of a number of reasons,
one has a compound that is contaminated by minor amounts of impurities, the section
on recrystallization should be consulted (see Section 3.4).

(a)

(e}

Figure 3.1 Charging (a) and packing (b, ¢) capillary melting point tubes.
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Procedure A

For melting point determinations, many commercial melting point capillary tubes are
available. These tubes are typically 1.1-1.8 mm wide and 90-100 mm long. One end is
sealed. Use a new melting point capillary tube for each melting point. Place a small
amount of the sample, approximately one-half of a spatula, on a hard, clean surface such
as a watch glass. Tap the open end of the capillary tube into the sample until a few crys-
tals are in the tube (Figure 3.1a). Hold the capillary tube vertically, open end up, and
tap it gently on the counter so that the crystals pack to the bottom. If necessary, rub it
with a file or a coin with a milled edge (Figure 3.1b) or drop it through a glass tube
(Figure 3.1c) to move the crystals to the bottom. The capillary tube should contain
2-3 mm of sample. Use the capillary tube in melting point apparatuses such as the
Thomas—Hoover melting point apparatus (Figure 3.2), a Thiele tube (Figure 3.3), or
a Mel-Temp melting point apparatus (Figure 3.4).

lof

4
Figure 3.2 Thomas—Hoover Uni-Melt Figure 3.3 Thiele tube melting
melting point apparatus. point apparatus.

Another type of melting point apparatus is the Fisher—Johns apparatus (Figure 3.5).
This apparatus has an electrically heated aluminum block fitted with a thermometer
reading to 300°C. Place the sample between two 18-mm microscope cover glasses. Place
the cover glasses in the depression of the aluminum block. Regulate the temperature
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Figure 3.4 Bamnstead-Thermolyne Mel-Temp melting point apparatus. [Graph supplied by
Bamnstead Intermational. Used with permission. ]

with the variable transformer. Observe the melting point with the aid of the illumina-
tor and the magnifying glass. Prepare a calibration curve for the instrument by reference
to known compounds as described below.

It is often timesaving to run a preliminary melting point determination, raising the
temperature of the bath very rapidly. After the approximate melting point is known,
raise the temperature to within 5°C of the approximate value and then proceed slowly
as described above. Use a fresh sample of the compound for each melting point
determination.

Corrected Melting Points

The thermometer should always be calibrated by observing the melting points of sev-
eral pure compounds (Table 3.1). If care is taken to use the same apparatus and ther-
mometer in all melting point determinations, it is convenient and timesaving to prepare
a calibration curve such as that shown in Figure 3.6. The observed melting point of the
standard compound is plotted against the corrected value, and a curve, DA, is drawn
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Figure 3.5 Fisher—Johns melting point apparatus. [Reproduced with permission
of Fisher Scientific.]

TABLE 3.f Melting Point Standards

mp (corr.) mp (corr.)
(°C) (°C)
0 Ice 187 Hippuric acid
53 p-Dichlorobenzene 200 Isatin
90 m-Dinitrobenzene 216 Anthracene
114 Acetanilide 238 1,3-Diphenylurea
121 Benzoic acid 257 Oxanilide
132 Urea 286 Anthraquinone
157 Salicylic acid 332 N,N’-Diacetylbenzidine

Observed melting point

| | | C

D

Corrected melting point

Figure 3.6 Melting point calibration curve.
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through these points. In subsequent determinations the observed value, B, is projected
horizontally to the curve and then vertically down to give the corrected value, C. Such
a calibration curve includes corrections for inaccuracies in the thermometer and stem
correction. The thermometer should be calibrated by observing the melting points of
several pure compounds.

It is important to record the melting point range of an unknown compound, because
this is an important index of purity. A large majority of pure organic compounds melt
within a range of 0.5°C or melt with decomposition over a narrow range of tempera-
ture (about 1°C). If the melting point range or decomposition range is wide, the com-
pound should be recrystallized from a suitable solvent and the melting or decomposi-
tion point determined again. Some organic compounds, such as amino acids, salts of
acids or amines, and carbohydrates, melt with decomposition over a considerable range
of temperature.

Mixture Melting Points

The “mixed melting point” method provides a means of testing for the identity of two
solids (which should, of course, have identical melting points) by examination of the
melting point behavior of a mechanical mixture of the two. In general, a mixture of
samples of nonidentical compounds shows a melting point depression. Although the use
of mixed melting points is valuable at certain points of the identification procedure, a
mixed melting point of an unknown with a known sample from the side shelf will not
be accepted in this course as proof of the structure.

A few pairs of substances when mixed show no melting point depression, but more
frequently the failure to depress may be observed only at certain compositions. It re-
quires little additional effort to measure the melting points of mixtures of several com-
positions if the following method is used.

Make small piles of approximately equal sizes of the two components (A and B)
being examined. Mix one-half of pile A with one-half of pile B. Now separate the mix-
ture of A and B into three equal parts. To the first add the remainder of component A,
and to the third, the remainder of component B. It is seen that three mixtures with
the compositions 80% A, 20% B; 50% A, 50% B; and 20% A, 80% B are obtained. The
melting points of all three mixtures may be measured at the same time by any of the
preceding procedures.

Freezing Points
Place 5-10 mL of the liquid in an ordinary test tube fitted with a thermometer and a
wire stirrer made of copper, nickel, or platinum. Fasten the tube in a slightly larger test
tube by means of a cork and cool them in an ice or ice-salt bath or an acetone-dry ice
bath (Figure 3.7). Stir the liquid vigorously. As soon as crystals begin to form, remove
the tubes from the bath. Continue the vigorous stirring and read the temperature on
the thermometer. The freezing point is the temperature reached after the initial su-
percooling effect has disappeared. The temperature of the cooling bath should not be
too far below the freezing point of the compound. The freezing points of most organic
liquids are only approximate due to the relatively large amount of sample.

The presence of impurities in the sample can lead to a freezing point depression.
This colligative property is discussed, in much detail, in general chemistry textbooks.

A more elaborate apparatus for determining freezing points (down to —65°C) has
been described.®

3R. J. Curtis and A. Dolenga, . Chem. Educ., 52, 201 (1975).
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@

Figure 3.7 Simple freezing
point apparatus.

3.22 Boiling Points

The use of boiling points (bp) for compound identification was introduced in Chapter 2

(p. 13).

Procedure A

Set up a simple distillation as illustrated in Figure 3.8. Add a few boiling chips and
10 mL of the unknown liquid. Insert the thermometer so that the top of the mercury
bulb is just below the side arm. If necessary, wrap the distilling head in glass wool to
prevent heat loss. Heat the liquid to boiling using a sand bath (illustrated in Figure 3.8),

Water out

Figure 3.8 A small-scale simple
distillation apparatus. Sand has
been used to fill in the well.

Heating mantle
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a heating mantle, a heating block, or a Bunsen burner. For liquids with low boiling
points, use steam or a hot-water bath. Distill the liquid at as uniform a rate as possible.
Change the receiver, without interruption of the distillation, after the first 2-3 mL of
liquid has been collected. Collect the next 5-6 mL in a dry receiver. Record the boil-
ing point range during the distillation of the second portion of the liquid.

Great care should be exercised against overrelying upon boiling point as a criterion
of purity or a basis for identity. Atmospheric pressure variations have a significant ef-
fect upon boiling point. Many organic liquids are hygroscopic, and some decompose on
standing. Generally the first few milliliters of distillate will contain any water or more
volatile impurities, and the second fraction will consist of the pure substance. If the
boiling point range is large, the liquid should be refractionated through a suitable col-
umn (see Chapter 4 pp. 68-70).

The boiling point determined by the distillation of a small amount of liquid as
described above is frequently in error. Unless special care is taken, the vapor may be
superheated; also, the boiling points observed for high-boiling liquids may be too low
because of the time required for the mercury in the thermometer bulb to reach the
temperature of the vapor. The second fraction collected above should be used for a
more accurate boiling point determination by Procedure B below. Portions of the main
fraction should also be used for the determination, as far as possible, of all subsequent
chemical, spectral, and physical tests.

Procedure B

Place a thermometer 1-1.5 cm above approximately 0.5 mL of the liquid in a test tube
(Figure 3.9). Slowly heat the liquid to boiling so that the thermometer bulb is immersed
in the vapor. Allow the temperature to remain at a constant value for 30 sec. This value
is the boiling point of the liquid. This technique is also useful for determining the boil-
ing point of some low-melting solids provided they are thermally stable.

=111 9

Figure 3.9 Boiling point determination: Figure 3.10 Micro boiling
Procedure B. Xy point tube.

Procedure C
Set up a micro boiling point tube (Figure 3.10). Use a 5-cm test tube for the outer tube.
Add two drops of the unknown liquid. Place an inverted sealed capillary tube inside the
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test tube. Place the micro boiling point tube in a Thiele tube (Figure 3.3). Raise the
temperature until a rapid and continuous stream of bubbles comes out of the small cap-
illary tube and passes through the liquid. Remove the heat and allow the Thiele tube
to cool. Note the temperature at the instant bubbles cease to come out of the capillary
and immediately before the liquid enters it. Record this temperature as the boiling point

of the liquid.

Procedure D

The ultramicro boiling point determination procedure uses a glass bell inside of a melt-
ing point tube. Use a purchased glass bell or prepare one by heating 3-mm O.D. Pyrex
glass tubing and drawing it out very thin so that it will fit inside of a melting point cap-
illary tube (Figure 3.11a). Fuse the drawn tube at one end (Figure 3.11b) to give the
bell sufficient weight. Inject the melting point capillary tube with 3—4 uL of the un-
known liquid, using a 10-uL syringe. Insert the glass bell, with the open end down, into
the melting point capillary tube (Figure 3.11¢). If necessary, centrifuge the liquid and
the glass bell to the bottom of the capillary tube. Place the entire unit in a standard
melting point apparatus. Measure the boiling point by rapidly raising the temperature
to 15-20°C below the boiling point of the liquid, which was estimated by a preliminary
run on the unknown. Slow the heating rate to an increase of 2°C/min and continue this
rate until a fine stream of bubbles is emitted from the end of the bell. Adjust the heat
so that the temperature drops. Record the boiling point at the point when the last bubble
collapses. This procedure may be repeated on the same sample.

3 mm 1 mm
et ke

Cut

Cut 90 mm

Cut

Figure 3.1 Ultramicro boiling point.
T (a) Preparation of a small glass bell; (b) the
5 mm H H completed glass bell with a fused tip; (c) the glass
ey bell in a capillary melting point tube. [From a

‘ description by Mayo, Pike, Butcher, and Meredith,
(@) (b) © J. Chem. Educ., 62 (12), 1114-1115 (1985).]

Effect of Pressure on Boiling Point

At the time the boiling point is being determined, the atmospheric pressure should be

recorded. Table 3.2 illustrates the magnitude of such barometric “corrections” of boil-

ing point for pressures that do not differ from 760 mm by more than about 30 mm.
These corrections are applied in the following equation:

760 — obs pressure A factor
AT,

= +
corr bp = obs bp 10 mm

X AT2) + original factor}
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TABLE 3.2 Boiling Point Changes per Slight Pressure Change

Correction in °C for 10-mm
Difference in Pressure

bp bp Nonassociated” Associated”
(°C) (X) Liquids Liquids
50 323 0.38 0.32
100 373 0.44 0.37
150 423 0.50 0.42
200 473 0.56 0.46
300 573 0.68 0.56
400 673 0.79 0.66
500 773 0.91 0.76

“Associated liquids are those liquids that have substantial intermolecu-
lar associations due to hydrogen bonding; an example is methanol.

where
corr bp = corrected boiling point
obs bp = observed boiling point
obs pressure = observed pressure
A factor = difference in correction
AT, = difference in boiling points
AT, = observed boiling point — lowest of two boiling points

original factor = lowest of two corrections

ExamPLE PROBLEM

Calculate the corrected boiling point of a compound that has an observed boiling point
of 125°C at 700 mm pressure.

ANSWER

Since the problem did not state whether the compound was associated or nonassoci-
ated, both equations will be shown.
For a nonassociated liquid, the corrected bp is calculated as shown below:
760 — 700 mm 0.50 — 0.44
150 — 100

corr bp = 125°C + X 125 - 100) + 0.44

10 mm
= 127.8°C
For an associated liquid, a slightly different answer is obtained:

760 — 700 mm 0.42 — 0.37
150 ~ 100

corr bp = 125°C + X 125 — 100) +0.37

10 mm

= 1274°C
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* PROBLEMS

1. Calculate the corrected boiling point for an aromatic halide that had an observed
boiling point of 167°C at 650 mm Hg. Give the name and structure of the com-
pound. (Hint: Use Appendix II).

2. Calculate the corrected boiling point for an alcohol that contained halogen and that
had an observed boiling point of 180°C at 725 mm Hg. Give the name and struc-
ture of the compound.

3. Using the pressure—temperature nomograph in Appendix I, give the corrected bp of
a compound that has a bp of 120°C at 10 mm.

4. Give the bp of a compound at 25 mm that has a corrected bp of 250°C.

Azeotropes

In some cases, a two- or three-component mixture will distill at one constant temper-
ature and cannot be separated into its components through distillation. These mixtures
are examples of azeotropes. The vapor of the azeotrope has the same composition as
the boiling liquid.

It is evident that small deviations in pressure from 760 mm, such as 5 mm, may be
neglected in ordinary work.

Investigators working in laboratories at high altitudes* and low barometric pres-
sures have found it convenient to determine a set of empirical corrections to be added
to observed boiling points in order to get boiling points at 760 mm. The corrections are
obtained by distilling a number of different types of compounds with different boiling
points. The difference between the boiling point recorded in the literature and the ob-
served boiling point gives the correction.

Nomographs for boiling point versus pressure data of organic compounds have been
devised; these charts are useful for vacuum distillations. An example is provided in
Appendix L.

In order to give an idea of the change in boiling point with pressure, the data on
three pairs of nonassociated and associated compounds are given in Table 3.3. The tem-

‘At the top of Mt. Evans in Colorado, water boils at 81°C (average pressure 460—470 mm; altitude
14,200 ft). Water boiling at the University of Colorado (ca. 5000 ft) will have a temperature of about 90°C.

TABLE 3.3 Boiling Points (°C) at Reduced Pressures

Pressure in Millimeters of Mercury (torr)

Compound 760 700 650 600 550 AT
Heptane 98 96 94 91 88 10
1-Propanol 97 95 93 91 89 8
lodobenzene 188 185 182 179 175 13
Pentanoic acid 186 183 180 178 175 11
Fluorene 298 294 290 286 282 16
2-Naphthol (8-naphthol) 295 292 288 284 280 15

‘AT = bp7w - bPS-'}O'
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peratures are given to the nearest whole degree. The data indicate that, as the pressure
is reduced, the boiling point of an associated compound does not fall off as much as
the boiling point of a nonassociated liquid.

Correlations of Boiling Point with Structure

The boiling points of the members of a given homologous series increase as the series
is ascended. The boiling points rise in a uniform manner, as shown in Figure 3.12, but
the increment per CHz group is not constant, being greater at the beginning of the se-
ries than for the higher members (Table 3.4).

250

200

150

Boiling point (°C)

300 A I I N IS AN NN SN M Figure 3.12 Relationship
o1 2 3 4 5 6 7 8 9 10 11 12 hetween boiling point and
Number of carbon atoms molecular weight.

If a hydrogen atom of a saturated hydrocarbon (alkane) is replaced by another atom
or group, an elevation of the boiling point results. Thus alkyl halides, alcohols, alde-
hydes, ketones, acids, and so on boil higher than the hydrocarbons with the same car-
bon skeleton.

If the group introduced is of such a nature that it promotes association, a very
marked rise in boiling point occurs. This effect is especially pronounced in the alcohols
(Figure 3.12) and acids because of hydrogen bonding. For example, the difference in
boiling point between propane (nonassociated) and 1-propanol (associated) is 142°C—
a difference far greater than the change in molecular weight would indicate. As more
hydroxyl groups are introduced, the boiling point rises, but the change is not as great
as that caused by the first hydroxyl group. Nevertheless, the increment per hydroxyl
group is much greater than the increment per methylene group (Tables 3.4 and 3.5).

If the hydroxyl groups are converted to ether linkages, the association due to hy-
drogen bonds is prevented and the boiling point drops. The following series illustrates
this effect:

CH,OH (|:H20C2H5 ?H20C2H5 CHoOCgHs5
CHOH CHOH CHOH ICHOC2H5

CH,OH CHoOH CHs0OCyH5 CH50CgH5
bp(°C): +290 +230 +191 +185
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TABLE 3.4 Boiling Point and
Chain Length for Straight-Chain

Alkanes
bp (2C)
2>
bp (“C)
Pentane 36>
32
Hexane 68>
30
Heptane 98>
27
Octane 125> . .
24 TABLE 3.5 Boiling Point and Hydroxyl Group
Nonane ) 49> Substitution
>24 (|JH3 (|JH3 (|JH20H ('JH20H
Decane 173 . CH, (|JH2 CH, CHOH
Undecane 194> CH3 CH20H CHon CH20H
21 bpC) —45 +97 +216 +290
Dodecane 215> \/ \\/ \/
“A = change in boiling point for A/OH(C) 142 119 74

addition of one methylene group.

A comparison of oxygen derivatives with their sulfur analogs also shows that asso-
ciation is a more potent factor than molecular weight. The thiol (RSH) compounds are
associated only slightly and hence boil lower than their oxygen analogs, even though the
former have higher molecular weights than the latter.

bp (°C) bp (°C)
HOH 100 HSH —62
CH;0H 66 CH;SH +6
CH,COOH 119  CH,COSH 93

Ethers and thio ethers are not associated, and hence the alkyl sulfides boil higher
than the ethers because they have higher molecular weights:

bp (°C) bp (°C)
(CoHs):O  +35  (CoHs)eS  +92

These data on sulfur and oxygen compounds, and on hydrocarbons, alkyl chlorides,
bromides, and iodides illustrate the general rule that replacement of an atom by an
atom of higher atomic weight causes a rise in the boiling point, provided that no in-
crease or decrease in the extent of association takes place as a result of this substitution.

Just as with solubility relationships (Chapter 5, pp. 119-120), branching of the chain
and position of the functional group influence the boiling point. The saturated aliphatic
alcohols (Table 3.6) serve to illustrate the following generalizations:
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TABLE 3.6 Alcohel Boiling Point and Branching

Primary Alcohols Secondary Alcohols Tertiary Alcohols
Structure bp(°C)  Structure bp(°C}  Structure bp(°C)
CH,0H 66
CH,CH,OH 78
CH;CH,CH,OH 97  CH,CHCH, 83

(l.‘)H (|3H3
CH,CH,CH,CH,OH 118 CH,CH,CHCH, 100 CH;—C—CHj 83
o on
CH;CHCHOH 108
g
CH3CH,CH;CH,CH;OH 138  CH,CH,CH,CHCH; 120
o
CH,CHCH,CH,0H 132 CH3CH,CHCH,CH; 116
('3H3 (I)H
CH, CH,
CH3—(|3—CH20H 113 CH;CH—CHCH; 114 CH3CH2—(|3~CH3 102
(|3H3 CH3; OH (,)H
1. Among isomeric alcohols, the straight-chain isomer has the highest boiling

point.

2. If comparisons are made of alcohols of the same type, the greater the branch-
ing of the chain, the lower the boiling point.
3. A comparison of the boiling points of isomeric primary, secondary, and terti-

ary alcohols shows that primary alcohols boil higher than secondary alcohols,
which, in turn, boil higher than tertiary alcohols provided that isomeric alcohols
with the same maximum chain length are compared.

A knowledge of the boiling points of some simple compounds is frequently of value
in excluding certain types of compounds. The following simple generalizations are

helpful.
1.

An organic chloro compound that boils below 132°C must be aliphatic. If it
boils above 132°C, it may be either aliphatic or aromatic. This follows from the
fact that the simplest of aryl halides, chlorobenzene, boils at 132°C.

Similarly, an organic bromo compound that boils below 157°C or an iodo com-
pound that boils below 188°C must be aliphatic. Other bromo and iodo
compounds may be either aliphatic or aromatic.
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3.23 Specific Gravity

The use of specific gravity in compound identification can be a useful fingerprint. Recall
that specific gravity (sp gr), for substance 2, is defined as

T, _ W2

Sp gr7; =

w;

where wy = weight of a precise volume of substance 2 (the unknown)
w; = weight of precisely the same volume of substance 1 (usually water)

Ty, Ty = the temperatures of these substances.

The density (d) of substance 2 can be obtained from

dy = (SP gr%)z(dl)rl

where (dy)r, = the density of water (or other reference substance) at temperature T
ds = the density of substance 2 at temperature T,.

Such densities are available from standard chemistry handbooks.
Specific gravity may be determined by means of a small pycnometer.

Procedure
If a small pycnometer with a capacity of 1-2 mL is not available, use one of the two
pycnometers shown in Figures 3.13 and 3.14.

L 1mL

Figure 3.13 Micropycnometer. Figure 3.14 Specific gravity bulb (small
volumetric flask).

Bend a piece of capillary tubing to an U-shape (Figure 3.13), with a small bulb
blown in the middle and one end drawn out to a fine capillary. Make a small scratch
on the other vertical piece at the same height as the tip of the capillary. Suspend the
pycnometer with a fine Nichrome, aluminum, or platinum wire. Weigh the empty pyc-
nometer to 0.1 mg. Fill the pycnometer with water to a point beyond the mark and
suspend it in a constant-temperature bath at about 20°C. After 10 min, adjust the amount
of liquid by holding a piece of filter paper to the capillary tip until the meniscus in the
open arm coincides with the mark. Remove the pycnometer from the water bath, dry
the outside, and weigh it.

A commercial 1.00-mL volumetric flask (Figure 3.14) can also be used. Determine
the weight of the empty flask. Fill it with distilled water and suspend it by a wire in a
constant-temperature bath at about 20°C. Adjust the level of the water with a pipet.
Remove the flask from the water bath, dry the outside, and weigh it.
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Fill the pycnometer or the 1.00-mL volumetric flask with the unknown liquid and
determine its weight at the same constant temperature. Calculate the specific gravity
of the unknown liquid using the equation shown below:

weight of sample
weight of water

20 _
Sp grao =

Care must be taken that the sample used for this determination is pure. It is best
to use a portion of the center fraction collected from distillation or a gas chromato-
graphic collection corresponding to a single peak (Chapter 4, pp. 90-99). Sometimes it
is necessary to determine the density with reference to that of water at 4°C. This may
be done by means of the factor 0.99823:

weight of sample

20 _
per = weight of water X 0.99823

Another micropycnometer has been described.®

5. An ester has a corrected boiling point of 225°C. In a 1-mL pycnometer, the weight
of the samople was 0.989 g and the weight of water was 0.834 g. Calculate sp grag
and sp grg . Give the name and structure of the compound.

Discussion
The specific gravity of a liquid may often be used to exclude certain compounds from
the list of possibilities. It varies with the composition as well as the structure of the
compound.

Hydrocarbons are usually lighter than water. As a given homologous series of
hydrocarbons is ascended, the specific gravity of the members increases, but the in-
crement per methylene radical gradually diminishes. Curves I, I1, and I11 in Figure 3.15
show the change in density for the alkanes, 1-alkenes, and 1-alkynes. It will be noted
that the specific gravity of the acetylenic hydrocarbon is greater than that of the corre-
sponding olefin, which in turn is more dense than the alkane hydrocarbon with the same
number of carbon atoms. The position the unsaturated linkage occupies also influences
the density. Moving the double bond nearer the middle of the molecule causes an
increase in the specific gravity. The data in Table 3.7 illustrate this change.

The replacement of one atom by another of higher atomic weight usually increases
the density. Thus curve IV, which represents the specific gravities of the normal alkyl
chlorides, lies above the curves of the hydrocarbons. It will be noted that the alkyl chlo-
rides are lighter than water and that the specific gravities decrease as the number of
carbon atoms is increased.

The rather limited data on the alkyl fluorides are shown by curve V. The graph is
interesting because it reveals only a very slight change in density as the number of car-
bon atoms is increased.

Curves VI and VII show that the specific gravities of the primary alkyl bromides
and iodides are greater than 1.0 and that in these homologous series the specific grav-
ity decreases as the number of carbon atoms is increased. The slopes of curves 1V,
VI, and VII are decreasing because the halogen atom constitutes a smaller and smaller
percentage of the molecule as the molecular weight is increased by increments of

M. M. Singh, Z. Szafran, and R. M. Pike, J. Chem. Educ., 70, A36 (1993).
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Figure 3.15 Relationship between specific gravity and molecular weight.

Number of carbon atoms

TABLE 3.7 Specific Gravity and Double Bond Position

Name

Compound sp gr
1-Pentene CHy= CHCH,CH,CHj,4 0.6453
2-Pentene CH3CH =CHCHyCHjy 0.651F
1,4-Pentadiene CHy= CHCH,CH=CH, 0.659%°
1,3-Pentadiene CHy,= CHCH=CHCHj,4 0.6962
2,3-Pentadiene CH;CH=C=CHCHj, 0.702%°
1-Hexene CH,;=CHCH,CHyCH,CH; 0673
2-Hexene CH3CH=CHCH,CH,CH;4 0.6812°
3-Hexene CH;CH,CH=CHCH,CHj,4 0.722%°

methylene units. The relative positions of the curves show that the specific gravity in-
creases in the order

RH < RF < RCI < RBr < RI

provided that comparisons are made on alkyl halides with the same carbon skeleton and
of the same class. Similar relationships are exhibited by secondary and tertiary chlorides,
bromides, and iodides.

The specific gravities of aryl halides also arrange themselves in order of increasing
weight of the substituent (Table 3.8).

An increase in the number of halogen atoms present in the molecule increases the
specific gravity. Compounds containing two or more chlorine atoms or one chlorine
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TABLE 3.8 Boiling Point and Specific Gravity of

Aryl Halides

Compound bp(°C) sp gra’
Benzene 79.6 0.878
Fluorobenzene 86 1.024
Chlorobenzene 132 1.107
Bromobenzene 156 1.497
Iodobenzene 188 1.832

atom together with an oxygen atom or an aryl group will generally have a specific grav-
ity greater than 1.000 (Table 3.9).

TABLE 3.9 Specific Gravity Change per Number of Chlorine or Oxygen Atoms

Compound spgr Compound sp gr
Benzyl chloride 1.10265° Carbon tetrachloride 1.5953°
Benzal chloride” 1.25573* Ethylene chlorohydrin 1.213%°
Benzotrichloride 1.380023 Chloroacetone 1.16218
Methylene chloride 1.3362° Methyl chloroacetate 1.23529
Chloroform 1.49841%

“Benzylidene chloride, CsHsCHCl,.

The introduction of functional groups containing oxygen causes an increase in the
specific gravity. The curves in Figure 3.16 represent the change in specific gravity of
some of the common types of compounds. The ethers (curve VIII) are the lightest of
all the organic oxygen compounds. The aliphatic alcohols (curve IX) are heavier than
the ethers but lighter than water. The specific gravity of the alcohols becomes greater
than 1.0 if a chlorine atom (ethylene chlorohydrin), a second hydroxyl (ethylene glycol),
or an aromatic nucleus (benzyl alcohol) is introduced. The dip in curve IX is due to the
fact that methanol is more highly associated than ethanol. The amines (curve X) are not
as dense as the alcohols and are less associated. Association also causes the specific grav-
ity of formic acid and acetic acid to be greater than 1.000; the higher liquid fatty acids
are lighter than water (curve XI).

The simple esters (curve XII) and aldehydes (RCHO) are lighter than water,
whereas esters of polybasic acids (curve XIII) and halogenated, keto, or hydroxy esters
are heavier than water. Introduction of the aromatic ring may also cause esters to be
heavier than water. Examples of esters of these types that are heavier than water are
phenyl acetate, methyl benzoate, benzyl acetate, ethyl salicylate, butyl oxalate, triacetin,
isopropyl tartrate, and ethyl citrate. Since the hydrocarbons are lighter than water, it is
to be expected that esters containing long hydrocarbon chains will show a correspond-
ingly diminished specific gravity.

In general, compounds containing several functional groups—especially those
groups that promote association—will have a specific gravity greater than 1.0. Merely
noting whether a compound is lighter or heavier than water gives some idea of its com-
plexity. This is of considerable value in the case of neutral liquids. If the compound con-
tains no halogen and has a specific gravity less than 1.0, it probably does not contain
more than a single functional group in addition to the hydrocarbon or ether portion. If
the compound is heavier than water, it is probably polyfunctional.
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Figure 3.16 Relationship between specific gravity and molecular weight (linear compounds).

3.2.4 Index of Refraction of Liquids

The refractive index of a liquid is equal to the ratio of the sine of the angle of incidence
of a ray of light in air to the sine of the angle of refraction in the liquid (Figure 3.17).
The ray of light undergoes changes in wave velocity (0. —> Vjiquia) and in direction at
the boundary interface, and these changes are dependent on temperature (T) and wave-
length () of light. Direct measurements of the angles of incidence and refraction are
not feasible; hence optical systems have been devised that are dependent on the criti-
cal angle of reflection at the boundary of the liquid with a glass prism of known refractive
index.

The Abbe-3L benchtop refractometer.® illustrated in Figure 3.18, is the most com-
mon type of refractometer used in colleges and universities. Other popular models in-

5The Abbe-3L benchtop refractometer is available from Thermo Spectronic, Rochester, NY 14625,
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Figure 3.18 An Abbe-3LTM benchtop re-
fractometer. [Used with permission from
Thermo Spectronic US, Rochester, NY.]

clude the Leica Abbe Mark II Plus refractometer,” the Atago Model DR-Al Digital
Abbe refractometer,® and the Arias Digital Abbe refractometer.® Refractive indices can
be measured from a minimum range of 1.3200 to 1.7000, with an accuracy of +0.1%
or +0.0001 for refractive index. The temperature compensation range, at a minimum,
ranges from 15°C to 40°C. A schematic drawing of the Leica Auto Abbe refractometer
is illustrated in Figure 3.19.

"The Leica Abbe Mark II Plus refractometer is available from Leica Microsystems Inc, Depew, NY 14043.

5The Atago Model DR-Al Digital Abbe refractometer is available from RL Instruments, Northbridge,
MA 01534.

SThe Arias Digital Abbe refractometer is available from Misco, Cleveland, OH 44122.
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Figure 3.19 A schematic drawing of the Leica Auto Abbe refractometer. [Used with permis-
sion from Leica Microsystems, Buffalo, NY.]

Procedure :

Place a drop of the sample on the prism. Close the cover. While looking through the
eyepiece, rotate the adjustment knob until the dividing line between the light and dark
halves coincides with the center of the crosshairs (Figure 3.20). Record the refractive
index and the temperature. If the refractive index is measured at 20°C, it is recorded
in the following form:

n% = 1.4357

At other temperatures, a correction factor is added, with “obs refractive index” as the
observed refractive index and “obs temp” as the observed temperature:

n® = obs refractive index + [(obs temp — 20)(0.00045)]

Figure 3.20 Correct adjustment of the light
and dark halves coinciding with the center of
the crosshairs for determining refractive index.

6. Calculate the corrected refractive index of a liquid that has an observed refractive
index of 1.430 at 35°C.

Clean the prisms with a cotton swab that has been dipped in toluene or petroleum
ether for water-insoluble compounds. Do not use acetone. Use distilled water to re-
move water-soluble compounds. Use extreme care so that the prisms are not scratched.
Avoid metal or glass applicators, and use only clean, absorbent, dust-free cotton to clean
the prisms. Manuals for operating procedures should be consulted for variations in op-
erating procedures.

Discussion

The values for density and refractive index are useful in excluding certain compounds
from consideration in the identification of an unknown. Care must be taken, however,
that the sample is pure. It is best to determine these physical constants on a middle cut
from distillation or a gas chromatography collection.
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This constant can also serve as a final check on an unknown after its identity and
structure have been established. They are of value in research work for checking struc-
tures. This checking is accomplished by comparing the observed refractive index to the
literature value.

- 3.3 OPTICAL ROTATION

Stereochemistry is chemistry caused by structural differences due to variations in spa-
tial arrangements of atoms and groups in a pair of molecules. A molecular structure
that does not possess an internal mirror plane is called chiral (possesses “handedness”).
A chiral compound has the potential of being optically active. The compound
2-bromobutane is a simple example of a chiral compound. Its structure reveals one
stereocenter (a carbon center bearing four different substituents) at C-2. Thus
2-bromobutane can exist in two different forms called enantiomers:

Intersection
" of mirror plane

CH2CH3 CH2CH3

!
!
1
l
1
1

. 1 -C
/ ey, 1 ‘\“" \
Br i Br

| / CHj3
! H
1

(—)-R-2-bromobutane (+)-S-2-bromobutane

Enantiomers are stereoisomers (isomers that have the same structural connectiv-
ity) that are nonsuperimposable mirror images. The R and S forms of 2-bromobutane
have identical IR spectra, NMR spectra, boiling points, densities, and chromatographic
retention times. They differ only in their abilities to rotate plane-polarized light (and
thus only in their optical rotations, or optical activity). The R enantiomer rotates plane-
polarized light 12° in the negative (or levorotatory) direction and the S enantiomer
rotates plane-polarized light 12° in the positive (or dextrorotatory) direction. The terms
R and S refer to the three-dimensional absolute configurations of the two forms of
2-bromobutane as defined by the Cahn-Ingold-Prelog notation (this is described in
detail in organic lecture texts). Thus for 2-bromobutane the R isomer is also the (—)
isomer and the other is the S-(+)-isomer. These two forms of 2-bromobutane thus have
optical activity that is measurable on a polarimeter as described below. Configuration
(R or §) does not necessarily correspond to a particular rotation. For example, a mole-
cule with the R configuration can have either a positive (+) or negative () rotation.

The optical rotation is determined only if the list of possible compounds contains
optically active substances.

3.3.1 Preparation of the Solution

Procedure

Accurately weigh 0.25 g of the compound and dissolve it in 25 mL of solvent in a
volumetric flask. The commonly used solvents are water, ethanol, and chloroform. The
solution should be clear, with no suspended particles of dust or filter paper. If the
solution is not clear, recrystallize the original compound or prepare 50 mL of the solu-
tion and filter it. Discard the first 25 mL of the filtrate; use the last 25 mL in the
polarimeter.
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3.3.2 Filling the Polarimeter Tube

Procedure

Screw the cap on the end of the polarimeter tube. Hold the tube vertically and pour
in the solution until the tube is full and the rounded meniscus extends above the end
of the tube. Slide the glass plate over the end of the tube so that no air bubbles are
caught. Screw on the brass cap.

Precautions _
1. Place a rubber washer between the glass plate and the brass cap. Do not place
any washers between the glass end plate and the glass tube. This is a glass-to-
glass contact.

2. Do not screw on the ends too tightly. Screw on the ends enough to make a
firm, leak-proof joint. If the ends are screwed on too tightly, the glass end plates
will be strained and a rotation will be observed with nothing in the tube at all.
For substances with low readings, loosen the caps and tighten them again
between readings.

3.3.3 The Use of the Polarimeter

One type of polarimeter is the PerkinElmer Model 341 polarimeter. A schematic is
shown in Figure 3.21.

Analyzer
Filter Polarizer Cell Detector

e
=
Na or Hg e N—

source !

S S g M U g )

Detector "—-—_®

Counter

Display

Figure 3.21 Functional principle of a PerkinElmer 341 polarimeter. [Used with permission
from Perkin-Elmer Instruments]

Procedure

Select the desired wavelength for the sample. Place the filled polarimeter tube into the
sample tube holder. On the manual polarimeter, adjust the analyzer until the maximum
amount of light is transmitted. This adjustment is done automatically on the electronic
polarimeter. Read the observed rotation.

The sodium or mercury light passes through the polarizer. The polarizer allows only
one plane of polarized light to be emitted. The light passes through the sample cell. If
an optical active compound is present, then the plane of polarized light is rotated. After
the sample cell, the light passes through the analyzer. The analyzing filter is adjusted
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until the maximum amount of light is transmitted. The difference, in degrees, between
the polarizer and the analyzer is the observed rotation of the sample.

334 Expression of Results

The specific rotation of a substance is calculated by one of the following formulas:

For pure liquids: For solutions:
o a

[@]F = a [a)F =

where
[a)E = specific rotation at 25°C (using the D line of sodium)
a = observed rotation
I = length of tube (decimeters)
d = density in g/mL
¢ = grams per mL of solution

It should be noted that the specific rotation may be quite sensitive to the nature
of the solvent and, in certain cases, even to the concentration of the substance being
examined. The wavelength of the light used for measurement can also affect not only
the magnitude but also the sign of rotation. Attention should be paid, therefore, to the
exact conditions under which a rotation reported in the literature was measured.

The following is the correct way to report specific rotation:

[a]Ee = ~40 £ 0.3° (¢ = 5.44 g/100 mL water)

The preceding relationship refers to a specific rotation determined at 25°C, in water,
with light of a wavelength of 546 nm, at a concentration of 5.44 g/100 mL of solution.
It is necessary to determine the observed rotation, a, at two different concentrations.
In the simplest cases, observed rotations will be decreased by the same factor as the
concentration decrease; for example,

o Concentration
-50° x
~-5.0° 0.1x
0.50° 0.01x

Thus in such a case the [a] determined from all three experiments will be the same,
and one has in hand a value of [a] that can be safely compared to literature values of
[a] determined at other concentrations. In this way the value of [@] in such simple cases
can be used to confirm the identity of the compound of interest. If the value of [a] has
been determined upon a liquid sample using no solvent, the specific rotation should be
reported as follows:

[a]E" = +40° (neat)

7. A solid carbohydrate has a decomposition point of 187°C. A solution of this com-
pound was prepared by dissolving 5 g in 50 mL of water. This solution gave an ob-
served rotation of 6.65° in a 10-cm tube. Calculate the specific rotation. Give the
name of the carbohydrate.
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As described earlier, the existence of a single stereocenter (also called chiral or
asymmetric center) in a compound such as 2-bromobutane can cause optical activity.
Other commonly encountered organic compounds with one stereocenter include

CH,4

H\\" C02_
*H;3N

R-(—)-lactic acid L-alanine

The L designation used above for alanine refers to its absolute configuration (here
the L form has the S configuration). The enantiomer of L-alanine would be p-alanine
(the D and L notation for absolute configuration is frequently encountered for amino
acids and carbohydrates, and is less general than R and $ notation). The L notation is
not to be confused with I/, which stands for levorotatory, or (—), rotation of plane-
polarized light. In like manner, b absolute configuration is not the same as d rotation.
In fact it is not uncommon to find that a D stereoisomer has [, or (—), rotation!

Chiral compounds with more than one stereocenter are common. Glucose, for
example, has four stereocenters when acyclic and five when cyclic.

CH=0
H—~OH
HO—*H
H—*OH
Cc5---» H—-OH <«--D
CHy;OH

D-glucose o- and B-D-glucose

Tartaric acid exists in three stereoisomeric forms, (+), (=), and meso.

Intersection
of mirror plane
I
COOH : COOH COOH
H—+-OH | HO—H ‘HO—H
HO—H i H——OH  HO—H
COOH ! COOH COOH
(+)-tartaric acid : (~)-tartaric acid meso-tartaric acid
1

(*)-tartaric acid

The meso form shows no optical activity; although it has two stereocenters, the effects
of these two centers cancel, resulting in an optically inactive (or achiral) compound.
The lack of activity is not surprising in view of the fact that this compound bears a meso
plane (the intersection of which is illustrated by the dotted line). Since this meso plane
is an internal mirror plane, this compound by definition is achiral and thus optically
inactive.
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335 Optical Purity

In introducing optically active compounds above, we have discussed compounds that
are one enantiomer (e.g., S-2-bromobutane) or the other (R-2-bromobutane). Clearly,
mixtures are possible, and one of the more well known cases is that of a racemic mix-
ture (50% one enantiomer, 50% the other). Mixtures other than 50/50 are, of course,
also possible. Optical purity is defined as

% oo = Hobs 100
[a]

Here [a],, is the specific rotation observed for the mixture of interest and [a] is the
specific rotation for a sample of just one enantiomer. The specific rotations should be
carried out at the same temperature and concentration and in the same solvent. The
resulting enantiomeric excess can be related to the solution composition as follows: A
2-bromobutane sample of +12° is clearly 100% (S)-(+) form. If a sample of —6° rota-
tion is isolated, the enantiomeric excess is

O

[a]obs X 100 = —— X 100 = 50% e
[a] —120 0 €¢

% ee =

The composition of the mixture of —6° rotation can be calculated on a 100-molecule
basis: 50 molecules (50%) give rise to the —6° rotation and have the R configuration.
Since the remaining 50 molecules have no net optical activity, they must have the com-
position of a racemic mixture, and thus there must be 25 S and 25 R molecules in this
mixture. Thus the entire mixture has 25 S molecules and 50 + 25 = 75 R molecules.

3.4 RECRYSTALLIZATION

Recrystallization depends on the decreased solubility of a solid in a solvent, or mixture
of solvents, at lower temperature. Thus, one should be familiar with the theory of sol-
ubility (pp. 115-120) in order to understand better the theory of recrystallization.

Recrystallization procedures can be quite complex. Standard laboratory textbooks
for organic chemistry usually have exercises to introduce these procedures. In this sec-
tion, recrystallization principles will be discussed that may be useful in solving recrystal-
lization problems in the more unpredictable situations involved in organic qualitative
analysis.

Table 3.10 and Table 3.11 list a variety of recrystallization solvents or solvent pairs.
Even if the correct solvent or solvent pair cannot be found in Table 3.10 or Table 3.11,
the tables should give an idea as to what general class of solvent or solvent pairs is
appropriate. For example, if a phenylurethane derivative does not recrystallize from
petroleum ether, then petroleum ether-toluene might work.

Procedure for a Single Solvent

Select a solvent so that the sample is five times as soluble in the hot solvent as in the
cold solvent. Place the solid, oil, or semisolid sample in a small amount of solvent. Add
one or two boiling chips. Heat the solution on a hot plate until the sample dissolves
completely. If necessary, add more solvent, a little at a time, to completely dissolve the
sample. Use the minimum amount of solvent needed to dissolve the sample. If undis-
solved solid remains, even with additional solvent, then filter or decant the boiling
solution into another flask. The undissolved solid remains in the filter paper or in the
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TABLE 3.10 Common Solvents for Recrystallization of Standard Functional Classes

Sample to Be Solvent
Recrystallized Solvent” bp(°C)  Co-Solvent Possibilities
1. Acid anhydride Methylene chloride 40 Ether, toluene, hydrocarbons
2. Acid chloride Methylene chloride 40 See line 1
3. Acid chloride Chloroform® 61.7  Hydrocarbons
4. Amide Acetic acid 118 Water
5. Amide Dioxane 102 Water, toluene, hydrocarbons
6. Amide Water 100 Acetone, alcohols, dioxane, acetonitrile
7. Aromatic Toluene 111 Ether, ethyl acetate, hydrocarbons
8. Bromo compound Acetone 56 Water, ether, hydrocarbons
9. Bromo compound Ethyl alcohol 78 Water, hydrocarbons, ethyl acetate
10. Carboxylic acid Acetic acid 118 See line 4
11. Carboxylic acid Water 100 See line 6
12. Complex Toluene 111 See line 7
13. Ester Ethyl acetate 77 Ether, hydrocarbons, toluene
14. Ester Ethyl alcohol 78 See line 9
15. General Acetone 56 See line 8
16. General Chloroform” 61.7  See line 3; also ethyl alcohol
17. General Ethyl acetate 77 See line 13
18. General (Ethyl) ether 345  Acetone, hydrocarbons, ethyl acetate,
toluene, methylene chloride
19. General Methylene chloride 40 Ethyl alcohol, hydrocarbons
20. General Ethyl alcohol 78 See line 9; bromo compounds
21. Hydrocarbon Toluene 111 See line 7
22. Hydrocarbon Hexane 69 Any but acetonitrile, acetic acid, water
23. Low-melting Ether 345  Seeline 18
compound
24. Low-melting Methylene chloride 40 See line 19
compound
25. Nitro compound Acetone 56 See line 8
26. Nitro compound Ethyl alcohol 78 See line 9
27. Nonpolar compound  Methylene chloride 40 See line 1
28. Osazone Acetone 56 See line 8
29. Polar compound Acetonitrile 816  Water, ether, toluene
30. Salt Acetic acid 118 See line 4
31. Salt Water 100 See line 6
32. Sugar Methyl cellosolve Water, toluene, ether

“More details on these and other solvents, especially with regard to solvent toxicity, flammability, and practical

handling comments, may be found in A. J. Gordon and R. A. Ford, The Chemists” Companion (Wiley, New York,
1972), pp. 442-443. Caution: Remember that many of these solvents, of which benzene is an important
example, are toxic.

*In revising earlier forms of this table, toluene has been substituted for benzene and methylene chloride
(dichloromethane) for carbon tetrachloride. Methylene chloride is also a possible alternative for chloroform.



3.4 Recrystallization 51

TABLE 3.11 Solvents and Solvent Pairs for Recrystallization of

Common Derivatives

Derivative Solvent or Solvent System”
Acetate Methanol; ethanol

Amide Methanol; ethanol

Anilide Methanol-water; ethanol
Benzoate Methanol; ethanol

Benzyl ester Methanol-water; ethanol

Bromo compound
3,5-Dinitrobenzoate
3,5-Dinitrophenylurethane
Ester

Hydrazone
a-Naphthylurethane
p-Nitrobenzyl ester

Nitro compound
p-Nitrophenylurethane
Osazone

Phenylurethane

Picrate

Quaternary ammonium salt
Semicarbazone
Sulfonamide

Sulfonyl chloride
p-Toluidide

Xanthylamide

Acetone—-alcohol; methanol; ethanol
Methanol; ethanol

Petroleum ether—toluene

Ethyl acetate; methanol; ethanol
Methanol-water; ethanol
Petroleum ether

Methanol-water; ethanol
Methanol; ethanol; acetone—alcohol
Petroleum ether—toluene
Acetone-alcohol

Petroleum ether

Toluene; ethanol; methanol-water
Ethyl acetate; isopropyl ether
Ethanol; methanol-water
Methanol-water; ethanol
Chloroform; methylene chloride
Methanol; ethanol

Dioxane-water

“See footnote a in Table 3.10.

bottom of the original flask. Allow the solution to cool to room temperature. In the
“ideal” case, uniform crystals slowly appear. When the solution becomes cloudy or a few
crystals appear, chill the solution in an ice bath. Wait until there is a transparent layer
of liquid above the layer of crystals before isolating the crystals. Depending on the
amount of crystals, isolate the crystals by filtering the solution through a Hirsch funnel
or a Buchner funnel. Check the crystals for purity (mp, GC, NMR, or TLC, etc).

Procedure for a Solvent Pair

Dissolve the sample in a minimum amount of hot solvent in which the sample is more
soluble. While it is still heating, add the second solvent dropwise until a faint cloudi-
ness persists after stirring. Allow the solution to cool to room temperature. After the
solution becomes cloudy or a few crystals appear, chill the solution in an ice bath. Wait
until there is a transparent layer of liquid above the layer of crystals before isolating the
crystals. Isolate the crystals by filtering the solution through a Hirsch funnel or a Buchner
funnel. Check the crystals for purity.

Removal of Highly Colored Impurities

If the sample is highly colored, there is a possibility that it contains highly colored im-
purities. Check with your instructor to see if the color is due to impurities. To remove
a highly colored impurity, dissolve the sample in a hot solvent in which it is readily
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soluble. Add a small amount of decolorizing charcoal so that the solution turns black.
Pour the boiling solution through filter paper into another flask. Remove the solvent,
by boiling or evaporation, and proceed with the directions for either a single solvent or
solvent pair.

Oil Formation

Frequently, recrystallization attempts will result in oil formation rather than the desired
solid. An oil is recognized by the formation of a second layer. The formation of an oil
may be due to the fact that the sample is impure. If there is reason to believe this, dis-
solve the sample in a solvent in which it is readily soluble and treat with decolorizing
charcoal as described above.

Additional Suggestions

Oils may persist, even after repeated purifications. This may be due to the fact that the
sample is inherently difficult to crystallize or that the last traces of impurity must be
removed by recrystallization. If an oil persists or crystals are reluctant to form, the fol-
lowing techniques may be tried.

1. Shake the flask several times. Sometimes this gives enough momentum to start
the formation of crystals.

2. Provide a site for crystal nucleation to initiate the recrystallization process.
Scratch the inside surface of the flask or add a boiling stone to initiate crys-
tallization.

3. Add a small seed of pure sample during recrystallization. Add the seed of crys-
tal after the solution has been supersaturated and allowed to cool to room tem-
perature but has not yet produced crystals.

4. Lower the temperature to decrease the solubility of the sample, not to freeze
the solvent or sample. An increase in the solvent volume by 20-30% can be
used effectively to require a lower temperature for crystal formation. The fol-
lowing conditions produce increasingly lower temperatures. See Appendix I for
additional chilling solutions.

Room temperature

Refrigeration

Ice-water bath

Refrigerator freezer or salted ice bath
Dry ice-acetone

Liquid nitrogen

Be careful not to confuse frozen solvent or frozen amorphous oils with crystals;
frozen oils will melt and form oils at room temperature.

Sometimes it is necessary to stir the neat oil sample—for example, with a stirring
rod—to induce crystallization. This stirring can be done in contact with the mother
liquor. Seeding can also be used. In some cases, a long period of stirring is needed to
induce crystallization.

8. List a solvent or solvent combination that can be used to recrystallize an acid

anhydride.

9. List a solvent or solvent combination that can be used to recrystallize a benzoate.
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- 3.5 QUALITATIVE ELEMENTAL ANALYSIS

Organic chemists do not usually use chemical tests for carbon, hydrogen, and oxygen.
It is often valuable, however, to determine the existence of other elements, such as ni-
trogen, sulfur, fluorine, chlorine, bromine, and iodine. The detection of these elements,
by means of chemical tests, is usually straightforward. Many of these chemical tests are
quite sensitive, so all aqueous solutions should be carefully prepared using only distilled
or deionized water. Samples that show indications of explosive character in the ignition
test (1) should not be analyzed by the sodium fusion procedure or (2) should be ana-
lyzed by a smaller-scale procedure than that described below. Compounds that are
known to react explosively with molten sodium are nitroalkanes, organic azides, diazo
esters, diazonium salts, and some aliphatic polyhalides such as chloroform or carbon
tetrachloride. Safety glasses, with side shields, must be worn at all times when
any procedure or experiment is being conducted. The safety of other members
of the class must be taken into account and therefore care must be taken so that
reaction flasks are not pointed toward others in the lab.

Controls should be run for all tests that leave the slightest doubt about the deci-
siveness of the results; for example, if you are unsure about the validity of the
observations associated with a positive nitrogen test run on an unknown, the same test
should be carried out on a compound that is known to contain nitrogen. A sample of
4-bromobenzenesulfonamide is recommended as a control. This sample can be
decomposed by sodium and analyzed for nitrogen, bromine, and sulfur by the proce-
dures described below. It may even be advantageous to run a control on a compound
that is known not to contain the element of interest; observations associated with this
control allow one to draw conclusions about tests yielding negative results or about the
purity of the reagents involved.

Knowledge of the elemental composition of an organic compound being studied is
essential for the following reasons. Such knowledge aids in the selection of the appro-
priate classification experiments, which serve as tests for functional groups (Chapter 9),
and in the selection of procedures for the preparation of derivatives (Chapter 10).
Additionally, NMR spectra (Chapter 6), IR spectra (Chapter 7), and mass spectra
(Chapter 8) can be interpreted so that the structure of the unknown is determined.

Almost all the elements listed in the periodic table can be a part of an organic com-
pound. In this text we will, however, be concerned with detection of only a few of the
elements more commonly found in organic compounds; detection of the other elements
is a subject that is discussed in other courses, such as one on instrumental analysis that
covers atomic absorption and other instrumental procedures. For an introduction to the
identification of “unknown” organic compounds, it is recommended that the possible
elements be limited to C, H, P N, S, F, Cl, Br, and I. A few of the most common salts,
such as those containing Na, K, and Ca, might also be included.

35.1 Fusion of Organic Compounds with Sodium

NaX
C,H, O, N, S, X3 NaCN
Nazs

X = halogen

The unknowns can be treated with sodium to form the sodium fusion filtrate ac-
cording to one of the following three procedures. The filtrate is then used for
determination of the presence of sulfur, nitrogen, and halogen. A compound such as
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4-bromobenzenesulfonamide can be used as a control for a positive test for bromine,
sulfur, and nitrogen. The first time that the student prepares the sodium fusion
filtrate, it must be done under supervision. It is imperative that the preparation

of the sodium fusion filtrate be done in the hood.

Procedure A'®

Support a small test tube (approximately 100 X 13 mm) made of soft glass (not Pyrex
or Kimax) in a vertical position with a clamp from which the rubber has been removed.
With a knife, cut a cube piece of clean sodium metal about 4 mm on an edge and place
it in the test tube. Prior to placing the sodium in the test tube, rinse the sodium
metal with a small amount of hexane to remove all traces of kerosene, the liquid
in the container of sodium. Rinse the knife, and any other utensils that were in
contact with the sodium, with hexane. Add ethanol dropwise to the hexane wash-
ings until all of the sodium reacts. Heat the lower part of the test tube until the
sodium melts and sodium vapors rise in the test tube. Next, remove the heat and add
one-third of a mixture of 100 mg of the compound, mixed with 50 mg of powdered su-
crose.'! Heat the test tube. Add the mixture and heat the test tube for a second and
third time. Heat the bottom of the tube to a dull red. Cool the test tube, and add 1 mL
of ethanol to dissolve any unreacted sodium. Heat the test tube to a dull red again and,
while still hot, drop it into a small beaker containing 20 mL of distilled water (caution!).
During the heating, alcohol vapors may ignite at the mouth of the tube; this should not
affect the analysis. Break up the test tube with a stirring rod, and heat the solution to
boiling. Filter the solution. Use the filtrate, which should be colorless, for the specific
tests for various elements described below after Procedure C.

Procedure B

Place 10 mg or 10 pL of the unknown and a freshly cut, pea-size (about 50-mg) piece
of sodium metal (caution!) into a small (100 X 13 mm) Pyrex or Kimax glass test tube,
following the precautions used in Procedure A. Heat the test tube until the bottom is
a glowing red. Allow the glowing and charred residue to cool to room temperature. Add
a few drops of ethanol, with stirring, to ensure decomposition of all remaining elemental
sodium. Repeat until no further bubbles of hydrogen gas are evolved. Add 2 mL of
water to this solution. Heat and filter the solution. Use the filtrate, which should be col-
orless, for the specific element tests outlined after Procedure C. Repeat the entire pro-
cedure on a fresh sample if there is any indication of incomplete fusion (for example,
the presence of color).

Procedure C'2

Place a small Pyrex or Kimax glass test tube (100 X 13 mm), containing 500 mg of
sodium-lead alloy, in a vertical position. Heat the test tube with a flame until sodium
vapors rise in the tube. Do not heat the test tube or its contents to redness. Add

19K, N. Campbell and B. K. Campbell, J. Chem. Educ., 27, 261 (1950).

"Powdered sugar (sucrose) is sold in supermarkets as “confectioner’s sugar.” It typically contains 97% sucrose
and 3% starch. The mixture of the unknown and powdered sugar provides a charring and reducing action so
that compounds containing nitrogen, such as amides, nitrosos, azos, hydrazos, and heterocyclic rings, produce
sodium cyanide. Sulfur compounds, such as sulfides, sulfoxides, sulfones, sulfonamides, and heterocyclic sulfur
compounds, produce sodium sulfide.

'?J. A. Vinson and W. T. Grabowski, J. Chem. Educ., 54, 187 (1977).
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four to six drops, or about 10 mg, of the unknown directly onto the sodium without get-
ting any of the sample on the walls of the test tube. If the unknown is a volatile liquid
with a boiling point of less than 100°C, then mix 50 mg of powdered sucrose with the
unknown prior to its addition into the test tube. Heat the reaction mixture gently to ini-
tiate the reaction. Remove the flame until the reaction ceases, then heat the test tube
and its contents to redness for 2 min. Allow the test tube to cool to room temperature.
Add 3 mL of water and heat the test tube gently for 2 min. Filter the reaction mixture
while still warm. Rinse the test tube with 2 mL of water and filter the rinsings. Combine
these filtrates together and use them for the specific tests described below.

Note: If a sharp explosion occurs when the initial portion of the unknown is heated
with the sodium, stop the procedure. Add 0.5 g of fresh unknown, 5 mL of acetic acid,
and 0.5 g of zinc dust to the sample. Caution: Do not heat too strongly, as compounds
such as low-molecular-weight amine acetates may be lost by evaporation. After dissolv-
ing most of the zinc, evaporate the mixture to dryness and decompose the entire residue
by Procedure A, B, or C.

Cleaning Up Place the sodium fusion solutions from Procedures A, B, or C, which
remain after the elemental tests are completed, in the aqueous solution container. Place
the hexane washings, after they have been in the hood for an hour with sufficient ethanol
to consume any residual sodium, in the organic solvent container.

Additional methods have been published to form the fusion solution. One method"®
involves the formation of a calcium oxide—zinc fusion. Repeated attempts in our labo-
ratories gave unsatisfactory results. The oxygen flask method'* yields a liquid that
can be used for elemental analysis.

Specific Tests for Elements
Use the sodium fusion filtrate, obtained by Procedures A, B, or C, in the experiments
below to test for the presence of sulfur, nitrogen, or halogen.

Sulfur
Use either of the following procedures to test for the presence of sulfur.

Procedure (a) for Sulfur Acidify 1 mL of the sodium fusion filtrate with acetic acid.
Add two drops of 1% lead acetate solution. A black precipitate of lead sulfide indicates
the presence of sulfur in the unknown.

i i
NagS + Pb(OCCHj)g — PbS  +2CH;CONa
lead acetate (black precipitate)

Procedure (b) for Sulfur Add 2 drops of 2% sodium nitroprusside to 1 mL of the
sodium fusion filtrate. A deep blue-violet color indicates the presence of sulfur.

NagS + NapgFe(CN)sNO —> Nay[Fe(CN)sNOS] + 2NaOH
sodium nitroprusside (blue-violet)

Be H. Snyder, . P. Sickels, and C. J. Del Valle, J. Chem. Educ., 50, 72 (1977).
MR. Thomas, J. Chem. Educ., 59, 690 (1982).

SR, D. Guthrie and 1. D. Jenkins, J. Chem. Educ., 57, 226 (1980).

18C. H. Boulton, Educ. in Chem., 10, 231 (1973).
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Controls Test these procedures with benzenesulfonamide (positive test) and toluene
(negative test).

Cleaning Up Place the solutions from both tests for sulfur in the aqueous solution
container.

Nitrogen

The presence of nitrogen can be detected using any of the procedures below. The use
of these elemental tests, in combination with data obtained from the classification tests,
can give definite information as to the type of functional group that contains nitrogen.
Such classification tests include the treatment of the unknown with sodium hydroxide,
which can determine the presence of an amide (Experiments 2c, 2d, and 18), amine
(Experiments 5, 6, 19-23), nitrile (Experiment 2c¢, 18), or nitro compound (Experiment
42-44).

Procedure (a) for Nitrogen'” In a small test tube, combine 1 mL of 1.5%
4-nitrobenzaldehyde in 2-methoxyethanol solution, 1 mL of 1.7% 1,2-dinitrobenzene in
2-methoxyethanol solution, and two drops of 2% sodium hydroxide solution. Add two
drops of the sodium fusion filtrate. A positive test for nitrogen is the appearance of a
deep-blue-purple compound. The deep-purple compound is due to a dianion produced
when sodium cyanide, which is formed from nitrogen in the original compound, un-
dergoes reaction with 4-nitrobenzaldehyde and 1,2-dinitrobenzene.

CH 2N OH
NG~ SO~Nat *

N.
Z O Na* .
__,+OgN 00O~Na* + NaCN + Hy0
\N/O Na

l
0

blue-violet dianion

A yellow or tan solution is a negative test. This test for nitrogen is more sensitive than
the Prussian blue test described in the fifth or earlier editions of this text.

This test is valid in the presence of NaX (X = halogen) or Na,S; in other words, it
is reliable even if the original unknown also contains halogen or sulfur. The products of
the above reactions provide the explanation as to why this test is especially sensitive.
Acidification of the solution of the purple dianion results in a yellow solution of
2-nitrophenylhydroxylamine (an acid-base indicator).

CE N\O‘Na+ 2HCI CENHOH
~. O Na' 3,
T/ 2NaOH NO,

O
(blue-violet) (yellow)

1"G. G. Guilbault and D. N. Kramer, Anal. Chem., 38, 834 (1966); D. N. Kramer and G. G. Guilbault,
J. Org. Chem., 31, 1103 (1966).
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Procedure (b) for Nitrogen Add two drops of a 10% ammonium polysulfide solu-
tion to 2 mL of the sodium fusion filtrate, and evaporate the mixture to dryness in a
steam bath or hot-water bath. Add 5 mL of a 5% hydrochloric acid solution, and warm
the solution. Filter the solution. Add three drops of 5% ferric chloride solution to the
filtrate. The presence of a red color indicates that nitrogen was present in the original
unknown.

NaCN + (NH4)eSx — NaSCN + (NH,)oSx -
ammonium
polysulfide

6NaSCN + FeCl; — NazFe(SCN)g + 3NaCl
(red)

Procedure (c) for Nitrogen Using 5% sodium hydroxide solution, adjust the pH of
1 mL of the sodium fusion filtrate to pH 13. Add two drops of saturated ferrous am-
monium sulfate solution and two drops of 30% potassium fluoride solution. Boil gently
for 30 sec. Acidify the hot solution carefully by adding 30% sulfuric acid dropwise un-
til the iron hydroxide just dissolves. The appearance of the characteristic precipitate of
Prussian blue indicates the presence of nitrogen.

Isolate and wash the precipitate on white filter paper to better observe the color.
If no precipitate is observed but a blue or greenish-blue solution is obtained, then the
original sodium decomposition was not complete.

Controls Test these procedures with benzenesulfonamide (positive test) and toluene
(negative test).

Cleaning Up Place all solutions in the aqueous solution container.

Halogens
Use the tests listed below to check for the presence and identity of halogens. Use the
data from these tests, in conjunction with the classification tests of ethanolic silver ni-
trate (Experiment 35) and sodium iodide (Experiment 36), to determine the specific
halogen and whether the halogen is primary, secondary, tertiary, or aromatic.

Unless otherwise stated, determine the acidity of a solution by placing a drop, with
a stirring rod, of the solution on red or blue litmus paper. The solution is acidic when
the litmus paper turns red and basic when the litmus paper turns blue.

Procedure (a) for Presence of a Halogen Beilstein’s test is a very general test to
see if any halogen is present. For this test, make a small loop in the end of a copper
wire and heat the wire with the Bunsen burner until the flame is no longer green. Cool
the wire. Dip the loop in a little of the original unknown compound and heat it in the
edge of the flame. A green flame indicates halogen and is not sustained for very long.

This test is extremely sensitive but should always be cross-checked by the silver ni-
trate test described below because minute traces of impurities containing halogen may
produce a green flame. Another drawback of this test is the possibility of highly volatile
liquids evaporating completely prior to the wire becoming sufficiently hot to cause de-
composition, thus resulting in a possible false-negative result.

Also, certain nitrogen compounds not containing halogen cause a green color to be
imparted to the flame; among them are quinoline and pyridine derivatives, nitrogen-
containing organic acids, urea, and copper cyanide. Some inorganic compounds also
give green flames.
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Procedure (b) for One Halogen—Chlorine, Bromine, or Iodine In the hood,
acidify 2 mL of the sodium fusion filtrate with 5% nitric acid in a small test tube. Boil
gently for a few minutes to expel any hydrogen cyanide or hydrogen sulfide that might
be present due to nitrogen or sulfur contained in the original compound.

NaCN + HNO; —> HCN T + NaNO,
Na,S + 2HNO; — H,S T + 2NaNO;,

Cool the solution. If any precipitation occurs at this point, filter the solution. Add three
drops of 0.1 M silver nitrate solution to the liquid. An immediate heavy formation of a
solid indicates the presence of chlorine, bromine, or iodine. Silver chloride is white, sil-
ver bromide is pale yellow, and silver iodide is yellow. Since silver fluoride is soluble in
water, it cannot be detected by this test. If only a faint turbidity is produced, it is prob-
ably due to the presence of impurities in the reagents or in the test tube.

NaCl + AgNO3; —> AgCl(s) + NaNO; -
) {white)

NaBr + AgNOa — AgBr(s) + NaNO;
(pale yellow)

Nal + AgNO; — Agl(s) + NaNO;
(yellow)

If a silver halide is present, then continue to add sufficient 0.1 M silver nitrate until
precipitation ceases. Isolate the precipitate by filtration.

Silver chloride, silver bromide, and silver iodide have different solubilities in 5%
ammonium hydroxide. Add 2 mL of 5% ammonium hydroxide to the solid. Silver chlo-
ride is soluble in ammonium hydroxide due to the formation of Ag(NH3),Cl. Silver bro-
mide is slightly soluble because it only partially forms its salt. Silver iodide does not
undergo reaction with the ammonium hydroxide and thus remains insoluble.

AgCl + 2NH,OH — Ag(NH,),* Cl(ag)™ + 2H,0

Procedure (c) for One Halogen—Bromine, Iodine, or Chlorine'® Acidify 2 mL
of the sodium fusion filtrate with 5% nitric acid. Add 10 drops of a 1.0% aqueous potas-
sium permanganate solution and shake the solution for 2 min. Add 25 mg of oxalic acid
to barely decolorize the solution. Add 1 mL of methylene chloride and again shake the
mixture. Observe the color of the bottom methylene chloride layer against a white back-
ground. A brown color indicates that bromine is present. A purple color indicates the
presence of iodine. If the methylene chloride layer is colorless, then chlorine is the
halogen present.

Procedure (d) for Bromine and/or Iodine, or Chlorine Acidify 3 mL of the sodium
fusion filtrate with 10% sulfuric acid and boil the solution for a few minutes. Cool the
solution to room temperature. Add 1 mL of methylene chloride, followed by a drop of
5.25% sodium hypochlorite.'® View the color of the solution against a white background.
The production of a purple color in the bottom methylene chloride layer indicates the
presence of iodine.

2Nal + Clz(HzO) —> 2NaCl + Iz(CHzClz)
(purple)

8D, W. Mayo, R. M. Pike, and P. K. Trumper, Microscale Organic Chemistry with Multistep and Multiscale
Syntheses, 4th ed. (Wiley, New York, 2000).

'%A source of 5.25% sodium hypochlorite is household bleach.
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Add 5.25% sodium hypochlorite, drop by drop. Shake the solution after each ad-
dition. The purple will gradually disappear and be replaced by a reddish-brown color
if bromine is present.

I3(CH.Cly) + Cly(H0) — 21CI
(purple) (colorless)

2NaBr + Cly(H;0) — 2NaCl + Bry(CH,Cl)
(reddish brown)

If a positive test was obtained in Procedure (b), but neither bromine nor iodine is
present according to the results obtained in this procedure, then chlorine is the halogen
present. The chlorine does not produce a color when in solution in methylene chloride.
One of the procedures listed below should be used to confirm the presence of chlorine.

Procedure (e) for More Than One Halogen—Chlorine, Bromine, and Iodine
Acidify 10 mL of the sodium fusion filtrate with 10% sulfuric acid. Boil the solution for
a few minutes. Cool the solution to room temperature. Add 0.5 mL of methylene chlo-
ride. Add three drops of a 20% sodium nitrite solution. A purple color indicates iodine.
If iodine is present, then add 5 mL of 20% sodium nitrite and extract the iodine with
5 mL of methylene chloride. Next, boil the solution for a minute. Cool the solution. To
1 mL of this solution, add 0.5 mL of methylene chloride and two drops of 5.25% sodium
hypochlorite. A brown color indicates the presence of bromine. Dilute the remaining
9 mL of the acidified solution to 60 mL with water. Add 2 mL of concentrated sulfu-
ric acid, followed by 0.5 g of potassium persulfate (K2S20s). Boil the solution for 5 min.
Cool the mixture. Add three drops of 0.1 M silver nitrate solution. A white precipitate
indicates chlorine.

Procedure (f) for Bromine To 3 mL of the sodium fusion filtrate in a test tube, add
3 mL of acetic acid and 0.1 g of lead dioxide. Place a piece of filter paper, moistened
with a 1% solution of fluorescein, over the mouth of the test tube and heat the con-
tents of the tube to boiling. If bromide is present in the solution, brown vapors cause
the yellow fluorescein to turn pink, owing to the formation of eosin. Chlorides and
cyanides do not interfere with this test. Iodides produce a brown color.

Procedure (g) for Iodine Acidify 2 mL of the sodium fusion filtrate with 2 M nitric
acid. Add 1 mL of 2 5% mercury(II) chloride solution. The formation of a yellow solid,
which changes to orange-red upon standing for a few minutes, indicates the presence
of iodine.

Procedure (h) for Chlorine in the Presence of Nitrogen, Sulfur, Bromine, and
Iodine In a hood, acidify 2 mL of the sodium fusion filtrate with 5% nitric acid. Boil
to expel any hydrogen cyanide and hydrogen sulfide that might be present. Add suffi-
cient 0.1 M silver nitrate to precipitate completely all of the halogens as silver halides,
and isolate the precipitate by filtration. If both nitrogen and sulfur have been deter-
mined to be present, add 6 mL of concentrated nitric acid to the precipitate and boil
the solution for 10 min. This treatment results in the reaction of any silver thiocyanate
that may be present. Dilute the resulting mixture to 6 mL of distilled water and filter.
Isolate the solid. Boil the precipitate of silver halides with 4 mL of 0.1% sodium hy-
droxide for 2 min. Filter the solution. Acidify the filtrate with 5% nitric acid and add
three drops of 0.1 M silver nitrate. A white precipitate indicates the presence of chlorine.
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Procedure (i) for Fluorine Acidify 2 mL of the sodium fusion solution with glacial
acetic acid and boil the solution. Cool the solution. Place one drop of the solution on
a piece of zirconium-alizarin test paper. A yellow color on the red paper indicates the
presence of fluorine. Prepare the test paper by dipping a piece of filter paper into a
solution composed of 3 mL of 1% ethanolic alizarin solution and 2 mL of a 0.4% solu-
tion of zirconium chloride (or nitrate). Dry the red filter paper and, immediately before
use, moisten it with a drop of 50% acetic acid.

Procedure (j) for Fluorine Acidify 4 mL of the stock solution with acetic acid. Heat
the solution to boiling. Cool the solution. Add four drops of saturated calcium chloride
solution. If fluorine is present, a gelatinous precipitate of calcium chloride will form
after several hours.

Controls Test these procedures with chlorobenzene (positive test for chlorine), bro-
mobenzene (positive test for bromine), iodobenzene (positive test for iodine), fluo-
robenzene (positive test for fluorine), 4-bromobenzenesulfonamide (positive test for
bromine in the presence of nitrogen and sulfur), and toluene (negative test).

Cleaning Up Filter off the silver, mercury, and lead salts and place them in the haz-
ardous solid waste container. Place the methylene chloride layers in the halogenated or-
ganic solvent container. Neutralize the aqueous layers with sodium bicarbonate, if acidic,
or 5% hydrochloric acid, if basic, and place them in the aqueous solution container.

3.6 QUANTITATIVE ELEMENTAL ANALYSIS

Combustion and Related Analyses

Quantitative analytical data are routinely reported for confirmation of structure of new
organic compounds; these data are extremely useful for structure determination of un-
known compounds. Such microanalyses are usually determined by commercial firms°
equipped with combustion or other appropriate analytical equipment. Unknown sam-
ples must be checked for purity by thin-layer chromatography (Section 4.4.1, pp. 86-90)
and/or gas chromatography (Section 4.4.2, pp. 90-99) after they have been recrystal-
lized (Section 3.4, pp. 49-52) or distilled (Section 4.2, pp. 67-75). The unknown can
be dried to remove residual solvents in an Abderhalden drying pistol (Figure 3.22). A
small amount of material is spread thinly in a porcelain boat or on glazed weighing pa-
per. The sample can also be placed in a small vial with a high-quality laboratory tissue
held around the mouth of the container with a rubber band. The container is then
placed in the horizontal portion of the drying pistol.

The drying bulb of the drying pistol is charged with fresh, anhydrous drying agent.
For removal of water, the drying agent can be phosphorus pentoxide or, less efficiently,
calcium sulfate or calcium chloride. The entire system is then evacuated with a vacuum
pump. The speed at which the sample loses the solvent may be increased by allowing
toluene or xylene to reflux up from the lower flask; the sample must be stable and have
a melting point higher than the boiling point of the solvent. If it is believed that hy-
drocarbon solvents are present in the sample, wax shavings are used instead of the

20Quantitative analyses of C, H, N, S, P, and X are determined by Galbraith Analytical Laboratories, Knoxville,
TN; Baron Consulting, Milford, CT; Huffman Laboratories, Golden, CO; and Atlantic Microlab, Norcross,
GA.
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— Water out

-~— Water in

Sample in

vial
To vacuum avia

Drying agent
ying ag Solvent

Boiling chips
Figure 3.22 Abderhalden drying pistol.

desiccant. Samples can be examined under a magnifying lens for filter paper fibers or
other extraneous material.

Normally 5 mg of the sample is needed for carbon and hydrogen analysis and an-
other 5 mg for each additional analysis for other atoms such as sulfur, halogen, or deu-
terium. Oxygen analyses are not generally obtained; percent of oxygen is normally ob-
tained by the difference in percentages. Confirmation of a molecular formula is
satisfactory when the calculated and experimentally determined percentages agree
within +0.4%; for example:

Calculated for C;3H,60: C, 82.93; H, 8.57
Observed: C, 82.87; H, 8.67

When the molecular formula is unknown prior to the analysis, the empirical for-
mula can be determined by combustion. The molecular formula can then be calculated
if the molecular weight is known.

Two methods®! are used in order to determine the amounts of carbon, hydrogen,
and nitrogen in a sample. In one method® of elemental determination, the sample is
combusted in pure oxygen. The products, in a stream of helium gas, are passed over
suitable reagents to completely oxidize the products. The products from the combus-
tion are carbon dioxide (from carbon), water (from hydrogen), and nitrogen oxides (from
nitrogen). In a reduction tube, the nitrogen oxides are reduced to molecular nitrogen.
The resulting mixture is swept over three thermal conductivity detectors. Water is

21private communication with Paul Rosenberg, Fisons Pharmaceuticals, Rochester, NY.

2The first method is based on a CE-440 elemental analyzer manufactured by Exeter Analytical,
Chelmsford, MA.



62 = Chapter 3. Preliminary Examination, Physical Properties, and Elemental Analysis

removed between the first and second detectors with an adsorption trap, which deter-
mines the amount of hydrogen. Between the second and third detectors, the carbon
dioxide is removed by a trap; the amount of carbon is determined. The remaining sam-
ple, which contains nitrogen, passes through a thermal conductivity cell. The output
signal is compared to a reference signal of pure helium. For the determination of oxy-
gen, the entire combustion is done only in the presence of helium. The sample passes
through a pyrolysis tube containing platinized carbon to yield carbon monoxide and is
then oxidized to carbon dioxide in a tube containing copper oxide. The carbon dioxide
is removed by a trap and the amount measured. For sulfur determination, a tube con-
taining tungsten oxide is used to combust the sulfur to sulfur dioxide. Silver oxide is
used to absorb the sulfur dioxide.

Another manufacturer® separates the combustion products, from an oxidation/re-
duction reactor, on a gas chromatograph connected to a thermal conductivity detector.
Carbon, hydrogen, nitrogen, and sulfur are easily determined on this instrument. The
instrument is easily adapted for the determination of oxygen.

To determine the amount of halogen present, the sample is combusted in a
Schoniger micro combustion flask. The combustion products are titrated with mercuric
nitrate to a diphenylcarbazone colorimetric end point.

For example, 11.55 mg of a compound produced 16.57 mg of carbon dioxide and
5.09 mg of water from combustion. Another 5.12 mg of the same compound was found
to contain 1.97 mg of chlorine. The molecular weight had been previously determined
to be 368.084 g/mole by another method.

The mg of C is determined by multiplying the weight of CO; by the ratio of the
atomic weight of carbon to the molecular weight of carbon dioxide (C/COy,). The per-
centage of C is then calculated by the ratio of mg of C to the total weight of the sample.

12.011 (C)
44.010 (COy)
= 4.52 mg C in original sample

mg C = 16.57 mg CO, X

11.55

% C = X 100 = 39.13% C

The mg of H is determined by multiplying the weight of H,O by the ratio of the
atomic weight of two hydrogens to the molecular weight of water (2H/H,0). The per-
centage of H is determined by the ratio of mg of H to the total weight of the sample.

2.016 (2H)
18.015 (H,0)
= 0.57 mg H in original sample

mg H = 5.09 mg H,O X

= 1155

% X 100 = 4.935% H

Since 1.97 mg of Cl was found in 5.12 mg of sample, then the percentage of chlorine
can be determined by the ratio of mg of Cl to the weight of the sample used for the
analysis.

97
% Cl = 512 X 100 = 38.48% Cl

*3The second method is based on a organic elemental analyzer manufactured by CE Instruments, which is
now part of ThermoFinnigan, San Jose, CA.
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The percentage of oxygen is determined by the difference.

% O =100 — (39.13 + 4.94 + 38.48)
= 17.45% O

Each percentage is then divided by the atomic weight of that element to obtain the
ratio of the elements.

39.13
= Too11 2258
4.94
H= T——S = 4.901
3848
Cl= 5 = 1085
7.45
= T6.000 = 1091

The ratios are then divided by the lowest ratio (in this example, 1.085). If a frac-
tion is obtained that is not close to a whole number, then all of the ratios are multiplied
by whatever integer is necessary to obtain whole-number ratios. For example, if one of
the ratio numbers contains a 0.2, then all of the ratios are multiplied by 5. With a 0.25,
all are multiplied by 4; with a 0.33, all are multiplied by 3; and with a 0.5, all ratios are
multiplied by 2.

3258 ~
C= 1085 =3.003; 3.003 X2 =6
4,901
H = m =4517:4517 X2=9
1.085
Cl= 1085 = 1.000; 1.000 X 2 = 2
_ 1091 _
0= 1085 1.005; 1.005 X 2 =~ 2

Thus the empirical formula is CegHgClOp, with an empirical weight of
184.042 g/mole. The formula weight, which had been previously determined to be
368.084 g/mole, is then divided by the empirical weight to obtain the number of
empirical units, n. Then multiply the subscripts of the empirical formula by n to obtain
the molecular formula.

368.084
184.0542

CoxaHox2Clox20sx2 = C1sH 8Cl404 = molecular formula

nz

The empirical formula could not possibly be the molecular formula because all com-
pounds containing only carbons, hydrogens, oxygens, and halogens must have an even
number of hydrogens plus halogens.

From the molecular formula, the number of rings and/or pi bonds can be deter-
mined. The unsaturation number is calculated by the formula

U=C+1 —1—x+lY
B 2 2
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where

U = the unsaturation number

C = the number of carbons

X = the number of hydrogens plus halogens

Y = the number of nitrogens plus phosphorus
Oxygen and sulfur do not change the number of unsaturations and thus do not appear
in the formula.

U can be interpreted as follows:

U = 0: no double bonds, no triple bonds, no rings

U = 1: one double bond or one ring

U = 2: two double bonds or two rings or one double bond and one ring or one

triple bond

U = 3: three double bonds or three rings or two double bonds and one ring or two
rings and one double bond or one triple bond and one ring or one triple bond
and one double bond

U = 4: usually a benzene ring

U = 5: benzene plus one double bond or one ring

1
For example, for the formula CoH,;;NO, the unsaturation numberis 9 + 1 — E(H) +

10. 13.66 mg of a compound produced 10.71 mg of carbon dioxide and 3.28 g of water.
Another 4.86 g of the same compound yielded 3.46 g of bromine. The molecular
weight is 673.72 g/mole. Calculate the percentages of carbon, hydrogen, bromine,
and oxygen in the sample. Determine the empirical formula and the molecular for-
mula of the compound.

11. Calculate the unsaturation number and give the interpretation for the following
formulas.
a. Csleo
b. C5H10C12
C. C7H13N
d. CyeH)o

36.2 Formula Determination by Mass Spectrometry

A sample of sufficient thermal stability and volatility to result in a measurable molecu-
lar ion should yield the molecular weight by mass spectrometry. Tables*® have been
published that correlate molecular weights to four decimal places with molecular for-
mulas. Also, certain elements, such as bromine, chlorine, and sulfur, have distinctive
patterns in a mass spectrum. This information is discussed in detail in Chapter 8.

4R. M. Silverstein and F. X. Webster, Spectometric Identification of Organic Compounds, 6th ed. (Wiley,
New York, 1998), pp. 45-65.
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4

Separation of Mixtures

The identification of the components of a mixture involves, first, a separation into in-
dividual components and, second, the characterization of each of the latter according
to the procedures outlined in Chapter 9. It is very rarely possible to identify the con-
stituents of a mixture without separation. The separation of the compounds in a mixture
should be as nearly quantitative as possible in order to give some idea of the actual per-
centage of each component. It is far more important, however, to carry out the sepa-
ration in such a manner that each compound is obtained in a pure form, because this
renders the individual identifications much easier.

The method of separation chosen should be such that the compounds are obtained
as they existed in the original mixture. Derivatives of the original compounds are not
very useful unless they may be readily reconverted into the original compounds. This
criterion of separation is necessary because the identification of a compound rests ulti-
mately on agreement between physical constants of the original and of a derivative with
similar data obtained from the literature.

The history of a mixture will frequently furnish sufficient information to indicate
the group to which the mixture belongs and hence the general mode of separation to
be used.

In recent years the field of analytical separation has been extensively developed and
widely applied by organic chemists. It is thus necessary to be aware of the nature of the
many techniques available in order to be able to choose the one which is most appro-
priate for the mixture in hand. There are a number of separation problems which
frequently occur for the organic chemist. In one common situation the mixture is com-
prised of a number of components, all of reasonable purity and all of substantial pro-
portion. Another type of separation is the isolation of a single component from large
amounts of unreacted starting material or from undesired side products; these side prod-
ucts frequently are simply intractable tars or polymeric materials. We should try to place
each new separation problem into one of these two categories in order to be able to
select the most efficient separation approach.

Before selecting a separation procedure, the preliminary tests outlined in Section
4.1 should be carried out. As these tests are performed, one should constantly be con-
cerned with the following:

1. Will the sample survive the separation procedure? That is, are the components
of the mixture stable under the conditions of the procedure?
2. Is this the easiest and most efficient way to carry out the separation?
Thermal stability is always of concern. Stability of the sample under the conditions
of the separation procedure may not be known until the separation is attempted.

Compounds which are thermally unstable to the heat required for distillation at
atmospheric pressure should be distilled at reduced pressure. Extractions and column

65
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chromatography do not involve heat and thus may be appropriate for samples which
cannot be distilled. However, some samples may decompose because of chemical re-
actions with acid or base in extractions or with chromatographic packing or support in
column chromatography. A TLC test (pp. 86-90) is a fast and useful check for sample
durability under chromatographic conditions.

4.1 PRELIMINARY EXAMINATIONS OF MIXTURES

1.

Note the physical state. Take advantage of existing separations. If a solid is sus-
pended in a liquid, remove the solid by filtration and examine it separately. If
two immiscible liquids are present, separate them and examine them separately.

Determine the solubility of the mixture in water. Classify the mixture
according to Figure 5.1 (p. 113) and Table 5.1 (p. 112).

With liquid mixtures, evaporate 2 mL of the solution to dryness on a watch
glass or porcelain crucible cover and note the presence or absence of a residue.
Apply the ignition test (Section 3.1.4, p. 24) to the residue or 0.1 g of the lig-
uid or solid.

In liquid samples, determine the presence of water by (a) determining the
miscibility of the solution with ether, (b) using the anhydrous copper sulfate
test, or (c) using the distillation test for water.

In the copper sulfate test, add a small sample of anhydrous copper sul-
fate to the liquid. If the solution turns blue, it is indicative of the presence of
water, indicating the copper sulfate has absorbed the water. The distillation
test is the most reliable and is carried out in the following manner: Place 5
mL of the liquid and 5 mL of anhydrous toluene in the distilling flask of a dis-
tillation apparatus. Heat the mixture gently with a flame until distillation oc-
curs. Collect 2 mL of the distillate. Add 5 mL of toluene to the distillate. The
presence of two layers or distinct drops suspended in toluene indicates the
presence of water. If the solution is only cloudy, traces of water are indicated.

If water is absent, determine the presence of a volatile solvent by placing
1.0 mL of the mixture in a distilling flask in a simple distillation apparatus.
Place the distilling flask in a beaker of water and heat the water to boiling,
Any liquid that distills under these conditions is classified as a volatile solvent.
Examine the distillate, which may be a mixture of readily volatile compounds,
and the residue in the flask separately.

It frequently happens that distillation of a water soluble mixture yields a
volatile solvent and a water insoluble residue. The separation of such a mix-
ture is therefore carried out by removing all of the volatile solvent. The residue
is then treated as a water insoluble mixture.

If the residue after distillation is a water soluble liquid, it is best not to re-
move the solvent at this stage because the separation is usually not quantitative.

If, however, the residue after distillation is a water insoluble solid and
the removal of the solvent seems quantitative, then remove all of the volatile
solvent and examine the distillate and the residue separately.

If water is present, no such separation should be attempted.

Determine the reaction of an aqueous solution or suspension of the mixture
to litmus and to phenolphthalein. If the mixture is distinctly acidic, titrate 1 mL
(of a known exact weight) of the solution in 2.5 mL of water or ethanol
with a standardized 0.1 M sodium hydroxide solution to determine whether
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considerable amounts of free acid are present or whether the acidity is due
to traces of acids formed by hydrolysis of esters. Perform the titration in an
ice-cold solution, and take the first pink color of phenolphthalein as the end
point. Obtain an IR spectrum of a mixture to reveal the presence of several
carboxylic acid groups.

7. Acidify 2 mL of the mixture with 5% hydrochloric acid, and cool the solution.
Note the evolution of a gas or the formation of a precipitate. Add 5% sodium
hydroxide solution to the solution until the solution is basic and note the result.

8. Make 2 mL of the mixture basic with 5% sodium hydroxide solution. Note the
separation of an oil or solid, the liberation of ammonia, and/or any color change.
Heat the solution just to boiling and then cool. Compare the odor with that of
the original mixture. The presence of esters is often indicated by a change in odor.
Next, add 5% hydrochloric acid until the solution is acidic and note the result.

9. In the case of water insoluble mixtures, perform an elemental analysis (Chap-
ter 3, pp. 53-60). If water or a large amount of a volatile solvent is present in a
water insoluble mixture, omit the elemental analysis of the mixture. If the wa-
ter soluble mixture is composed of solids, perform an elemental analysis.

10. If water is absent, cautiously determine the effect of the following classifica-
tion reagents: (a) metallic sodium (Experiment 5, p. 262); (b) acetyl chloride
(Experiment 6, p. 264).

11. Determine the action of the following classification reagents on an aqueous
solution or suspension of the original mixture: (a) bromine water (Experiment
46, p. 326); (b) potassium permanganate solution (Experiment 38, p. 328);
(c) ferric chloride solution (Experiment 45, p. 345); (d) alcoholic silver nitrate
solution (Experiment 35, p. 320); (e) fuchsin-aldehyde reagent (Experiment
17, p. 284); and (f) 2,4-dinitrophenylhydrazine (Experiment 12, p. 278).

At this stage of the examination, the results of the foregoing tests are
summarized and as much information as possible is deduced from the be-
havior of the mixture. The preliminary study will show the group in which
the mixture should be classified and will, therefore, indicate which of the fol-
lowing procedures should be used in its separation.

#- 4.2 DISTILLATION AND SUBLIMATION

An introduction to simple distillation has been given on pages 30-31 (Section 3.2.2); in
these earlier treatments simple sample purification and boiling point measurement were
discussed. Other more sophisticated distillation techniques are also available for sam-
ple purification. Several of these methods will be discussed in the following sections.

Sublimation is a technique in which a solid is heated and vaporized, without passing
through the liquid phase. The gas is then condensed and collected as a solid.

421 Distillation

For amounts from a few milligrams to 5 g, with appropriate variation of the sizes of the
distillation flask and the receiver bulb, the Kugelrohr distillation apparatus (Figure 4.1)
can be used. A converted coffee pot can be used as the heat source. The reciprocating
motor moves the glassware back and forth so that the compound does not bump over.
A vacuum pump is used as the source of the vacuum. The great advantage of this
apparatus is its ability to apply good vacuums, sometimes as low as 0.1 mm Hg (torr),
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Figure 4.1 Kugelrohr distillation apparatus.

especially when the glassware is composed of only one piece rather than of a number
of fitted pieces with many possibilities for leaks. An ice bath or dry ice-acetone bath is
used to condense the material into the center receiver. The Kuglerohr apparatus is best
for only purifying a product, therefore leaving impurities behind.

Figure 42 Short-path distillation apparatus with stirbar.

For larger amounts up to 50 mL of material, a short-path distillation apparatus
(Figure 4.2) is used. The short-path process allows distillation of materials such as low-
melting solids for which long exposure to elevated temperatures could be detrimental.

A Hickman-Hinkle distillation (Figure 4.3) and a microscale distillation apparatus
(Figure 4.4) can be used to distill 0.5-2.0 mL of a sample. An air condenser is used for
condensation of the liquid.

In order to improve the efficiency of a distillation, a column (Figure 4.5) can be
placed between the vessel to be heated and the condenser tube. Frequently, the col-
umn is a condenser filled with glass beads or steel wool to provide increased surface
area and/or increase cooling surfaces. Alternatively, the column may contain coils or
glass indentations such as those in Vigreux columns (Figure 4.5a), which are available
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Figure 4.3

Hickman-Hinkle still head

with a round-bottom flask,

air condenser, and stirbar. Figure 4.4 Microscale distillation apparatus.
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Figure 45 Distillation columns and con-
densers: (@) Vigreux column, (b) Allihn con-
denser, (c) coiled condenser. Figure 46 A fractional distillation apparatus.
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in some commercial condensers. In any case, this vertical column is not surrounded by
a jacket of water as typically found in the traditional condenser.

A fractional distillation apparatus (Figure 4.6) uses the vertical column in addition
to the condenser. With this distillation apparatus, compounds with a difference in their
boiling points of 5-10°C or more can be efficiently separated.

The spinning band apparatus, shown in a microscale form in Figure 4.7, allows a
very efficient distillation because of the large number of theoretical plates provided for
the distillate.

Frequently the result of a more efficient distillation apparatus is that the distilling
compound remains on the vertical column for a longer time. To avoid heat loss, the col-
umn should be externally insulated with glass wool, cotton, or aluminum foil.

A Hickman flask (Figure 4.8) is another microscale approach to distilling small
amounts of compound. The distilling flask, Vigreux column, and condenser are all one

To vacuum
—_—

Water out
—

Water in
-

"G e e —F
< < ¢« <« < @FE—L
h A A K K H kY

Air inlet

Figure 4.7 Microscale
spinning band column. Figure 48 Hickman flask.
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piece of glass in this particular apparatus. Normally a stopper is placed in the lower side
tube of the Hickman flask. If a vacuum distillation is to be done, a small pipet is placed
through the side tube to create a small stream of bubbles going through the compound.
The distilled fractions are collected using test tubes attached to a cow adaptor.

In order to distill liquids and solids of low volatility which might be somewhat heat
sensitive, a vacuum distillation apparatus (Figure 4.9) can be used. In this apparatus,
the Vigreux column and the condenser are one piece of glass. The stopcocks are used to
regulate pressure in the apparatus. An air inlet is optional. A laboratory aspirator can
provide a vacuum of 15 mm Hg (torr), and a good vacuum pump can yield a range of
0.01-15 mm Hg (torr) for vacuum distillations.

Water out

Water in

To
vacuum

Air inlet
—_—

Figure 49 Vacuum distillation apparatus. Another option involves the replacement of the air
inlet with a glass stopper and the addition of a stirbar.

An important aspect in distillation is the method of heating the distilling pot. For
volatile liquids, a steam bath is used. Baths containing oils or other involatile, inert sub-
stances (see Liquid Media for Heating Baths, Appendix I, p. 529) can be used; such hot
liquids provide a very even method of heat application and can be used to higher tem-
peratures (ca. 250-400°C). Heating mantles attached to Variacs can be used for heat ap-
plication; use of such mantles allows one to avoid the messy oils used for external heating,
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Sand baths (Figure 4.10), in which sand is placed in a small heating mantle
(manufactured by Thermowell), and aluminum blocks (Figure 4.11), which have con-
cave spaces for flasks, are popular as heating devices, particularly in microscale appli-
cations. Flaked graphite can be substituted for the sand. The heating mantles for the
sand baths are controlled with a Variac. The aluminum blocks are heated by placing
them on a hot-plate stirrer.

Heating mantle
Figure 411 Aluminum block on hot-plate
Figure 410 Sand bath with Variac. stirrer.

Frequently, an organic chemist is concerned with removal of volatile solvents from
a solution during the workup of a reaction. A rotary evaporator (“rotovap”, Figure 4.12)

Water out

To vacuum

Distilling
flask

Receiver

Hot-water bath

( i s

| |
Figure 412 A rotary evaporator.
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is useful for solvent removal. The distilling flask is spun to increase the surface area, to
increase the rate of evaporation, and to prevent bumping of the solution. The vacuum
lowers the boiling point of the liquid. A hot-water bath serves as a source of heat. The
solvent is distilled into the receiver, leaving the product in the distilling flask.

42.2 Steam Distillation

Steam distillation is a technique whereby a compound of relatively low volatility can be
purified by co-distilling it with water. This distillation occurs because both of the liquid
components contribute to the vapor pressure and thus the distillation can be carried
out at a temperature slightly less than 100°C at 760 mm Hg (torr). The distillation is
actually carried out by simply forcing steam through a vessel containing the mixture and
collecting the distillate with a water-cooled condenser (Figure 4.13). An alternate way
to the steam inlet is to heat the flask with a bunsen burner and add water, via an addition
funnel, to maintain a constant volume in the flask.

Water out

Steam in

Water in

lTo drain Bubbles of steam

Figure 4.13  Steam distillation apparatus (macroscale).

A difference in polarity sufficient to permit separation by steam distillation is gen-
erally provided by a second functional group in the molecule. Polyfunctional compounds
are normally more polar and thus have a higher boiling point than monofunctional com-
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pounds. Thus, monohydroxy alcohols can be separated from dihydroxy and polyhydroxy
alcohols by this scheme. Similarly, simple acids, amines, and many other volatile com-
pounds can be separated from the corresponding di- and polyfunctional compounds.
Moreover, the additional group or groups need not be the same as the original. Amino
acids, hydroxy acids, nitro acids, keto acids, keto alcohols, and cyano ketones are rarely
volatile with steam. In fact, it is a general rule that the presence in a molecule of two
or more functional (polar) groups will render a compound nonvolatile. Table 4.1 shows
which types of compounds are volatile with steam and which are not. Acetic acid and

TABLE 4.1 Solubility and Steam Distillation

Volatility
Solubility Types of Compounds Volatility with Steam
Soluble in water Low-molecular-weight Readily distill. Many Volatile with
and ether alcohols, aldehxdes, ketones, compounds boil steam
(Sa, Se. S1) acids, esters, amines, nitriles, below 100°C

Soluble in water but
insoluble in ether
(Sg9)

Insoluble in water
but soluble in
NaOH and
NaHCO; (A,)

Insoluble in water
and NaHCO; but
soluble in NaOH
(Ag)

Insoluble in water
but soluble in
dilute HCI (B)

Insoluble in water,
dilute NaOH, and
HCI, but contain
elements other
than carbon,
hydrogen, oxygen,
and the halogens
(MN)

Insoluble in water,
dilute NaOH, and
HC], but soluble
in H2504 (N)

Insoluble in water,
dilute NaOH,
dilute HCI, and
Ho80, (I

acid chlorides

Polyhydroxy alcohols, diamines,
carbohydrates, amine salts,
metal salts, polybasic acids;
hydroxy aldehydes, ketones,
and acids; amino acids

High-molecular-weight acids;
negatively substituted
phenols

Phenols, sulfonamides of
primary amines, primary and
secondary nitro compounds;
imides, thiophenols

Amines containing not more
than one aryl group attached
to nitrogen; hydrazines

Nitro compounds (tert),
amides, negatively
substituted amines;
sulfonamides of secondary
amines; azo and azoxy
compounds; alkyl or aryl
cyanides, nitrites, nitrates,
sulfates, phosphates

Alcohols, aldehydes, ketones,
esters, unsaturated
compounds

Aromatic and aliphatic
hydrocarbons and their
halogen derivatives

Low volatility. With
certain exceptions
these compounds
cannot be distilled
at atmospheric
pressure

Low volatility

High boiling points;
many cannot be

distilled

High boiling points

High boiling points;
many cannot be

distilled

High boiling

compounds

Volatile

Not volatile
with steam

Usually not
volatile, but
there are
some
exceptions

Usually not
volatile

Many are
volatile
with steam

Some are
volatile
with steam

Usually
volatile
with steam

Volatile with
steam
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oxalic acid, ethyl alcohol and ethylene glycol, benzoic acid and 1,2-benzenedicarboxylic
acid are mixtures that illustrate the point. In each pair the first named can be removed
by steam distillation, whereas the other remains behind.

A very interesting group of exceptions to the multiple function rule is found in
the aromatic series. 2-Hydroxybenzaldehyde, 2-nitrophenol, and many other ortho-
disubstituted benzene derivatives are volatile with steam. The explanation for this
apparently anomalous loss of polar character is found in the observation that all these
exceptional compounds are capable of intermolecular hydrogen-bonded forms. These
forms tend not to associate with the water and are thus relatively volatile. The hydrogen-
bonded structures of 2-hydroxybenzaldehyde and 2-nitrophenol are shown below.

H ok

Another valuable use of steam distillation is the separation of reaction products
from solvents such as N,N-dimethylformamide (DMF) and dimethyl sulfoxide (DMSO).
DMF and DMSO are good solvents for carrying out many reactions, but their high boil-
ing points (as well as other properties) make their removal from the reaction mixture a
very difficult process when conducted by other procedures. Neither DMSOn or DMF
is volatile in a steam distillation. Thus in many cases we may merely dilute a reaction
mixture with water and remove the products or the unreacted starting materials by
steam distillation.

423 Sublimation

Occasionally compounds may be purified by sublimation. In a sublimation apparatus
(Figure 4.14), a cold finger is placed inside another container containing a side arm.
The outer container may consist of a special type of glassware or may be as simple as

N To vacuum

Cold finger >

o
N

R Cooling medium

r Sublimed, pure sample

Crude sample

Figure 4.14 Sublimation apparatus.
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a test tube or Erlenmeyer flask with a side arm. Ice, dry ice, or a dry ice—acetone slurry
is placed inside the cold finger. The material to be sublimed is placed on the bottom
of the inside of the outer container. Frequently, the apparatus is attached to vacuum.
Heat is applied externally, usually in the form of an oil or sand bath. Successful subli-
mation of material from the crude mixture will result in the formation of crystals on the
bottom outside of the cold finger. It may be necessary to interrupt the sublimation
periodically and scrape the solid off the surface of the cold finger.

Before attempting sublimation on a compound, look up the boiling point to see if
the compound sublimes instead of boiling. The abbreviation “sub” indicates that the
compound will sublime. Caffeine and camphor are examples of such compounds.

- 4.3 EXTRACTIONS: SEPARATIONS BASED UPON SALT FORMATION

The basic principle of this technique can be made clear by reference to simple exam-
ples. The separation of aniline from toluene is effected by extraction with dilute hy-
drochloric acid. The aniline goes into the aqueous layer as its salt, aniline hydrochloride.
Whereas aniline is very soluble in toluene and virtually insoluble in water, its hy-
drochloride salt, because of its polar nature, is soluble in water and insoluble in toluene.

NH, NH,;*Cl™

+ HCl] —

water soluble
toluene insoluble

Similarly, phenol is removed from toluene by shaking the mixture with a dilute
sodium hydroxide solution. The phenol is transformed into its anionic form, sodium
phenoxide, whose highly polar character makes it insoluble in toluene and soluble in
water.

OH O Nat

+ NaOH —

water soluble
toluene insoluble

Benzaldehyde may be separated by a similar scheme. In this case the mixture is
shaken with an aqueous solution of sodium bisulfite which converts the aldehyde into
its bisulfite derivative. This is a typical salt and therefore insoluble in toluene but soluble
in water.

(l)"Na+

o

c” H—C— SOzH

+ NaHSO53 —

water soluble
toluene insoluble
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In each of these examples the original acid, base, or aldehyde is easily recovered by de-
composition of the salt by familiar methods.

If the compounds to be separated are water soluble to any considerable degree, ex-
traction methods usually have little value. Steam distillation, however, can generally be
used instead. For example, a mixture of acetic acid and cyclohexanone can be separated
by adding enough alkali to transform the acid to sodium acetate and steam distilling the
mixture. The ketone will be removed in the distillate while the salt, being nonvolatile,
remains behind. Acidification with phosphoric acid regenerates the organic acid, which
can now be distilled with steam. _

Diethylamine can be separated from 1-butanol in a similar manner. Phosphoric acid
is added in sufficient amount to neutralize the amine. Steam distillation will now re-
move the alcohol, and the amjne can be recovered by adding dilute sodium hydroxide
solution to the residue and repeating the steam distillation.

(CH3CHg)oNH + CH3CHCHCH,0H 3%,
(CH3CHg)eNH,* HoPO,~ + CH3CH,CHoCHo0H

volatile with steam
dilute | NaOH (CHgCH2)2NH

Another useful method for establishing a marked difference in the polar character
of the components is illustrated by the separation of mixtures of primary amines from
tertiary amines. Acetylation or benzoylation converts the primary amine to a neutral
amide. Extraction with dilute hydrochloric acid will then remove the tertiary amine and
leave the amide behind. The amide can be reconverted to the original amine by
hydrolysis.

A very similar principle is involved in the Hinsberg method (Chapter 9, p. 291) of
separating and characterizing primary and secondary amines. The sulfonamide from the
primary amine forms a salt with alkali and thus can be removed by extraction with dilute
sodium hydroxide solution.

A general method can be developed for separating acidic compounds differing in
acidity. Strong acids form salts when treated with sodium bicarbonate and can be
extracted with this reagent. Thus, if a mixture of 2-methylphenol and benzoic acid is
shaken with a dilute solution of sodium bicarbonate, the carboxylic acid passes into the
water layer as sodium benzoate, leaving the less acidic 2-methylphenol (o-cresol) behind.

COOH COO™Na™*

S S

water soluble

If a mixture contains more than two compounds, combinations of the following
methods frequently lead to satisfactory separations. The necessary condition for suc-
cessful separation is that the components be such that a wide polarity difference exists
or can be induced between any two of them.

In practice, mixtures fall into two categories, depending on whether they are solu-
ble in water. These two types will be considered separately.
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4.3.1 Extraction of Water Insoluble Mixtures

After the removal of any volatile solvent one of the following procedures may be used
for the separation of the compounds of a water insoluble mixture. For these procedures
to work effectively, no component of the mixture can be soluble in water.

These procedures are used after the water solubility test on page 114. These pro-
cedures, as described below, assume that all possible fractions are obtained. Of course,
if the mixture does not contain certain types of compounds, then those fractions will
not be obtained.

Procedure A: Water Insoluble Mixtures (Figure 4.15)

Mix 5 g of the mixture with 15 mL of diethyl ether. Separate any insoluble compounds
(Residue 1) on a filter and wash with two 5-mL portions of diethyl ether. Add the ether
washings to the original ether solution (Organic Layer 1). Extract this layer with three
5-mL portions of 5% hydrochloric acid solution. If a solid amine hydrochloride separates

WATER INSOLUBLE MIXTURE—Procedure A
| Add ether and fiiter

Residue 1 Organic Layer 1
Extract | with 5% HC1
Organic Layer 2 Aqueous Layer 1
Extract with | 5% NaOH Ext‘r‘:cdt a‘ﬁ‘h“e"tﬁe“r
Organic Aqueous Organic Aqueous
Layer 4 Layer 3 Layer 3 Layer 2
Evaporate Neutralize
Extract Saturate eth:f with
with with CO, CH,COOH
Extract . . Extract
NaHSO4 with ether Basic Residue 1 with ether
Evaporate
‘( ¢ ether
Organic Aqueous Amphoteric
Layer 5 Layer 4 Residue 1
Acidify with
Evaporate 5% HC1
ether Filter or extract
with ether and
o evaporate ether
Organic Aqueous Qc"?éc ol
Layer 6 Layer 5 esicu Acidic Residue 2
Acidify with 5% HC1
E t .
etv:;o rate Extract with ether
Evaporate ether
Neutral Neutral

Residue 1 Residue 2

Figure 415 Separation of a water insoluble mixture as described in Procedure A.
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during this extraction, add water until the amine hydrochloride dissolves. Combine the
acidic aqueous layers (Aqueous layer 1). Place the ether layer (Organic layer 2) aside.

Make the aqueous layer (Aqueous layer 1) basic with 5% sodium hydroxide solu-
tion. Extract the resulting mixture with three 5-mL portions of diethyl ether. Separate
the layers into the aqueous layer (Aqueous layer 2) and the organic layer (Organic layer
3). Dry the ether layer (Organic layer 3) with anhydrous sodium sulfate. Distill off the
ether. The residue is composed of bases (Basic residue 1).

Carefully neutralize the remaining aqueous layer (Aqueous layer 2) with acetic acid.
Extract the solution with five 5-mL portions of diethyl ether to recover any amphoteric
compounds. Evaporate the ether to leave the amphoteric compounds (Amphoteric
residue 1).

Extract the ether layer (Organic layer 2) with three 5-mL portions of 5% sodium
hydroxide solution. If an emulsion occurs, add more water and a few crystals of sodium
chloride to aid in the separation of the layers. Combine the basic aqueous layers
(Aqueous layer 3). Set aside the ether layer (Organic layer 4).

Saturate the combined basic aqueous layers (Aqueous layer 3) with carbon dioxide
(dry ice) by slowly adding small pulverized dry ice chunks, with caution, until the aque-
ous layer is no longer basic. Test with pH paper. Extract any weak acids with three 5-mL
portions of diethyl ether. Combine the ether layers (Organic layer 5). Distill off the
ether from the ether layers (Organic layer 5) to yield the weak acids (Acidic residue 1).

Acidify the remaining aqueous layer (Aqueous layer 4) with 5% hydrochloric acid.
Isolate the stronger acids (Acidic residue 2) by filtration or by extraction with three
5-mL portions of diethyl ether, followed by evaporation of the ether.

Extract the ether layer (Organic layer 4) with four 5-mL portions of 40% aqueous
sodium bisulfite. Separate the aqueous layer (Aqueous layer 5) and the ether layer
(Organic layer 6). Place the ether layer (Organic layer 6) aside. Add 7 mL of 5% hy-
drochloric acid to the combined bisulfite aqueous layers (Aqueous layer 5) . Extract the
solution with three 5-mL portions of ether. Remove the ether by distillation to leave
behind a residue (Neutral residue 2).

Distill off the ether from the ether layer (Organic layer 6) to leave behind a residue
(Neutral residue 1).

Frequently, the extent of the procedure given above in Procedure A is not needed.
A more abbreviated version is described in Procedure B.

Procedure B: Water Insoluble Mixtures (Figure 4.16)

Mix 5 g of the mixture with 15 mL of diethyl ether. Extract the resulting mixture with
three 5-mL portions of 5% hydrochloric acid solution. Separate the layers into the
aqueous layer (Aqueous layer 1) and the organic layer (Organic layer 1).

Make the combined aqueous layers (Aqueous layer 1) alkaline with 5% sodium
hydroxide solution. Extract the resulting solution with three 5-mL portions of diethyl
ether. Dry the ether layer with sodium sulfate and distill off the ether. The residue
(Basic residue 1) is composed of bases.

Extract the ether layer (Organic layer 1) with three 5-mL portions of 5% sodium
hydroxide solution. Set aside the remaining ether layer (Organic layer 2). Acidify the
combined basic aqueous layers (Aqueous layer 2) with 5% hydrochloric acid solution.
Isolate the acid by filtration or by extraction with three 5-mL portions of ether, followed
by evaporation of the ether (Acidic residue 1).

Extract the ether layer (Organic layer 2) with four 5-mL portions of 40% sodium
bisulfite solution. Separate the layers into the organic layer (Organic layer 3) and
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WATER INSOLUBLE MIXTURE—Procedure B

Add ether
Extract with 5% HC1

Y '

Organic Layer 1 Aqueous Layer 1
Extract with Add 5% NaOH
5% NaOH Extract with ether
‘ * Evaporate ether
Organic Layer 2 Aqueous Layer 2 Basic Residue 1
Acidify with
Extract 5% HC1
with Filter or extract
NaHSO, with ether and

evaporate ether

Acidic Residue 1

Organic Aqueous
Layer 3 Layer 3
Acidify with 5% HC1
Evaporate Extract with ether
ether
Evaporate ether
\
Neutral Neutral Figure 4.16 Separation of a water insoluble mixture as
Residue 1 Residue 2 described in Procedure B.

the aqueous layer (Aqueous layer 3). Add 7 mL of 5% hydrochloric acid solution to the
aqueous layer (Aqueous layer 3) and extract with three 5-mL portions of ether. Remove
the ether by distillation to leave behind a residue (Neutral residue 2).

Distill off the ether from the ether layer (Organic layer 3) to leave behind a residue
(Neutral residue 1).

Cleaning Up For Procedures A and B, place the ether in the organic solvents
container. Neutralize any aqueous filtrate before placing it into the aqueous solution
container.

% ProBLEMS

1. Show the equations for the formation of each salt at each step using Procedure B
starting from a mixture of chlorobenzene, N,N-dimethylaniline, 2-naphthol, and
2-methoxybenzaldehyde.

2. A mixture of benzaldehyde, 4-butylaniline, 4-ethylphenol, and 4-propylbenzoic acid
is subjected to the extraction procedure outlined in Procedure A (Figure 4.15).
Where is each compound isolated and what are the reactions?

3. Although glucose is water soluble, its place of isolation in Figure 4.15 is predictable.
Where would it be? |

4.3.2 Extraction of Water Soluble Mixtures

If all components of the mixture are water soluble, steam distillation is the best method
for the separation of the components. However, it may prove to be unsatisfactory if the
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mixture is not chosen carefully. Too often the components of the mixture, when
improperly chosen, undergo reaction with each other or with boiling aqueous acid or
alkali during steam distillation. Thus extraction, which does not involve heating of the
mixture, would be preferable.

Procedure C: Water Soluble Mixtures (Figure 4.17)

Place 5 mL of the mixture in a 125-mL round-bottom flask setup for a steam distilla-
tion (Figure 4.13). Collect 5-6 mL of the distilled solution (Distillate 1). Place the re-
mainder of the solution (Residue 1) in an evaporating dish and remove the water by
means of a steam bath. Remove the last traces of water with a rotary evaporator
(Figure 4.12).

Acidify the distilled solution (Distillate 1) with phosphoric acid. Steam distill the
solution. Collect 5 mL of the distilled compound (Distillate 2). Make the residue
(Residue 2) left in the distilling flask basic with 5% sodium hydroxide solution. Extract
the resulting mixture with three 5-mL portions of diethyl ether. Distill off the ether to
yield a base (Basic residue 1).

Make the distilled solution (Distillate 2) just slightly basic with 5% sodium hydroxide
solution and steam distill the mixture. Collect 5 mL of the distillate (Distillate 3).

Make the solution (Residue 3) left in the flask acidic with phosphoric acid and then
extract it with three 5-mL portions of diethyl ether. Combine the ether layers and dis-
till off the ether to yield the acid (Acid residue 1).

Saturate the distilled solution (Distillate 3) with potassium carbonate. Separate the
layers. Save the upper layer (Organic layer 1) and apply the classification tests to this
layer.

WATER INSOLUBLE MIXTURE—Procedure C

Steam distil!
Residue 1 Distillate 1
Acid with H3PO,
Steam distifl
Distillate 2 Residue 2
Add 5% NaOH Add 5% NaOH
Steam distifl Extract with ether
\L —\L Evaporate ether
Residue 3 Distillate 3 Basic Residue 1
Add H;PO, Saturate with K,CO5
Extract with ether Separate layers
Evaporate ether Save upper layer
Acidic Residue 1 Organic Layer 1

Figure 417  Separation of a water soluble mixture as described in Procedure C.

Cleaning Up For Procedure C, place the ether in the organic solvents container.
Neutralize any aqueous filtrate before placing it into the aqueous solution container.
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% PROBLEM

4. Show the equations for the formation of each salt at each step using Procedure C
starting from a mixture of lactic acid, piperidine, acetic acid, and 2-propanol.

Hydrolysis of esters would occur using Procedure C. If the presence of an es-
ter is indicated by odor or by change of color in the preliminary tests, then the pro-
cedure may be modified to use a milder base as described in Procedure D.

Procedure D: Water Soluble Mixture Containing Esters (Figure 4.18)

Saturate 5 mL of the mixture with potassium carbonate to yield an upper organic layer
(Organic layer 1) and an aqueous layer (Aqueous layer 1). Neutralize the organic layer
(Organic layer 1) with 5% sulfuric acid solution, using methyl orange as an indicator.
Steam distill the resulting mixture. The solution (Residue 1) remaining in the flask con-
tains the amine salts.

Saturate the distillate (Distillate 1) with potassium carbonate. Separate the upper
layer (Organic layer 2), which contains the neutral compounds, from the aqueous layer
(Aqueous layer 2).

Acidify the original aqueous layer (Aqueous layer 1) with phosphoric acid and fil-
ter it. The precipitate (Solid 1) contains acidic compounds. Steam distill the filtrate
(Filtrate 1). The distilled solution (Distillate 2) contains acidic compounds.

Evaporate the residue (Residue 2) to dryness and extract with hot ethanol solution
to yield an alcohol solution of acids (Solution 1).

If the mixture contains no acidic constituents, start the separation at the same point
as the treatment of the first organic layer (Organic layer 1). In such a case, the first
residue (Residue 1) from the steam distillation contains acidic compounds in addition
to the amine sulfates. Separate it by the first method given.

WATER INSOLUBLE MIXTURE CONTAINING ESTERS—Procedure D
Saturated with K,CO,

Y ¥

Aqueous Layer 1 Organic Layer 1
Acidify Neutralize to methyl
with H3PO, orange with 5% H,S0,
Filter Steam distill

Solid 1 Filtrate 1 Residue 1 Distillate 1
Steam Saturate
distill with K,CO4

Distillate 2 Residue 2 Organic Layer 2 Aqueous Layer 2

Evaporate to
dryness
Extract with
hot ethano!

Solution 1

Figure 418 Separation of a water soluble mixture containing esters as described in
Procedure D.
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Cleaning Up The aqueous filtrate is neutralized and placed in the aqueous solution
container.

This modified procedure may also be used with mixtures containing acids and al-
cohols; it provides no opportunity for esterification to take place.

The next three examples (Figures 4.19, 4.20, and 4.21) illustrate the separation of
various types of mixtures.

MIXTURE—Example 1
(Acetic acid, 1-butanol, buty! acetate, water)

Add saturated
Na,COj; solution

Y ¥

Lower layer Upper layer
(Sodium acetate solution) (1-Butanol, butyl acetate)

Add saturated
CaCl, solution
Upper layer Lower layer

(Butyl acetate) (Solution containing
1-butanol)

Dry with MgSO,
Filter

Y ¥
Filtrate Solid
(Hydrated magnesium sulfate)
1 Distitl

Distillate
(Pure butyl acetate)

Figure 419 Separation of a mixture, Example 1.

5. Diagram a satisfactory procedure for the separation of the following mixtures and
the identification of each component.
a. Water, 2-propanol, anilinium sulfate, 2-methylpropanoic acid.
b. Chloroform, aniline, N,N-diethylaniline, benzoic acid, naphthalene.
c. Toluene, diphenylamine, quinoline, nitrobenzene.
d. 2-Hydroxytoluene, 2-hydroxybenzoic acid, N-methylaniline, 4-aminotoluene,
styrene.
e. Cterbon tetrachloride, 2-hydroxybenzaldehyde, benzaldehyde, triphenylmeth-
anol, benzyl alcohol.
f. Diethyl ether, 3-pentanone, diethylamine, acetic acid.
g. Cyclohexane, 4-methylaniline, toluene, 3-hydroxytoluene, 2-chloro-4-amino-
benzoic acid.
6. An instructor mixed the following compounds in the order named and gave

out the mixture as an unknown: 2-methyl-2-propanol (2.47 g), benzyl alcohol
(3.6 g), benzaldehyde (3.53 g), acetyl chloride (5.2 g), acetophenone (4.0 g),
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MIXTURE—Example 2
(Quinolinium sulfate, anitinium sulfate, nitrobenzene, glycerol,
sulfuric acid, ferrous sulfate, ferric sulfate, acrolein polymers)

Dilute with water

Steam distill
Distitlate 1 Residue 1
(Nitrobenzene) (Quinoiine sulfate, aniline sulfate, glycerol,

suifuric acid, ferrous sulfate, ferric sulfate,
acrolein polymers)

Make alkaline with NaOH

Steam distill
Residue 2 Distillate 2
(Glycerol, sodium sulfate, (Quinoline, aniline, water)
ferrous sulfate, ferric ) )

sulfate, acrolein polymers) . Dissolve in H,S0,
Add NaNO,
Warm

Solution

(Quinoline sulfate, phenol,
sulfuric acid, sodium sulfate)

Add NaOH
Steam distill
Distillate 3 Residue 3
(Quinoline, water) (Sodium phenoxide,
sodium sulfate)
Separate
Dry with MgSO,
Distill
Distillate 4

(Pure quinoline)

Figure 420 Separation of a mixture, Example 2.

N,N-dimethylaniline (28.2 g). What might the student expect to find? Diagram a
possible separation of the actual components after the mixture has stood for a
week (assume complete reactions).

¢ 4.4 CHROMATOGRAPHY

Chromatography is the separation of the components of a mixture by the selective dis-
tribution of the components between a mobile phase and a stationary phase. The lin-
guistic origin of the word chromatography is based on the idea of color (from the Greek
words chroma meaning “color” and graphy meaning “written”). Early chromatography
was carried out on paper using colored derivatives of naturally occurring compounds.

The mobile phase is a liquid or a gas and carries the compounds along a column.
The stationary phase may be composed of various types of materials, for example, sil-
ica gel in column chromatography. The ability to separate various components of a mix-
ture of organic compounds is based on selective and preferential absorption of these
components in the mobile phase by the stationary phase.
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MIXTURE—Example 3
(Quinoline, aniline, water)

IEtract with toluene
Water layer Toluene sofution

(Quinoline, aniline)
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\ K
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Y Y
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Dry with MgSO,
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Y v

First fraction Second fraction
(Toluene) (Quinoline)

Figure 421 Separation of a mixture, Example 3.

Organic chemists are interested in two major classes of chromatography: gas chro-
matography (GC) and liquid chromatography (LC). Gas chromatography is useful for
relatively volatile and thermally stable organic compounds. This method involves a
gaseous mobile phase, which is usually helium or, less frequently, nitrogen. The sta-
tionary phase is either a liquid adsorbed on a solid support, an organic compound bonded
to a solid support, a solid, or a nonvolatile liquid.

Liquid chromatography uses a liquid mobile phase, which is usually a common
organic solvent. The stationary phase may consist of a liquid adsorbed onto a solid
support, an organic species spread over a solid support, a solid, or a resin. Examples
of liquid chromatography are column chromatography, high-performance liquid
chromatography (HPLC), and thin layer chromatography (TLC).

In choosing to use either or both GC and LC, the following should be considered
before making a decision.

Gas Chromatography

1. The sample should be volatile and reasonably stable to heat. Specifically, the
compound must be stable enough to survive the conditions necessary to con-
vert it to the gas phase.

2. Simple gas chromatographs are inexpensive, are easy to operate, and give results
rapidly.

Liquid Chromatography

1. With the simple gravity flow columns, the separation of the components is

time consuming. Rapid analyses are carried out with HPLC and flash
chromatography.
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2. A small percentage of organic compounds may react with the stationary phase
of some columns. Proper choice of conditions, in order to prevent undesirable
side reactions, allows virtually any organic compound to be analyzed by LC.

3. Flash and other types of column chromatography are fairly cheap; HPLC has
a much higher initial cost, because of the high-quality pumps and column pack-
ings that are necessary.

441 Thin-Layer Chromatography

Thin-layer chromatography (TLC) is perhaps the most rapid, easiest, and most often
applied method for assessing the purity (complexity, and often the nature) of organic
compounds. In TLC, the immobile phase is a thin layer of adsorbent spread over a sheet
of glass or plastic. Calcium sulfate or an organic polymer serves to bind the adsorbent
to the sheet. A small amount of sample is placed near the bottom of the slide, and this
spotted slide is placed on end in a container with a shallow layer of solvent; the dis-
tance to which the solvent moves the compound up the chromatogram sheet is de-
pendent on the ability of the compound to adhere to this adsorbent system, as well as
many other factors. More often than not, adsorbent-solvent systems can be found to
separate most components of a given mixture. This procedure is especially useful for
compounds that are heat sensitive or nonvolatile, that is, those compounds that are not
amenable to boiling point or gas chromatographic determination.

Compounds can be detected on TLC sheets in various ways. The simplest is to use
a low-power hand-held UV light. This procedure requires the use of TLC adsorbent
that has been mixed with a fluorescent indicator. In such cases the eluted compounds
will appear as dark spots because they block out the fluorescent indicator. Other pro-
cedures are described below, including methods involving p-anisaldehyde and involving
phosphomolybdic acid, both of which are much more sensitive than fluorescent
indicators.

Procedure

Commercial sheets, precoated with alumina (Al;O3) or silica gel (SiO; - x Hy0), are
available. If the UV light will be used as a visualization method, then use TLC plates
containing a fluorescent indicator.

If fine capillary tubes are not available, then prepare them from melting point tubes
that have both ends open. Adjust the flame on the bunsen burner until there are two
distinct blue flames. Using the smaller of the two flames, heat the middle of the melt-
ing point tube while slowly rotating the tube (Figure 4.22). Once the tube becomes
flexible, pull it toward you and immediately pull it apart. Do not pull the tube while it
is in the flame because doing so will seal the ends of the tube. Two TLC capillary tubes
are formed from each melting point capillary tube.

Select a solvent by testing out the sample in various solvents. Dissolve a small sam-
ple of the unknown in different flasks containing solvents of different polarity (Table
4.2). Place the end of the TLC capillary tube in the solution and allow some of the so-
lution to be drawn into the tube by capillary action. Touch the TLC chromatography
plate with the end of the tube (Figure 4.23). When the solvent circle has reached its
final position, a useful solvent will have moved the sample ring to a position about
0.3-0.5 that of the solvent circle radius. If the sample ring is too large, try a less polar
solvent. If the sample ring is too small, try a more polar solvent. If no solvent informa-
tion is available, chloroform and solvents of similar polarity can be tried first.
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(b)

(c) (d)
Figure 422 Preparation of a TLC capillary tube. (a) While rotating the tube, heat the melting
point capillary tube in the smaller of the two flames. (b) Heat the melting point capillary tube
until the middle section is flexible. (c) Pull the melting point capillary tube out of the flame and
immediately pull it apart. (d) The finished TLC capillary tube before breaking it in the middle.

TABLE 42 Chromatographic Solvents”

Petroleum ether
Cyclohexane

Carbon tetrachloride
Benzene Increasing
Methylene chloride polarity®
Chloroform (alcohol free)
Ethyl ether

Ethyl acetate

Pyridine

Acetone

1-Propanol

Ethanol

Methanol

Water

Acetic acid

“Mixtures of two or more solvents can be used
as developing solvents in chromatographic
separations.

bPolarity, in this context, is meaningful only for
chromatography and is not necessarily the same
as polarity as measured by, for example, dielectric
constant.
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Fine capillary
filled with solution

Solvent fronts

Solution of sample
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(1-10%) in volatile
solvent

'
()] (e)

Figure 423 Determination of solvent for thin- Figure 424 Preparation for TLC.
layer chromatography. (@) Good development.
(b) Overdeveloped. (c) Underdeveloped.

Once the solvent is selected, then the TLC plate can be prepared. Prepare a solu-
tion (1-10%) of the sample in the solvent. On the powder side of the TLC plate, draw
a pencil line about 1 cm from the bottom and 1 cm from the top. Touch the TLC cap-
illary tube onto the surface of the solution and allow some of the solution to rise into
the tube through capillary action. Spot the plate by touching the tube to a position on
only one pencil line (Figure 4.24). Limit the number and size of the drop by placing a
finger on the top of the capillary tube.

In the development chamber, place a folded piece of filter paper along the side.
Saturate the filter paper with the solvent, and add enough solvent so there is 5 mm of
solvent in the bottom. Place the TLC plate, spotted side down, into the chamber so
that the lower pencil line is above the solvent. Lean the plastic side against the glass
and do not allow the filter paper to touch it (Figure 4.25). Place a lid on the develop-
ment chamber. Allow the solvent to climb up the plate until the solvent front is at the
top pencil line. Remove the plate from the development chamber and allow it to dry.
Circle any spots that are visible.

If the TLC plate contained the fluorescent indicator, place the TLC plate under
ultraviolet light. Do not look directly at the UV light as it can cause eye damage. Mark
any dark spots by circling them. The dark spots are observed where the sample spots
block out the fluorescent indicator. Alternately, place the developed TLC plate in an
enclosed chamber with iodine crystals (Figure 4.26). Slightly heat the development
chamber on a steam bath. Nearly all compounds, except alkanes and aliphatic halides,
form iodine charge-transfer complexes. The formation of these complexes is reversible,
so the position of the dark spot should be marked quickly. Another visualization

I —
Chromatogram
Mark for solvent front
" Solvent /

(ca. 4mm deep)

Figure 425 Chromatographic Figure 4.26 lodine TLC spot-
development unit. marking chamber.
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technique involves spraying the TLC plate with sulfuric acid to cause the colorless com-
pounds to darken by charring. This method is a sample destructive technique.

A very sensitive method for detecting compounds involves use of a spray containing
p-anisaldehyde. TLC plates should be made of glass. If plastic sheets are used, a test
should be run to see if the sheets can survive the heating conditions. The adsorbent should
not contain the fluorescent indicator. Prepare the solution by combining, with cooling, 9
mL of 95% ethanol with 0.5 mL of concentrated sulfuric acid and two drops of glacial
acetic acid. Slowly add 0.5 mL of p-anisaldehyde. Spray the solution on the developed
plates and bake the plates to dryness on a hot plate until the dark spots develop.

Another procedure involves the use of 5% phosphomolybdic acid. Spray the
developed plates with 5% phosphomolybdic acid. This method does not suffer from
interference from indicators mixed into the silica gel.

If commercial chromatographic sheets are not available, glass plates are easily pre-
pared. Prepare a slurry of adsorbent (35 g of silica gel G in 100 mL of chloroform or
60 g of alumina in 100 mL of 67 vol%/33 vol% chloroform/methanol). Stir the slurry
thoroughly; dip a pair of back-to-back plates (e.g., standard microscope slides) into the
slurry and slowly withdraw them. Wipe excess adsorbent from the edges and separate
the plates. Wipe adsorbent from the back of the plates and allow them to dry (ca. 5 min).
Such plates may be used immediately or stored in a desiccator.

Discussion

Development of different chromatograms (alumina, silica gel, silica acid) of the same
sample that clearly yield only a single spot in a variety of solvents is a very good indi-
cation of purity. In addition, the identity of an unknown can be supported (but not com-
pletely proved; why not?) by comparison of spot positions of known and unknown
materials (Figure 4.27). Figure 4.27 also implies how the progress of a reaction can be
monitored. The most common method of reporting TLC results is by the Ry value
(Figure 4.28) in a specific solvent on a specific type of chromatographic sheet:

__ distance spot of interest has moved from origin (b)
=

distance solvent front has moved from origin (a)
Alternatively, the results may be reported as R,, where

distance spot of interest has moved from the origin

R, = — —
distance spot of reference compound has moved from the origin

Marked

solvent

front

Authentic

Ty
Reaction //

mixture
AuthenticJ’ e ‘

reactant o—o—o—o origin  Figure 427 Thin-layer chromatogram; reaction

mixture analysis.
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Marked
solvent
front 1R=b/a
>a
Spot
EX XX
b
e—o—o—0— J<«0rign Figure 428 Determination of Ry value on the TLC
chromatogram.

Information obtained from TLC is useful for solvent and adsorbent choices in
(preparative-scale) column chromatography.

442 Gas Chromatography

Gas chromatography (GC) is the technique of separating compounds that have been
converted to the gas phase on the basis of their boiling points or of their polarity dif-
ferences. Liquid samples can be directly injected onto the GC instrument; solids must
be dissolved in a solvent, and they can be analyzed only if they are sufficiently volatile.
Liquid samples are frequently injected as solutions. Samples upon injection are sub-
jected to a very hot injection port which immediately converts them to the gas phase.
A carrier gas (usually helium) transports the gases into a heated column which is in-
ternally coated with a stationary phase. A primary driving force for separation of or-
ganic components by GC is simple boiling point differences: higher-boiling compounds
are eluted more slowly. Boiling point differences are of substantial importance even for
the so-called polarity-based columns described below. There are two major classifica-
tions of columns: nonpolar and polar. Nonpolar columns separate components almost
completely by boiling point differences; that is, the higher-boiling compounds are eluted
more slowly (have longer retention times). Polar columns separate components at least
to some degree on the basis of differences in dipole—dipole interactions between each
component and the stationary phase. The stationary phase is thus a material that sepa-
rates components by selective attraction (selective adsorption). More polar compounds
are held back longer (have longer retention times) and less polar compounds elute more
rapidly (have shorter retention times). Isolated compounds are passed through a de-
tector, and the detector responses are converted to peak shapes on an electronic
recorder. Part of this process involves computer-based conversion of the detector’s ana-
log signal to a digitized format. Retention times of the components can be used to iden-
tify them (knowns can be injected to measure standard retention times), and relative
peak areas are used to measure the amount of each compound.

Gas chromatography is useful for purity determinations and component analysis of
sufficiently volatile organic compounds. Observation of a single, large peak in a variety
of GC determinations (various columns, temperatures, etc.) for a given sample is a strong
indication of its purity. Samples must thus be thermally stable to volatilization condi-
tions for GC analysis.
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A simplified schematic diagram of a gas chromatograph is shown in Figure 4.29. A
specific gas chromatograph is shown in Figure 4.30. The instrument consists of the
following:

1.

2.

1. Tank of
carrier gas

A tank of carrier gas (see point 1), which is usually helium (or, less frequently,
nitrogen). Helium is used because it is inert and has a high thermal conductivity.

A method of controlling the gas flow. This usually involves a valve on the tank
(points 1 and 2) and a regulator on the instrument (point 3).

An injection port (see point 4). This is a metal cap, with a hole over a piece of
rubber or plastic material that can be pierced with a syringe.

A heated column (see point 5). This is a metal or glass tube that contains the
solid support and stationary phase. This “column” is coiled to fit in the heated
compartment and is connected from the injection port to the detector.

A detector (see point 6). The two most common detectors are of the thermal
conductivity and flame ionization types. The thermal conductivity detector
measures changes, at a filament, in the conductivity of the carrier gas as a func-
tion of sample content; this change is electrically passed on to the recorder (see
point 7). Thermal conductivity (TC) detectors are used on instruments that
employ packed columns. Flame ionization detection (FID) measures sample
content by burning the eluted sample in a small hydrogen flame, followed by
determining the amount of ions so produced. Detection by flame ionization
detection is frequently used on instruments that are equipped with capillary
columns.

Recorder (see point 7). The analog signal from the detector is converted to
digital output on an electronic recorder in the form of peaks (Figure 4.31). As
described earlier, the chromatogram occurs as a series of these peaks. The re-
tention times are used to identify compounds, and the peak areas are used to

2. Gas regulator 7. Recorder

L1

( 6. Detector ]

5. Heated column
e Column oven

e

- 1]

3.Gasvalve |}
4. Injector port 4, Injector port

Figure 429 A schematic diagram of a gas chromatograph.
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2-Propanol

J L lT_ripropylamine

Figure 430 GOW-MAC series fundamental gas chromatograph. Figure 431 Gas chromatogram.
(Series 350 Gas Chromatograph, courtesy of GOW-MAC Instrument
Co. Bethlehem, PA USA.)

!

Injection point

measure the amounts of the various compounds in the sample. The retention
time of a component is taken as the time at which the maximum for the peak
occurs relative to the time of injection (or relative to the retention time of some
volatile standard).

There are two major categories of GC instrument based upon the sizes of columns
employed. One type uses “packed” columns, which are typically 3-6 mm in width and
1-5 m long. The other type uses open tubular or capillary columns 0.10-0.70 mm in
width and 15-100 m long. Commonly the widths are in the 0.20-0.53-mm range. The
latter, capillary technique, is much more efficient and is the method of choice for ana-
lytical work. The former, packed-column method, is used when preparative-scale col-
lections are required.

Since capillary GC instruments are so sensitive, they are often fitted with a splitter
which functions to make the sample concentration much more lean when it is introduced
onto the column. For example if 1 pL (1 X 1078 L) of a 1% solution of compound is
used, a typical splitter setting might be such that only 1/40th of the vaporized sample
is allowed to pass onto the column.
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Capillary GC involves the use of open tubular columns (Figure 4.32) whose walls
are made of fused silica (SiOg) of 15-100 m length. These columns have inside diam-
eters of 0.10-0.70 mm (typical columns are in the 0.20-0.53-mm range), and they are
frequently coated internally with a stationary phase adsorbent that is 0.1-5 um (um =
107 m) thick. There are three categories of stationary phase coatings (Figure 4.32¢):
simple wall coatings (WCOT), coatings dispersed on porous solid support (SCOT) to
increase adsorbent surface area, and a dispersion of porous solid particles on the inside
wall (PLOT; e.g., Zeolite particles are used to separate gases). Stationary adsorbent
phases may be modified by chemical cross-linking or by chemical bonding to the solid
support to reduce loss by bleeding. Detectors for capillary GC are either FID or
electron-capture detectors (ECD), since these are more sensitive, reliable, and repro-
ducible than TC detection—especially for the small sample sizes that can be used on
these columns. Since FID and ECD detection is destructive and since the sample size
is much smaller than with packed columns, capillary GC is restricted to analytical
procedures. Preparative-scale operations are normally carried out on packed columns.

QOuter wall of column

100-700 um
Flow m———— inner diameter

Stationary phase

01-5um
(a)
Solid support
Stationary coated with Stationary
liguid stationary solid-phase
phase liquid phase particles

Column wall
Wall-coated Support-coated Porous-layer
open tubular open tubular open tubular
column column column
(WCOT) (SCOT) (PLOT)

(e

Figure 432 (a) Typical dimensions of open tubular column for gas chromatography.
(b) Aluminum-clad fused silica chromatography column. (c) Cross-sectional views of
wall-coated, support-coated, and porous-layer columns.

There are several advantages to capillary GC (compared to packed-column GC):

1. Very accurate analyses are quickly attained on very small samples.

2. Since capillary columns contain so little stationary phase, column “bleed” is
normally not a serious problem. Thus the loss of packing materials as columns
age is not nearly as serious as with packed columns, which contain much larger
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amounts of stationary phase. As volatile materials bleed off, they can be con-
fused with samples of compounds of interest with similar retention times.

A wide array of stationary phases are available for GC, and a number of these have
been listed in Figure 4.33. The choice of stationary phase used is based upon the polarity
of the compound being analyzed (Table 4.3) and on the temperature that is required.
The polarity of compounds classified in Table 4.3 ranges from polar to nonpolar in four
stages. For example, if the analysis is to be conducted on alkanes of low molecular
weight (and thus high volatility), squalene can be used. Polar organic compounds such
as carboxylic acids, which frequently have very low volatility, require a stationary phase
such as XE-60.

Capillary GC has become very common, and its great sensitivity and reliability make
it the method of choice for analytical work. Packed-column GC is very useful where it
is desirable to collect larger, preparative-scale samples and it can be used for analytical
work, keeping in mind its limited sensitivity.

Carrier Gas :

To begin instrument operation, check to see if there is helium flow before turning on
the filament current. Failure to have an inert gas around the detector filament could
result in the destruction of the filament of a thermal conductivity detector. Check the
flow by checking the tank and instrument gas gauges and the detector exit port with a
bubble meter. The pressure of the carrier gas entering the gas chromatograph is usu-
ally 10-50 psi, with a resulting flow rate of 10-150 mL/min. Allow about 30 min for
the instrument to reach a steady state before checking the flow rate.

Column Temperature

The column temperature is usually set so that it is slightly below the temperature of
the highest-boiling component. This temperature should always be below the upper
limit recommended for the stationary phase. Typical columns temperatures are
50-200°C. Sample stability should influence the temperatures chosen. The tempera-
ture is selected so that there is good resolution between the peaks without long reten-
tion times.

A ramp column temperature can be used in some applications, such as complex
mixtures. Ramping refers to the practice of using regular increases in column temper-
atures over time to allow GC analysis in a minimum length of time. A typical ramp
might mean that the column is increased from 100°C to 150°C at a rate of 5°C a minute.
This could be done so that the main components of interest, if more volatile, could be
analyzed at 100°C before ramping, and then the elevated temperature would drive off
less volatile side products, clearing the column of all injected materials. If a ramping
procedure is to be used, the initial and final temperatures, the start and stop times of
the ramp, and the heating rate must be programmed.

Injector and Detector Temperatures

The detector and the injector blocks should be heated continuously. These blocks come
to temperature very slowly, over 1 to 2 h, and are usually several tens of degrees warmer
than the column. Usually the temperature of the inlet system and the detector is
20-30°C higher than that of the column. Typical detector and injector temperatures
are 250°C.

Filament Current
The current is usually between 100 mA and 200 mA.
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Figure 433 Common stationary phases. See polarity classifications in Table 4.3.
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TABLE 4.3 Polarity Classifications of Organic
Compounds for GC Analysis®

Very Nonpolar (VNP)
Saturated hydrocarbons
Olefins
Aromatic hydrocarbons
Alkyl halides
Thioalcohols (mercaptans)
Thioethers

Nonpolar (NP)
Ethers
Aldehydes, ketones
Esters
Tertiary amines
Nitro compounds with no a-hydrogens .
Nitriles with no a-hydrogens

Polar (P)
Alcohols
Carboxylic acids
Primary (1°) and secondary (2°) amines
Oximes
Nitro compounds with a-hydrogens
Nitriles with a-hydrogens

Very Polar (VP)
Polyhydroxy compounds (alcohols, carbohydrates)
Amino alcohols
Hydroxy acids
Polyprotic acids
Polyphenols

“More details can be found in D. C. Harris, Quantitative
Chemical Analysis, 6th ed. (Freeman, New York, 2003).

Sample Injection

The sample is injected using a microsyringe (Figure 4.34). For a packed column or ther-
mal conductivity gas chromatograph, 1 #L or 10-100 &L of a 1-10% solution in a volatile
liquid of the sample is injected into one of the ports. For preparatory gas chromatog-
raphy, 20-80 uL or 50 mg can be separated into pure components. Too much sample
will cause the column to be overloaded and the peaks merged together.

The plunger of the syringe must have some pressure on it at all times during in-
jection. If moderate pressure has not been maintained on the plunger during the
injection, the plunger can be blown out of the barrel of the syringe due to the high
pressure from the vaporization of the sample.

During injection, the needle of the syringe punctures a rubber or silicon septum
located at the head of the inlet system. The sample is quickly injected into the gas chro-
matograph; a prolonged injection results in poorer resolution.
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Plunger
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do not bend) \
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usually calibrated in
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Needle
{do not bend
during injection)

~

Figure 4.34 Syringe.

Obtaining the Chromatogram

The chart pen is zeroed and the recorder started at the time of injection. The chart is
marked at the moment of injection. A record should be made of the column size and type
used, the column temperature, gas flow rate, and other details. As the peaks are recorded,
attenuation changes may need to be made so that the top of the peak can be observed.

Interpretation of the Chromatogram
Retention time is taken as the time from the injection until the time that the peak
maximum is obtained (Figure 4.35). The area of each peak is roughly calculated by
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multiplying the height of the peak by the width of the peak, which is measured at half
the height (Figure 4.36). The molar percent of a component is determined by dividing
the area of the peak by the total area of all peaks combined and multiplying this num-
ber by 100. For thermal conductivity detectors, the relative peak area corresponds to a
weight percentage, not a molar percentage.

Wl —fle— W8 HB
le— Ha

‘41\ J\

[

Area of peak A = height A x width A (measured at half height) ~ Figure 436 Calculation of peak area
and molar percent composition. [From
Area of peak B = height B x width B (measured at half height) C. K. F. Hermann ] Chem. Educ., 73

Area of peak A « 100 852-853 (1996). Copyright © 1996 by

Percent composition of peak A =

Area of peak A + peak B the Division of Chemical Education,
American Chemical Society, used with
Percent composition of peak B = __AreaofpeakB x 100 .. t
Area of peak A + peak B permlssmn.]

Collection Devices

To carry out a preparative-scale collection from a gas chromatograph, a proper collection
device must be available. A number of commercial, automatic devices are available;
some are built into the chromatograph or are available as separate units.

Several types of collection devices are illustrated in Figure 4.37. Care must be ex-
ercised in the choice of a coolant. Some compounds, when collected at their conden-
sation temperatures, which are far too low, will form an aerosol that cannot be easily
condensed in the collection device. Centrifuge tubes are handy for collection when small
samples require spinning down after collection.

Turning Off the Gas Chromatograph
Consult your laboratory instructor for the instructions on turning off the gas chro-
matograph.

Discussion

Retention times are characteristic of the compound of interest. One should avoid pre-
cise quantitative comparisons to literature retention values; too many parameters have
to be reproduced to justify such correspondence. However, injection of an unknown
mixed with an authentic sample of the suspected compound resulting in a single, sharp
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Figure 4.37 Collection devices for GC: (a) capillary size; (b) centrifuge tube; (¢) bent piece of

glass; (d) with an NMR tube as the receiver. All can be placed in an ice bath for volatile com-

pounds. [Figure 4.37d is used with permission from A. R. Bressette, |. Chem. Educ., 78, 366-367;

copyright © 2001, Division of Chemical Education, Inc.]

peak is strong support for the identity of one of the components. The mixture should
be analyzed on both polar and nonpolar GC columns. Reaction progress (reactant,
product, side product quantities, etc.) as well as purity can be monitored by gas
chromatography.

Samples collected directly from GC are usually very pure and can be analyzed
directly; for example, the sample can be washed with CDClI; solvent directly into a
NMR tube. For many compounds, it is necessary that they be collected from the gas
chromatograph and analyzed quickly so that the physical constants and other charac-
teristics determined from these samples are accurate. The samples collected can be
checked for purity by reinjecting a small sample into the GC.

7. For each of the following mixtures, suggest a separation technique and explain a ba-
sis for your choice.
a. l-octanol, 2-octanol, and 3-methyl-2-heptanol
b. aniline, benzamide, and 4-methylphenol (p-cresol)
c. ethyl benzoate, propyl benzoate, and butyl benzoate

8. It is common to convert carboxylic acids to esters before conducting separation
analysis. Explain why this is important when using GC and LC.

443 Column Chromatography

Column chromatography is directly applicable to preparative-scale separations and pu-
rifications because, in principle, we can simply choose the size of the column and its



100

Chapter 4. Separation of Mixtures

contents to fit the amount of the sample to be fractionated. This approach usually takes
a time commitment of many hours with the classical gravity flow columns. Flash chro-
matography is a type of column chromatography in which air pressure is applied to the
top of the column to push the solvent through the column at a much faster rate. With
this method, mixtures can be separated in a very short period of time. It is imperative
that a knowledge of thin-layer chromatography characteristics of a sample be known
before column chromatography is employed.

An illustration of the separation of a mixture in column chromatography is seen in
Figure 4.38. The most polar compound, signified by dark circles, is more strongly ad-
sorbed than the least polar compound, signified by light circles. Thus the least polar
compound is eluted first from the column.
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Figure 438 Illustration of separating a mixture in chromatography: (a) initial placement of the
mixture; (b) components of mixture begin to elute downward; (c)~(d) components are separa-
ting; (e) least polar component (light circles) is eluting first.

Types of Columns
A variety of chromatography columns (Figure 4.39) are available commercially. A small
piece of Teflon tubing with a pinch clamp is attached to the bottom of the plain chro-
matographic column (Figure 4.39a) to regulate flow rate. Some columns come with a
filter disk (fritted glass) above the stopcock (Figure 4.39¢). Teflon stopcocks are re-
commended over glass stopcocks to avoid contamination by the grease from the glass
stopcock. Burets and Pasteur pipets are used as columns when chromatographing
microscale amounts of material.

A common alternative to the reservoir already built into the column is a separatory
funnel. The separatory funnel would only be used with gravity columns. The separa-
tory funnel, filled with solvent and closed at the stopcock and stoppered at the top, is
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Figure 439 Chromatography columns:

(a) plain; (b) with a ground glass joint

at top; (c) with a fritted disk; (d) with
(a) b () (d) a solvent reservoir.

hung such that the lower tip is under the surface of the solvent in the column. If the
stopcock of the stoppered stopcock is opened, solvent will drip out of the funnel into the
column whenever the solvent in the column drops below the tip of the funnel. This will
supply a constant solvent head on the column until the contents of the separatory fun-
nel are depleted. This method works best only if the stopcock hole is greater than 2 mm.

(a) Slurry Packed Columns
In the slurry packed column, the solvent is used to pack the column.

Column Construction Figure 4.40 illustrates a completed packed column. LC (li-
quid column chromatography) columns are always packed the day they are to be used.
Push a small glass wool plug down to the bottom of the column. Place the column in a
ring stand in a vertical position. Place the sand on top of the glass wool plug to a depth
of about 1 cm. Tap the column gently to level the sand. Use TLC to determine the
choice of the elution solvents. Fill the column halfway with the proper elution solvent
or solvent mixture.

Weigh 30 g of absorbent per gram of mixture. The most commonly used adsor-
bents are silica gel and alumina. Silica gel is more commonly used and is especially
favorable for sensitive compounds.

Prepare a slurry of the adsorbent and the solvent and gently pour on top of the sol-
vent. Tap the column gently and drain the solvent slowly as the slurry is added so that
the adsorbent is evenly packed. The solvent may be reused. It is crucial that the ad-
sorbent is never allowed to dry out; drying creates air bubbles in the adsorbent and re-
sults in poor separation due to solvent channeling. Once all of the adsorbent has been
added to the column and it has been leveled by gentle tapping, then slowly place 1 cm
of sand on the top of the sand. Level the sand. Drain the solvent until it is halfway down
the top sand layer.
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Solvent

Sand

Alumina or silica gel

Sand

Cotton or glass wool

Figure 440 Packed chromatography column.

Use of the Packed Chromatography Column Weigh the dried mixture to be
analyzed. Dissolve this mixture in a minimum amount of solvent; use heat only if nec-
essary. Using a pipet, transfer the solution onto the surface of the sand as gently as
possible.

In those cases where it is very difficult to dissolve the sample in the solvent to be
used for the column, the sample can be dissolved in a minimum amount of polar but
volatile solvent and dispersed on a quantity of the adsorbent. Use 5 g of adsorbent per
1 g of sample. Remove the volatile solvent by placing this mixture in a rotary evapora-
tor at a low temperature. When dried, evenly distribute the dispersion on top of the
partially packed column. Cover the packed column with 1 cm of sand. This method is
superior to pipetting a solution of the mixture in a very polar solvent directly onto the
top layer of sand.

Carefully fill the rest of the column with the solvent, including the reservoir. Allow
the liquid to drip from the bottom of the column at a rate of about one drop per sec-
ond. Allow solvent to pass through the column until all pertinent sample bands are
eluted.

During the course of the chromatographic elution, the solvent composition can be
varied through a range of increasing polarities. This is recommended only if several
components of a mixture need to be separated and isolated. For instance, the follow-
ing solvent combinations of increasing polarity may be used on one particular column:

100% hexane, 0% ethyl acetate
80% hexane, 20% ethyl acetate
60% hexane, 40% ethyl acetate
40% hexane, 60% ethyl acetate
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20% hexane, 80% ethyl acetate
0% hexane, 100% ethyl acetate

In the cases in which the solvent polarity is changing, treat the column 10-20 mL
of solvent per gram of adsorbent before changing polarity; this normally amounts to two
to four fractions. Changing solvent polarity too abruptly may result in poor resolution
between components of the mixture.

Collect the eluted liquid in regular volume increments, using test tubes or
Erlenmeyer flasks. Monitor the elution of colored sample visually. Monitor colorless
samples with TL.C or GC, usually with fluorescent-sensitive sheets and looking at the
plates under an ultraviolet light. Similar fractions are combined. Evaporate off the sol-
vent by using a rotary evaporator using as little heat as possible.

Monitor the total mass of all compounds eluted and compare to the mass of the
mixture originally placed on the column. A good mass balance will not be obtained in
those cases where substantial amounts of intractable tars are held behind near the top
of the column.

Determine the purity of the fractions by TLC or GC. The identity of the compo-
nents can be determined by NMR, IR, or mass spectrometry.

Band resolution problems such as streaking and unevenness can occur with column
chromatography. Possible causes include impure solvents, channeled columns resulting
from uneven adsorbent packing, contaminated adsorbent, or decomposition of the
sample on the column. If the column has been packed too tightly, the elution flow may
not reach the desired flow of one drop per second.

(b) Dry Column Chromatography
Dry column chromatography'~* provides several improvements over traditional column
chromatography. These include the high degree of component resolution and that it is
faster than traditional column chromatography. Another important characteristic is the
near-quantitative applicability of TLC results to the dry column analysis.

The tremendous potential of dry column chromatography is shown by the separation
of isomeric compounds A and B on silica gel. This is quite impressive when one realizes
that compounds A and B have only very slight structural differences.

COOCH; COOCH;3
cl SCeHs al COOCH;
H COOCH3 H SCgHs
A B

In dry column chromatography, the column is prepared dry without the use of sol-
vent and developed just once with a single volume of solvent, in contrast to the slurry
method and multiple volumes of solvent in traditional column chromatography.

'B. Loev and M. M. Goodman, Chem Ind., 2026 (1967).

2Progress in Separation and Purification, Vol. 3, edited by E. S. Perry and C. J. Van Oss (Wiley, New York,
1970), pp. 73-95.

3]. M. Bohen, M. M. Joullie, F. A. Kaplan, and B. Loev, J. Chem. Educ., 50, 367 (1973).
*B. Loev, P. E. Bender, and R. Smith, Synthesis, 362 (1973).
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TABLE 4.4 Activity of Alumina with 4-Aminoazobenzene

R of Dye Brockmann Activity Grade Percent of Water
0.00 1 0
0.12 II 3
0.24 III 6
0.46 v 8
0.54 \'% 10

Adsorbent Careful control of the moisture content of the adsorbent is crucial to the
dry column as well as other types of chromatography. Commercial and well-defined
grades of adsorbent must be deactivated to match the TLC conditions. In the dry
column, silica gel should contain 15% water and alumina should contain 3-6% water.

Check the percent water in the adsorbent by using known published procedures.
Determine the activity of the adsorbent by using Tables 4.4 and 4.5. Prepare the de-
activated adsorbent by adding the appropriate quantity of water and rotate the mixture
in a rotary evaporator for 3 h without heat. Check the percent of water again.

TABLE 45 Activity of Silica Gel with 4-N,A-Dimethylaminoazobenzene
or 1,4-Di-p-toluidinoanthraquinone

Ry of Dye Brockmann Activity Grade Percent of Water
0.15 I 0
0.22 11 3
0.33 — 6
0.44 — 9
0.55 — 12
0.65 111 15

A fluorescent column adsorbent is extremely useful for monitoring the develop-
ment of bands of colorless compounds. Band progress can be monitored by observing
the column under a hand-held UV lamp and noting those bands on the column which
have the fluorescence blocked out.

Column Preparation for a Glass Column A glass column cannot be used with a
fluorescent column adsorbent since glass blocks the UV light. The size of the column
chosen depends directly on the preliminary TLC results; the more difficult the separa-
tion, the larger the column. Compounds which are reasonably mobile with an Ry sepa-
ration of 0.3 are usually involved in typical separations. The weight of the mixture and
the column width are factors in choosing the correct height for the adsorbent (Figure
4.41). For instance, a 6.0-g sample with an average separation would need a 2-in.-thick
column with a height of 12 in. of alumina. More efficiency is gained by using samples
of 50-75% of the column capacity; for example, 3.04.5 g of the average mixture
described above would be more efficiently separated than would 6.0 g.

These amounts correspond to a requirement of roughly 70 g of adsorbent per gram
of mixture for average separations and of about 300 g of adsorbent per gram of mix-
ture for difficult separations. The decreased capacity of grams of mixture per column

5H. Brockman and H. Schodder, Ber., 74b, 73 (1941).
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Figure 441 Graph for determining diameter and height of a dry column necessary to separate
specified weights of mixtures. [The experimental procedure on which this graph is based is de-
scribed in B. Loev and M. M. Goodman, Chem. Ind., 2026 (1967); reproduced with permission.]

height for silica gel compared to alumina is due largely to the fact that silica gel is about
one-half as dense as alumina.

A standard glass column may be used (Figure 4.39). If a fritted disk is not present
in the column, then place a small piece of glass wool in the bottom of the column.

The stopcock in the column should be left open during packing in order to mini-
mize the trapping of air in the adsorbent. Slowly pour dry adsorbent into the column
while gently tapping the column, preferably with something less dense than glass such
as a cork ring.

Column Preparation for a Nylon Column For this separation, the nylon tubing
must be transparent to UV light.

Cut a piece of nylon tubing that is longer than the length needed for the column
(Figure 4.41). Seal one end with heat using a hot flat iron or a hand sealer, or fold the
end a few times and staple it shut. Place a small piece of glass tubing at the bottom of
the tube. Make two or three small holes at the bottom to prevent air pocket formation
during the packing of the column. Add one-third of the adsorbent rapidly and tap the
bottom end of the tube two or three times on the bench top from a height of 6 in. to
compact the adsorbent. Repeat two times until all of the adsorbent has been added. A
properly packed column is quite sturdy and can be supported by a single clamp.

Use of the Dry Column  Mixtures are placed on the dry column in a minimum amount
of the eluting solvent or on the adsorbent as described above for traditional column
chromatography.
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The solvent used for the column should ideally be one solvent and not a solvent
mixture. The best solvent for the separation is determined by TLC. Approximate sol-
vent amounts are shown in Table 4.6. Solvent should be added such that a constant
head of 3-5 cm is maintained on top of the adsorbent; this can be done by placing a
stoppered separatory funnel containing the solvent just above the top layer of sand. The
quantity of the solvent required is enough to wet the entire column but not to drip out
the bottom. As soon as the solvent has reached the bottom, solvent addition should be
halted; development is complete.

TABLE 4.6 Volume of Solvent for Development of Various
Sizes of Dry Chromatographic Columns

Column Size (in.) Solvent Volume (mL)
20% 05 20
20 1.0 90 .
20X 1.5 300
20 X 2.0 500

With colored compounds the division between individual compounds is obvious. If
the compounds are colorless and a fluorescent mixture has been used for an adsorbent,
these divisions should be marked under UV light. The nylon column and its contents
are then sliced cleanly and the separated units of adsorbent are extracted with methanol
or diethyl ether to remove the desired components.

If a glass column is used, the column is inverted and the end of the column is at-
tached to an air line. With a small amount of air pressure passing through the open
stopcock, the contents of the column are carefully laid out in a pan in order to avoid
mixing the separated components. The adsorbent is sliced into separate pieces and these
pieces are extracted with methanol or diethyl ether.

Using the dry column technique, columns as long as 6 ft have been packed and
mixtures of mass of up to 50 g have been separated.

(c) Flash Chromatography

Traditional column chromatography (LC) typically takes many hours. Flash chro-
matography allows separations of samples weighing 0.01-10.0 g in less than 15 min
elution time® and produces separation similar to those obtained from TLC. In flash
chromatography, the column is pressurized with a flow control adaptor attached to the
top of the column to pressure the column (Figure 4.42). The flow control adaptor is at-
tached to an air line at a medium pressure. The stopcock on this adaptor is adjusted so
that the air flow is not too strong,

Solvent System A low-viscosity solvent system must be used for flash chromatogra-
phy. The chosen solvent system should produce an Ry value centered around 0.35 on
the TLC for the components to be effectively separated.

Column Construction After selection of a column of the correct size (Table 4.7), it
is packed using either the slurry method (pp. 101-103) or the dry column method
(pp. 103-106). The amount of silica gel used should be approximately 50 times the
weight of the mixture to be separated.

SW. Still, M. Kahn, and A. Mitra, J. Org. Chem., 43 (14), 2923 (1978).



4.4 Chromatography < 107

@ ' (5)

Figure 442 Flash chromatography columns: (a) with joints, (b) with thread connectors. Both
types are available with or without the fritted disk.

TABLE 4.7 Column Diameter Needed for Flash Chromatography”

ol Vol of Sample: FTypi?al
olumn ol o Typical Loading (mg) raction
Diameter Eluant’ iU g Mg Size
(mm) (mL) AR, =2 0.2 AR; = 0.1 (mL)
10 100 100 40 5
20 200 400 160 10
30 400 900 360 20
40 600 1600 600 30
50 1000 2500 1000 50

“The experimental procedure on which this table is based is described in W. C. Still, M. Kahn,
and A. Mitra, ]. Org. Chem., 43 (14), 2923 (1978); reproduced with permission.

bTypical volume of eluant required for packing and elution.

If the dry column method is used, the column is filled with solvent above the dry
adsorbent and the flow controller is attached. The inert gas line is attached to the in-
let tube below the stopcock. The gas is barely turned on and the stopcock is slowly
closed until a flow rate of 2 in./min is achieved. The solvent is replenished as needed
until the adsorbent is saturated with the solvent and no air bubbles are present.

Use of the Flash Chromatography Column Once the column is prepared, the sam-
ple added (p. 102), and the column filled with solvent, the flow controller is attached
to the top of the column. A flow rate of 2 in./min is maintained until all components
have been eluted, replenishing the solvent as needed until the components are eluted.
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The total amount of solvent used for the separation is roughly 7-10 times, in mL, of
the silica gel, in grams. The column is not allowed to run dry at any time.

The size of the fractions is one-third to one-sixth, in mL, of the amount of the silica
gel, in grams. If the column is packed properly, one fraction should be collected every
10-20 sec.

A simple modification of flash chromatography uses a balloon as a reservoir of pres-
surized gas attached with glass tubing to a one-hole stopper which is placed on the top
of the column.”

(d) Microscale Column Chromatography8
Microscale column chromatography uses either a Pasteur pipet or a 50-mL titration
buret (Figure 4.43) for chromatographing mixtures.

- Solvent
Sand

Alumina,
lgper4Omg
L Soivent of mixture
. [~ Sand, 50 mg
r— Silica, 500 mg
1 sand, 50 mg Sand Figure 443 Microscale chromatography
- Glass wool columns: (a) from a Pasteur pipet; (b) from
L Cotton a buret. [Figure 4.43q is from James W.
Zubrick, The Organic Chem Lab Survival
Manual, 4th ed. (Wiley, New York, 1997).
Reprinted by permission of John Wiley and
(@) (1] Sons, Inc., New York.]

Pasteur Pipet Chromatography Column The Pasteur pipet is used to separate
mixtures of 10-100 mg and is packed dry. The cotton is placed in the Pasteur buret,
followed by 50 mg of sand. Only 500 mg of dry adsorbent is needed in the Pasteur pipet.
The adsorbent is topped with another 50 mg of sand. The column is moistened with
the solvent prior to use. No stopcock or clamp is attached to the bottom of the Pasteur

pipet.

Buret Chromatography Column A 50-mL titration buret, shortened to 10 cm above
the stopcock, is used to separate mixtures of 50-200 mg and is packed as a slurry col-
umn. One centimeter of sand is used before and after the adsorbent. One gram of
adsorbent is used for each 40 mg of mixture to be chromatographed.

“W. J. Thompson and B. A. Hansen, J. Chem. Educ., 61 (7), 645 (1981).

SD. W. Mayo, R. M. Pike, and P. K. Trumper, Microscale Organic Laboratory with Multistep and Multiscale
Syntheses, 3rd ed. (Wiley, New York, 1994), pp. 99-100.
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Using the Microscale Chromatography Columns The microscale columns are used
the same day they are prepared and are used in the same manner as the larger-scale
columns. Once moistened, they should not be allowed to run dry.

444 High-Performance Liquid Chromatography (HPLC)

High-performance liquid chromatography (HPLC), sometimes called high-pressure
liquid chromatography, attacks problems associated with traditional column chro-
matography with great success. _

In traditional LC chromatography the stationary phase consists of a particle size
which is large relative to that used in HPLC. In order to speed the diffusion of sample
into the stationary phase, very fine particles of stationary phase are used in HPLC.
These particles are on the order of a few micrometers in size. The small size of such
fine particles produces a new problem, such as potentially slow flow rates; pressures
well above atmospheric pressure are necessary to push the mobile phase through tightly
packed columns of fine particles. Pumps delivering thousands of pounds per square
inch push mobile phases through columns of very fine particles. Detectors that differ-
entiate samples by refractive index, by UV absorption, and by fluorescence are
commonly used.

High-performance liquid chromatography offers the advantage of high speed,
reusable columns, automatic and continuous solvent addition, reproducible pro-
grammed gradients of solvents, and automatic and continuous monitoring of the eluted
samples. Less than 1 mg of sample is commonly analyzed. Preparative-scale instruments
separate between several milligrams and a few grams of sample. The main disadvantage
of preparative-scale separations is that large amounts of solvents are used.

Solvent System In the schematic (Figure 4.44), the apparatus is equipped with one
or more glass or steel solvent reservoirs. The solvent may be heated or stirred, or the

®Consult Chapter 12 for analytical chemistry books that explain this method in detail.

Helium

Solvent reservoirs

]
—_— —_— Drain
High-pressure I_I:I
pump Puise ¢
dampener Filter
Recorder  Detector o <

D—E Column |j Figure 444 Schematic of

a high-performance liquid
Injector chromatography column.
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solvent reservoirs may contain attachments inlets for inert gases for solvent degassing.
The presence of dissolved gases results in poorer resolution of the peaks.

Pumps The pump for the HPLC instrument must be pulseless and able to generate
reproducible flow rates. The pump must be able to drive the mobile phase through
long, narrow columns which are packed with very fine particles and to generate pres-
sures up to 6000 psi and a solvent flow of 0.1-10 mL/min.

Sample Introduction The sample is introduced into the system via a syringe. A sam-
pling loop is the most common method of sample introduction. The sample is injected
into a small loop. As a lever is moved, the loop is closed off from the outside and the
solvent is allowed to pass through the loop, thus introducing the sample into the system.

Columns Columns for HPLC are usually constructed from stainless steel tubing
Fittings and plugs must be inert and should not detract from the homogeneity of the
flow. Analytical columns range in length from 10 to 150 cm long. The inside diameters
vary from 1 to 20 mm. Columns of less than 8 mm are difficult for a novice to pack.
The dimensions of a preparative LC column are typically 30 cm by 5 cm.

Silica is the most common type of packing material. The silica may be coated with
a thin organic film, which is chemically bonded to the surface of the silica. By using a
reverse-phase type of adsorbent, compounds may be separated on the basis of
nonpolar-nonpolar interactions rather than polar-polar interactions.

Detectors The most commonly used detector for HPLC is an ultraviolet spec-
trophotometer or a refractometer. Other detectors such as infrared and electrochemi-
cal have also been used. The spectrophotometers are considered to be much more
versatile and can detect a wider range of compounds. By using a refractometer, changes
in the solvent refractive index can be detected.

Analysis of Chromatograms The retention times and percent composition of each
component are determined from the chromatogram. The retention times are calculated
by dividing the distance by the chart speed (Figure 4.35). The distance is measured
from the zero time mark, when the sample is injected, to the top of the peak. The zero
time mark can be made by moving the pen on the recorder up and down before the
sample is injected into the column. The chart speed is determined by looking at the
recorder. The units of the chart speed may be in cm/min or mm/min. Care must be taken
so that the units cancel out properly, leaving behind only the unit of time.



Classification of Organic
Compounds by Solubility

In this chapter we begin the process of determining the structural composition of organic
compounds. Elemental composition obtained in Chapter 3 can be of use here. Both
solubility and spectrometric analyses (Chapters 6, 7, and 8) often lead to the same kinds
of structural deduction. Deductions based upon interpretation of simple solubility tests
can be extremely useful in organic structure determination.

Before proceeding, the difference between solubility and a chemical reaction must
be ascertained. In some cases, a chemical reaction is accompanied by a change in color
or heat or by the formation of a precipitate. Solubility involves the formation of one
layer, if the compounds are miscible, or two layers, if the compounds are immiscible.

The solubility of organic compounds can be divided into two major categories: sol-
ubility in which a chemical reaction is the driving force, for example, the following
acid—base reaction,

NO; NO,
OH™
H,0
C C
N N —
0o ToH 0” O Na'
4-nitrobenzoic acid sodium 4-nitrobenzoate
water insoluble water soluble

and solubility in which simple miscibility is the only mechanism involved, such as
dissolving ethyl ether in carbon tetrachloride. Although the two solubility sections below
are interrelated, the first section deals primarily with the identification of functional
groups and the second with the determination of solvents to be used in recrystallizations,
spectral analyses, and chemical reactions.

5.1 SOLUBILITY IN WATER, AQUEOUS ACIDS AND BASES, AND ETHER

Three kinds of information can often be obtained about an unknown substance by a
study of its solubilities in water, 5% sodium hydroxide solution, 5% sodium bicarbonate
solution, 5% hydrochloric acid solution, and cold concentrated sulfuric acid. First, the
presence of a functional group is often indicated. For instance, because hydrocarbons
are insoluble in water, the mere fact that an unknown is partially soluble in water indi-
cates that a polar functional group is present. Second, solubility in certain solvents often
leads to more specific information about the functional group. For example, benzoic

111
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acid is insoluble in a polar solvent, water, but is converted by 5% sodium hydroxide
solution to a salt, sodium benzoate, which is readily water soluble. In this case, then,
the solubility in 5% sodium hydroxide solution of a water insoluble unknown is a strong
indication of an acidic functional group. Finally, certain deductions about molecular size
and composition may sometimes be made. For example, in many homologous series of
monofunctional compounds, the members with fewer than about five carbon atoms are
water soluble, whereas the higher homologs are insoluble.

Compounds are first tested for solubility in water. In considering solubility in water,
a substance is arbitrarily said to be “soluble” if it dissolves to the extent of 3.3 g/100 mL
of solvent. This standard is dictated by the limitations inherent in the method employed,
which depends on rough semiquantitative visual observations, as will be seen. Care is
needed in interpreting the classifications of “soluble” and “insoluble” in other references
because different standards for solubility may have been followed.

If the compound is soluble in water, then it is tested for solubility in ether. If the
compound is insoluble in ether, then it is in solubility class S,. Solubility in ether indicates
that the compound is in solubility classes S, Sg, or S;. The aqueous solutions of the
ether soluble compounds are then tested with pH paper to narrow down the choices.
No more solubility tests are needed at this point if the compound is soluble in water.

However, if the compound is not soluble in water, then it is tested for solubility in
5% sodium hydroxide solution. Acidic compounds are identified by their solubility in 5%
sodium hydroxide solution. Strong and weak acids (solubility classes A; and Ay; see Table
5.1 and Figure 5.1) are differentiated by their solubility or lack of solubility in 5% sodium
bicarbonate solution. Once the compound is identified as an acid and its solubility class
determined, then no more solubility tests are needed.

TABLE 5.1 Organic Compounds Comprising the Solubility Classes of Figure 5.1*

So Salts of organic acids (RCO;Na, RSO;Na); amine hydrochlorides (RNH;CI); amino acids
(R—C|H—C02_); polyfunctional compounds with hydrophilic functional groups:

NH;*
carbohydrates (sugars), polyhydroxy compounds, polybasic acids, etc.
Sa Monofunctional carboxylic acids with five carbons or fewer; arylsulfonic acids.
Sa Monofunctional amines with six carbons or fewer.
S Monofunctional alcohols, aldehydes, ketones, esters, nitriles, and amides with five carbons
or fewer.

A;  Strong organic acids: carboxylic acids with more than six carbons; phenols with electron-
withdrawing groups in the ortho and/or para position(s); B-diketones (1,3-diketones).

A, Weak organic acids: phenols, enols, oximes, imides, sulfonamides, thiophenols, all with
more than five carbons; B-diketones (1,3-diketones); nitro compounds with a-hydrogens.

B Aliphatic amines with eight or more carbons; anilines (only one phenyl group attached to
nitrogen); some ethers.

MN  Miscellaneous neutral compounds containing nitrogen or sulfur and having more than five
carbon atoms.

N Alcohols, aldehydes, ketones, esters with one functional group and more than five but
fewer than nine carbons, ethers, epoxides, alkenes, alkynes, some aromatic compounds
(especially those with activating groups).

I Saturated hydrocarbons, haloalkanes, aryl halides, other deactivated aromatic compounds,
diaryl ethers.

“Acyl halides and carboxylic acid anhydrides have not been classified because of their high reactivity.
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insol. S
2
sol. Ether Litmus red (aq) s
A
Litmus blue (aq) S
B
sol. .
Litmus unchanged (aq) s
1
Water — sol. A
1
sal. 5% NaHCO,3
. Ay
5% NaOH insol.
T ——— sol.
insol. B
5% HCI L __________ MN

insol. sol.

96% H,S0, N
insol.

insol.

Figure 5.1 Classification of organic compounds by solubility: determination in water, acids,
bases, and ethers (see Table 5.1 for compounds comprising each class). sol. = soluble,
insol. = insoluble; litmus is red at pHs below 4.5 and blue above 8.3.

For compounds that are insoluble in water and subsequently insoluble in 5% sodium
hydroxide, the solubility in 5% hydrochloric acid solution is determined. Compounds
that behave as bases in aqueous solution are detected by their solubility in 5%
hydrochloric acid solution (solubility class B). If the compound is identified as a base,
then additional solubility tests are not needed.

Many compounds that are neutral toward 5% hydrochloric acid solution behave as
bases in more acidic solvents such as concentrated sulfuric acid. In general, compounds
containing sulfur or nitrogen have an atom with an unshared pair of electrons and would
be expected to dissolve in a strong acid. No additional information would be gained,
therefore, by determining such solubility; for this reason, when the elemental analysis
has shown the presence of sulfur or nitrogen, no solubility tests beyond those for acidity
and basicity in aqueous solution are carried out. Compounds that contain nitrogen or
sulfur and are neutral in aqueous acid or base are placed in solubility class MN.

Compounds that are insoluble in water, 5% sodium hydroxide solution, and 5%
hydrochloric acid solution, but soluble in 96% sulfuric acid solutions, are classified in
solubility class N. The solubility in 96% sulfuric acid indicates the presence of an oxygen
atom or of a reactive hydrocarbon function such as a double or triple bond or an easily
sulfonated aromatic ring,

Compounds that are insoluble in water, 5% sodium hydroxide solution, 5%
hydrochloric acid solution, and 96% sulfuric acid solution are placed in solubility class
I (inert compounds).

When solubility in 5% acid or base is being considered, the significant observation
to be made is not whether the unknown is soluble to the extent of 3% or to any arbitrary
extent but, rather, whether it is significantly more soluble in aqueous acid or base than
in water. This increased solubility is a positive test for a basic or acidic functional group.

It is very important to follow the flowchart illustrated in Figure 5.1. Unnecessary
tests give confusing results.

Directions for determining the solubility class of an unknown compound are given
below, followed by an explanation of the solubility of various types of compounds.
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** PROBLEM

1. Give the solubility class and the possible types of compounds for the solubilities

listed below.

a. The unknown compound was insoluble in water, 5% NaOH, and 5% HCI, but
soluble in 96% H,SO,.

b. The unknown compound was soluble in water and ether and was unchanged with
litmus.

¢. The unknown compound was insoluble in water and 5% NaHCOs, but soluble in
5% NaOH.

Determination of Solubilities

Procedure for Water Solubility

Place 0.05 mL (approximately one drop) or 25 mg of the compound in a small test tube,
and add 0.75 mL of water in small portions. Shake vigorously after the addition of each
portion of solvent, being careful to keep the mixture at room temperature. If the
compound dissolves completely, record it as soluble.

Powder all solids to increase the rate of dissolving of the solid. If the solid appears
to be insoluble in water or ether, it is sometimes advisable to heat the mixture gently.
If the solid dissolves with heating, the solution is cooled to room temperature and is
shaken to prevent supersaturation. The cooled solution is then “seeded” with a crystal
of the solid. Care should be taken in weighing the sample; it should weigh 25 mg = 1 mg.

Measure all liquids with a graduated pipet that permits the accurate measurement
of the liquid. When two colorless liquid phases lie one above the other, it is often possible
to overlook the boundary between them and thus to see only one phase. This mistake
can generally be avoided by shaking the test tube vigorously when a liquid unknown
seems to have dissolved in the solvent. If two phases are present, the solution will
become cloudy. In the rare cases where two colorless phases have the same refractive
index, the presence of a second phase will escape detection even if this precaution is
taken.

Cleaning Up Place the test solutions in the aqueous solution container.

Procedure for Testing with Litmus Paper
Dissolve 0.05 mL (approximately one drop) or 25 mg of the compound in 0.75 mL of
water. Using a stirring rod, place a drop of this aqueous solution on both red and blue
litmus paper. If both litmus papers turn red, the compound has a solubility class of S,.
If both litmus papers turn blue, the compound has a solubility class of Sg. If both litmus
papers remain their original color, the compound has a solubility class of S;.
Compounds with a pK, < 8 will fall in class S, (see Table 5.1 and Figure 5.1).
Compounds with a pK, <9 will fall in class Sg. Consequently, phenols with pK, of
about 10 give aqueous solutions too weakly acidic (pH about 5) to turn litmus paper
red. Litmus is red at pHs below 4.5 and blue above 8.3. For similar reasons, an aromatic
amine such as aniline is too weak a base (pK}, 9.4) to turn litmus blue in aqueous solution.
Although more refined procedures can be developed using a pH-indicating paper, it is
preferable to rely more on the tests discussed in Chapter 9.

Cleaning Up Place the test solutions in the aqueous solution container.
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Procedure for Ether Solubility

Place 0.05 mL (approximately one drop) or 25 mg of the compound in a small test tube,
and add 0.75 mL of diethyl ether in small portions. Shake vigorously after the addition
of each portion of solvent, being careful to keep the mixture at room temperature. If
the compound dissolves completely, record it as soluble.

Cleaning Up Place the test solution in the organic solvent container.

Procedure for Solubility in Aqueous Acid or Base

To test for solubility in aqueous acid or base, thoroughly shake a mixture of 0.05 mL
(approximately one drop) or 25 mg of the unknown compound with 0.75 mL of 5%
sodium hydroxide solution, 5% sodium bicarbonate solution, or 5% hydrochloric acid
solution. Separate (filter if necessary) the aqueous solution from any undissolved un-
known, and neutralize it with acid and base. Examine the solution very carefully for any
sign of separation of the original unknown. Even a cloudy appearance of the neutralized
filtrate is a positive test. :

When solubility in acid or alkali is being determined, heat should not be applied
because it might cause hydrolysis to occur. If the mixture is shaken thoroughly, the time
required for the unknown to dissolve should not be more than 1 to 2 min.

Often it is possible to utilize a single portion of unknown for tests with several dif-
ferent solvents. Thus, if the compound is found to be insoluble in water, a fairly accurate
measure of its solubility in 5% sodium hydroxide solution can be obtained by adding about
0.25 mL of a 20% solution of sodium hydroxide to a mixture of the compound in 0.75
mL of water. The resulting 1.0 mL of solvent will then contain a 5% solution of sodium
hydroxide. If the substance is very insoluble, it may often be recovered and used subse-
quently for the hydrochloric acid test. Although it is possible to conserve the unknown in
this manner, it is recommended that a fresh unknown sample be used for each test.

Cleaning Up Place the test solutions in the aqueous solution container.

Procedure for Solubility in Concentrated Acid

Place 0.6 mL of concentrated sulfuric acid in a test tube, and add 0.05 mL (approximately
one drop) or 25 mg of the unknown compound. For purposes of solubility classification,
unknowns that react with sulfuric acid to produce heat and/or color changes should be
classified as soluble, even if the sample does not appear to dissolve.

Cleaning Up Carefully neutralize the test solution with 10% sodium hydroxide
solution and place the test solution in the aqueous solution container.

5.1.2 Theory of Solubility

Polarity and Solubility

When a solute dissolves, its molecules or ions become distributed more or less randomly
among those of the solvent. In crystalline sodium chloride, for example, the average
distance between sodium and chloride ions is 2.8 A. In a 1 M solution the solvent has
interspersed itself in such a way that sodium and chloride ions are about 10 A apart.
The difficulty of separating such ions is indicated by the high melting point (800°C) and
boiling point (1413°C) of pure sodium chloride. Another indication of the importance
of solvent is the fact that sodium chloride readily forms ions in water, while it takes sev-
eral hundred kilocalories per mole to form ions from sodium chloride in the solid state.
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The dielectric constant is the measure of the ability of the solvent to separate ionic
charges. The dielectric constant of the solvent is related to the polarity of the solvent.
Dielectric constants of some organic solvents are listed in Table 5.2. A compound with
a high dielectric constant is a polar solvent; a compound with a low dielectric solvent
is a nonpolar solvent. It is not surprising that water, with a high dielectric constant of 80,
facilitates the separation of sodium and chloride ions and dissolves sodium chloride
readily, whereas both hexane (dielectric constant 1.9) and diethyl ether (dielectric con-
stant 4.4) are extremely poor solvents for ionic salts. Water molecules positioned be-
tween two ions (or the charged plates of a condenser) are actually small dipoles, which
orient themselves end to end in such a way as to partially neutralize the ionic charges
and thus stabilize the system. An assumption might be made that the solvating ability
and dielectric constant are related. However, this is not entirely the case. A high di-
electric constant is required but is not the only characteristic of an effective ion solvent.
For example, hydrogen cyanide, with a dielectric constant of 116, is a very poor solvent
for salts such as sodium chloride. Although the situation is quite complex, one major
factor responsible for the efficiency of water and other hydroxylic solvents is their abil-
ity to form hydrogen bonds with the solute.

TABLE5.2 Dielectric Constants of Common Organic Solvents

Compound Dielectric Constants
Hydrogen cyanide 116
Formamide 111
Water 80
Formic acid 58
Dimethyl sulfoxide 47.8
Acetonitrile 37.5
N,N-Dimethylformamide 37
Methanol 32.6
Hexamethylphosphortriamide 30
Ethanol 24.3
Acetone 20.7
Methylene chloride 9
Tetrahydrofuran 7.6
Acetic acid 6.2
Ethyl acetate 6
Chloroform 4.8
Diethyl ether 44
Benzene 2.3
Carbon tetrachloride 2.2
Hexane 19

The high dielectric constant and hydrogen-bonding ability of water, which combine
to make it a good solvent for salts, also make it a poor solvent for nonpolar substances.
In pure water, molecules are oriented in such a way that positive and negative centers
are adjacent. Attempting to dissolve a nonpolar substance such as hexane in a solvent
such as water is analogous to separating unlike charges in a medium of low dielectric
constant. As a general rule, a polar solvent may be expected to readily dissolve only
polar solutes, and nonpolar solvent only nonpolar solutes. This generalization has been
summarized more succinctly as “like dissolves like.”
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Table 5.1, related to Figure 5.1, lists the solubility class of various types of com-
pounds. A discussion of the solubility trends of compounds appears below.

Since most organic molecules have both a polar and a nonpolar entity, it can be de-
duced that its solubility would depend on the balance between the two parts. As the
percentage of the hydrocarbon portion increases, the properties of the compounds
approach those of the parent hydrocarbons. As a result, water solubility decreases and
ether solubility increases. A similar change in solubility occurs as the number of aromatic
hydrocarbon residues in the molecule increases. Thus 1-naphthol and 4-hydroxybiphenyl
are less soluble in water than phenol:

Water Solubility

s oNeve

1-naphthol phenol 4-hydroxybiphenyl

The phenyl group, when present in aliphatic acids, alcohols, aldehydes, and similar
compounds, has an effect on water solubility approximately equivalent to a four-carbon
aliphatic unit. Benzyl alcohol, for example, is about as soluble in water as 1-pentanol, and
3-phenylpropanoic (hydrocinnamic) acid exhibits a solubility similar to that of heptanoic acid:

Water Solubility
CgHsCH20OH = CH3CH2CH,CHoCHoOH

benzyl alcohol 1-pentanol
CgHsCHoCHCOOH = CH3CHCHoCHoCHoCHoCOOH
3-phenylpropanoic acid heptanoic acid
(dihydrocinnamic acid)

The solubility of a substance is a measure of the equilibrium between the substance in
its solid state and the substance, or its ions, in solution. Such an equilibrium is affected
not only by the solvent-solute interactions previously discussed but also by the inter-
molecular forces present in the pure solute. These forces are independent of the po-
larity or other properties of the solvent, and their relative strengths may be estimated
by a comparison of melting and boiling points, since these processes involve a separation
of molecules that is somewhat related to the separation that occurs on solution.

The dicarboxylic acids illustrate the inverse relationship of melting point and solu-
bility. The data in Table 5.3 show that each member with an even number of carbon
atoms melts at a higher temperature than either the immediately preceding or following
acid containing an odd number of carbon atoms. The intracrystalline forces in the
members with an even number of carbon atoms evidently are greater than in those with
an odd number of carbons. Since the solubility limit for solids is generally set at
3.3 g/100 mL of water, it is evident that hexanedioic acid (adipic acid, six carbons) is
water insoluble but heptanedioic acid (pimelic acid, seven carbons) is water soluble.

The relationship of high melting point and low solubility is further illustrated by
the isomers cis- and trans-2-butenedioic acid (maleic and fumaric acids). trans-
2-Butenedioic acid sublimes at 200°C and is insoluble in water. cis-2-Butenedioic acid
melts at 130°C and is soluble in water. Among cis-trans isomers, the cis form generally
is the more soluble. Similarly, with polymorphous substances such as benzophenone,'
the lower melting forms possess the higher solubilities.

! Benzophenone occurs in at least four crystalline forms.
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TABLE5.3 Water Solubility of Dicarboxylic Acids, HOOC—(CH,),_,—COOH

Number (x) of Solubility (g/100 g
Carbon Atoms mp (°C) of Water at 20°C)
Even number of carbon atoms
Ethanedioic acid (2) 189 95
(oxalic acid)
Butanedioic acid (4) 185 6.8
(succinic acid)
Hexanedioic acid (6) 153 2
(adipic acid)
Octanedioic acid (8) 140 0.16
(suberic acid)
Decanedioic acid (10) 133 0.10

(sebacic acid)

0Odd number of carbon atoms

Propanedioic acid (3) 135 73.5
(malonic acid)

Pentanedioic acid (5) 97 64
(glutaric acid)

Heptanedioic acid (7) 103 5
(pimelic acid)

Nonanedioic acid (9) 106 0.24

(azelaic acid)

HOOC COOH HOOC H

H H H COOH
cis-2-butenedioic acid trans-2-butenedioic acid
(maleic acid) (fumaric acid)
Z-isomer E-isomer

The diamides of dicarboxylic acids constitute another group of compounds for which
the melting point is a valuable index of the forces present in the crystals. Urea (mp 132°C)
is water soluble. On the other hand, ethanediamide (oxalic acid diamide) has a quite high
melting point of 420°C and a low solubility in water. Substitution of methyl groups for
the hydrogen atoms of the amide group lowers the melting point by reducing intermo-
lecular hydrogen bonding and increases the solubility in water; N,N’-dimethylethane-
diamide and N,N,N'N’-tetramethylethanediamide are water soluble. Hexanediamide is
water insoluble, whereas its N,N,N',N’-tetramethyl derivative is water soluble.

HN_ _NH, HeN NHy
(”3 . //c—c\\
0] 0] 0]
urea cthanediamide
mp 132°C mp 420°C
H;CHN NHCHj (H3C)oHN NH(CHj3),
\C C/ \C C/
/7 N\ /7 N\
0O (0] O 0]
N,N'-dimethylethanediamide N,N,N',N'-tetramethylethanediamide

mp 217°C mp 80°C
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Regarding water solubility, amides of the type RCONH; and RCONHR agree with
the general rule that the borderline compounds contain about five carbon atoms (above).
However, N,N-dialkylamides (RCONR;), which have lower melting points than the
corresponding unsubstituted amides, are much more soluble in water. The water solu-
bility limit for the N, N-dialkylamides is in the range of nine to ten carbon atoms. Amides
having the group —CONH, may act both as acceptors and as donors in forming
hydrogen bonds. Intermolecular hydrogen bonding cannot occur with the N,N-
disubstituted amides (RCONRg), and hence their state of molecular aggregation is low,
as indicated by their lower melting points and higher solubilities.

(0]
o ox
R/ \ITI/ l|1
- _C H
Ho+ R 8- 2
s (I: sﬁ’/o ]l\l
ﬁ ’.,O ~N H
C T
R/ \N/8+ H
|
H

In general, an increase in molecular weight leads to an increase in intermolecular
forces in a solid and decreased solubility. Therefore, polymers and other compounds of
high molecular weight generally exhibit low solubilities in both water and ether. Thus
formaldehyde is readily soluble in water, whereas paraformaldehyde is insoluble.

H H
\ |
/C =0 HO (IJ —O+—H
H H "
formaldehyde paraformaldehyde
(methanal) water insoluble

water soluble

Methyl acrylate is soluble in water, but its polymer is insoluble. The fact that a pi bond
is lost upon polymerization may also affect solubility.

H\ H H H
c— / \C— C/
H/ C\C —OQOCH H/ \C OCH
Vi 3 / 3
O O n

methyl acrylate polymer of methyl acrylate

Glucose is soluble in water, but its polymers (starch, glycogen, and cellulose) are inso-
luble. Fibrous proteins are insoluble in water, but globular proteins are soluble in water.
Many amino acids are soluble in water, but their condensation polymers, the proteins,
are usually insoluble. The tendency of certain proteins, dextrins, and starches to form
colloidal dispersions may lead to inaccurate conclusions regarding their solubility.

Another method of increasing the molecular weight of a molecule is by the substi-
tution of halogens for hydrogens. The result is a lower water solubility of the halogenated
compound.
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The five-carbon upper limit for water solubility follows from a very general prin-
ciple—that increased structural similarity of the solute and the solvent is accompanied
by an increase in solubility. Since water is a polar solvent, compounds that are water soluble
contain polar functional groups. As a homologous series is ascended, the nonpolar hy-
drocarbon part of the molecule increases while the polar function remains essentially un-
changed, thus resulting in a decrease in solubility in polar solvents such as water.

The tendency of certain oxygen-containing compounds to form hydrates also con-
tributes to water solubility. The stability of these hydrates is therefore a factor in
determining water and ether solubility. Compounds such as 2,2,2-trichloroethanal
probably owe their solubility in water to hydrate formation.

1 i
Cl,C H
~N A~
(lf Cl,C—C—OH
O OH
2,2,2-trichloroethanal 2,2,2-trichloroethanalhydrate
(chloral) ) (chloral hydrate)

Low molecular weight esters of methanoic (formic) and 2-oxopropanoic (pyruvic)
acids are hydrolyzed by water at room temperature, as indicated by the fact that the
aqueous layer becomes distinctly acid to litmus.

H3C OCH
c C—C
| 7\
0 0] 0]
ethyl methanoate methyl 2-oxopropanoate
(ethyl formate) (methyl pyruvate)

Effect of Chain Branching on Solubility

Since branching of the hydrocarbon chain lowers the boiling points of the lower
homologous series, such as the hydrocarbons and alcohols, an assumption can be made
that branching also lowers intermolecular forces and decreases intermolecular attraction.
Therefore, a compound having a branched chain is more soluble than the corresponding
straight-chain compound. This is a general rule and is particularly useful in connection
with simple aliphatic compounds. For example, the solubility of an iso compound differs
widely from that of its normal isomer and is close to that of the next-lower normal
member of the same homologous series. The effects of chain branching are shown in
Table 5.4.

The position of the functional group in the carbon chain also affects solubility. For
example, 3-pentanol is more soluble than 2-pentanol, which in turn is more soluble than
1-pentanol. When the branching effect is combined with the position of the functional
group toward the center of the molecule, as in the case of 2-methyl-2-butanol, a very
marked increase in solubility is noted. Normally, the more compact the structure, the
greater the solubility, provided that comparisons are made on compounds containing
the same functional group(s) and molecular weight.

5.1.3 Theory of Acid—Base Solubility

Effect of Structure on Acidity and Basicity
In general, the problem of deciding whether a water insoluble unknown should dissolve
in dilute acid or base is primarily a matter of estimating its approximate acid or base
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TABLE 5.4 Water Solubility of Various Organic Compounds

Type of
Compound  Soluble Borderline Insoluble
Acid 2,2-Dimethylpropanoic acid (Cs)  3-Methylbutanoic acid {(Cs)  Pentanoic acid (Cs)
(pivalic acid) (isovaleric acid) {valeric acid)
Acid 2-Methylpropanoyl! chloride (C4)  Butanoyl chloride (C,)
chloride (isobutyryl chloride) (butyryl chloride)
Alcohol 2,2-Dimethyl-1-propanol (Cs) 3-Methyl-2-butanol (Cs) 1-Pentanol (Cs)
{neopentyl alcohol) (amyl alcohol)
Amide 2-Methylpropanamide (C,) Butanamide (C,)
(isobutyramide) (butyramide)
Ester 1-Methylethy! ethanoate (Cs) Propyl ethanoate (Cs)
(isopropyl acetate) (propyl acetate)
Ketone 3-Methyl-2-butanone (Cs) 2-Pentanone (Cs)
(isopropyl methyl ketone) {methyl propyl ketone)
Nitrile - 2-Methylpropanenitrile (C,)  Butanenitrile (C4)
(isobutyronitrile) (butyronitrile)

strength. In doing this, we must be concerned with the structural features that will sta-
bilize the organic anion, A, and position the following equilibrium? farther to the right:

HA=—H" + A~
that is, we increase the magnitude of K,, where
[H*][A7]

K= THa]

or decrease the magnitude of pK, = log(1/K,) = —log K,.
The two principal effects influencing structural control of acid-base strength are
electronic and steric.

Electronic Effects on Acidity and Basicity

Extensive studies have been done on the correlation of structure with acid or base
strength of substituted organic compounds. These effects have been rationalized® on an
electronic basis; thus the para and ortho positions of aromatic compounds are more
sensitive to electronic influences than are the meta positions:

The ortho and para positions are centers of partial negative charge and thus these centers
respond to substitution by polar groups; ortho-substitution considerations are sometimes
hindered by steric factors.

2H" is used interchangeably with H;O™.

3Consult any book on theoretical organic chemistry, such as M. B. Smith and ]. March, Advanced Organic
Chemistry, 5th ed. (Wiley-Interscience, New York, 2000).
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Most carboxylic acids have dissociation constants in water, at 25°C, of 1 X 107®
greater and therefore are readily soluble in 5% sodium hydroxide solution. Phenols
with a dissociation constant of 1 X 10, are less acidic. Phenols are soluble in strongly
basic sodium hydroxide solution, but insoluble in 5% sodium bicarbonate solution.*
However, the substitution of certain functional groups onto the ring may have a profound
effect on their acidity. Thus 2- and 4-nitrophenol have dissociation constants of about
6 % 107%. The introduction of an ortho or para nitro group onto the ring increases the
acidity of phenol by a factor of about 600. Therefore, the addition of two nitro groups,
such as in 2,4-dinitrophenol, increases the acidity to such an extent that the compound
is soluble in 5% sodium bicarbonate solution. The acidity-increasing effect of the nitro
group is due to stabilization of the phenoxide anion by further distribution of the negative
charge on the nitro group.

OH ] Qb_: 1
+ H0 — C @ < etc.| +H30%
G
e

8+ +
o~ o 50 \ : :
0 i O O |

A similar increase in acidity is observed when a halogen is substituted onto phenol.
Thus an ortho bromine atom increases the acidity of phenol by a factor of about 30 and
a para bromine atom by a factor of about 5. The presence of more halogens increases
solubility so that a compound such as 2,4,6-tribromophenol is a sufficiently strong acid
to dissolve in 5% sodium bicarbonate solution. The increase in acidity can be explained
by inductive effects.

Similar electronic influences affect the basicity of amines. Aliphatic amines in aque-
ous solution have basicity constants, K,, of about 1 X 1072 or 1 X 10™*, which is
approximately the basicity constant of ammonia, 1 X 1075, Introduction of a conjugated
phenyl group® lowers the basicity by about 6 orders of magnitude, for example, aniline
has a K, of 5 X 107!, The phenyl ring stabilizes the free amine by resonance and also
decreases the basicity of nitrogen inductively.

H H_+ H
H\Né ~
H0 + (@ — ij — ete.| =—
L k_ﬂ = J

“The K, of 2,4-dinitrophenol is about 1074,
>The nonbonded electron pair on nitrogen is said to be conjugated with formal “double” bonds of the

H

| +
H—N—H

benzene ring; for example, it possesses an —N-—C=C unit with overlapping orbitals.

A,

—N—C=C—

000
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A second phenyl substituent decreases the basicity to such an extent that the amine
is no longer measurably basic in water. For example, diphenylamine is insoluble in 5%
hydrochloric acid solution. Substitution of a nitro group on the phenyl ring of aniline
lowers the base strength because this electron-withdrawing group destabilizes the
anilinium ion, the conjugate acid, while stabilizing the free base.

8_
] H o H
AN | + \ /
, N—H +N N+
p | / \
é) H - O- H

anilinium ion

Steric Effects on Acidity and Basicity

The ortho-disubstituted phenols have reduced solubility in aqueous alkali, and the term
cryptophenol has been used to emphasize this characteristic. Claisen’s alkali (35% potas-
sium hydroxide in methanol-water) has been used to dissolve such hindered phenols.
An extreme example is 2,4,6-tri-t-butylphenol, which fails to dissolve in either aqueous
sodium hydroxide or Claisen’s alkali. It can be converted to a sodium salt only by treat-
ment with sodium in liquid ammonia or sodium amide. 2,4,6-Tri-t-butylaniline shows
similar behavior. It is such a weak base that the pK, of the conjugate acid is too low to
be measured in aqueous solution. 2,6-Di-t-butylpyridine is a significantly weaker base
than is dimethylpyridine. It has been suggested that the weakening of the base strengths
of the ortho-disubstituted amines is due to the steric strain created about the proto-
nated nitrogen atom. Thus, the instability of the 2,6-di-t-butylphenoxide ion and of the
other hindered ammonium ions mentioned is probably due primarily to the steric in-
terference with the solvation of ions.

Steric strain may either increase or decrease the acidity of carboxylic acids. For ex-
ample, substitution of alkyl groups on the a-carbon atom of acetic acid tends to decrease
acidity by destabilizing the conjugate base through steric inhibition by solvation. Ortho-
disubstituted benzoic acids, on the other hand, are appreciably stronger than the cor-
responding para isomers. The ortho substituents cause the carboxyl group to be out of
the plane of the ring, disrupting resonance overlap between the carboxylate gr group and
the ring, thus resulting in greater destabilization of the acid than of the anion.® This lat-
ter case is an example of a second kind of steric effect, which is commonly referred to
as steric inhibition of resonance. Although 4-nitrophenol is about 2.8 pK,, units stronger
than phenol, 3 5-dimethyl-4-nitrophenol is only about 1.0 pK, units stronger.

0 Q e S

©2 (0/ o>

pK, at 25°C: 9.99 7.21 8.24

SMore details on this can be found in a physical organic book such as T. H. Lowry and K. S. Richardson,
Mechanism and Theory of Organic Chemistry, 3rd ed. (Benjamin Cummings, New York, 1987). (Also see
footnote 3.)
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Part of the effect of the two methyl groups, in reducing the acidity of the nitro-
phenol, seems to be due to steric inhibition of resonance in the anion. Thus, structure
A requires coplanarity or near coplanarity of all of the nitro group’s atoms and the aro-
matic ring. Such coplanarity is inhibited by the presence of the methyl groups in the ion.

5.1.4 Solubility in Water

Water, being a polar solvent, is a poor solvent for hydrocarbons. The presence of double
bonds, triple bonds, or aromatic rings does not affect the polarity greatly and such
substances are not appreciably different from alkanes in their water solubility. The
introduction of halogen atoms changes the water solubility. As a halogen is substituted
for a hydrogen, the water solubility decreases. Salts are extremely polar and are usually
water soluble (class Ss).

As might be expected, acids and amines generally are more soluble than nonpolar
compounds. The amines are highly soluble owing to their tendency to form hydrogen
bonds with water molecules. This is consistent with the fact that the solubility of amines
decreases as the basicity decreases. It also explains the observation that many tertiary
amines are more soluble in cold than in hot water. At lower temperatures, the solubility
of the hydrate is involved, whereas at higher temperatures, the hydrate is unstable and
the solubility measured is that of the free amine.

Monofunctional ethers, esters, ketones, aldehydes, alcohols, nitriles, amides, acids,
and amines may be considered together with respect to water solubility. In most
homologous series of this type, the longest chain with appreciable water solubility will
be reached at about five carbons.

5.1.5 Solubility in 5% Hydrochloric Acid Solution

Primary, secondary, and tertiary aliphatic amines form polar ionic salts with hydrochloric
acid. Aliphatic amines are readily soluble in 5% hydrochloric acid solution and are placed
in class B if water insoluble. The presence of conjugated aryl groups decreases the ba-
sicity of the nitrogen atom. For example, primary aromatic amines, although more
weakly basic than primary aliphatic amines, are soluble in 5% hydrochloric acid solu-
tion. However, diphenylamine, triphenylamine, and carbazole are insoluble in 5% hy-
drochloric acid solution. Arylalkylamines, such as benzylamines, containing not more
than one aryl group, are soluble in 5% hydrochloric acid solution.

(0 OO megrmend
N H o)

|
H

carbazole diphenylamine N-benzylacetamide

Disubstituted amides (RCONR,) of sufficiently high molecular weight to be water
insoluble are soluble in 5% hydrochloric acid solution. Simple amides (RCONH,)" and
most monosubstituted amides (RCONHR) are neutral compounds. N-Benzylacetamide,
however, is a basic compound.

TAmides are generally comparable to water in basicity, and small structural changes, such as alkylation, need
change their Kj, by only ~10° to move them into the “basic” category.
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Amines may undergo reaction with 5% hydrochloric acid solution to form insoluble
hydrochlorides, which may lead to errors in classification. For example, certain aryl-
amines, such as 1-aminonaphthalene, form hydrochlorides that are sparingly soluble in
5% hydrochloric acid solution. By warming the mixture slightly and diluting it with wa-
ter, it may make the compound soluble. The appearance of a solid will indicate if the
amine has undergone a change. In order to decide doubtful cases, the solid should be
separated and its melting point compared with that of the original compound. A positive
halogen test with alcoholic silver nitrate would indicate formation of a hydrochloride.

NH; NH3*Cl™ NH3*NO3~
AgN
H—Cl> AgNO; + AgCl(s)
alcohol
1-aminonaphthalene 1-aminonaphthalene
(a-naphthylamine) hydrochloride

Another useful technique is to dissolve the suspected base in ether and treat that
with 5% hydrochloric acid solution with shaking. Formation of a solid at the interface
of the two layers indicates the presence of a basic amine.

5.1.6 Solubility in 5% Sodium Hydroxide and 5% Sodium Bicarbonate Solutions

A list of the various types of organic acids is given in Table 5.5. The reasoning behind
most of these classifications can be understood in terms of the stability due to structural
features of the conjugate base anion.

Aldehydes and ketones are sufficiently acidic to react with aqueous alkali to yield
anions which serve as reaction intermediates in such reactions as the aldol condensation.
They are far too weakly acidic, however, to dissolve to any measurable extent in 5%
sodium hydroxide solution. When two carbonyl groups are attached to the same carbon
atom, as they are in acetoacetic esters, malonic esters, and 1,3-diketones, the acidity
increases sharply because of the added stabilization of the anion, since the negative
charge is distributed over the two oxygen atoms as well as the central carbon atom.

| | \ Ly

~C Cs
\ \C/ / \C/ \./

C
— | [~ — || | =0 I,
O :0: :0: :Qi (@) O

Although 1,3-dicarbonyl compounds are approximately as acidic as the phenols, the
rate of proton removal from carbon may be relatively slow; as a result, the rate of so-
lution of such compounds may be so slow that they appear to be, at first, insoluble in
5% base.

Nitro compounds have a tautomeric form, the aci form, which is approximately as
acidic as the carboxylic acids. The aci form of nitroethane has a K, of 3.6 X 107°.

H o) O—H

| 7 \ /
—C—N+ —= C=N+

A

act form
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TABLE5.5 Solubility Classes of Various Organic Acids

Name General Structure Solubility Class”
Carboxylic acids RCO.H Ay
Sulfonic acids RSO;H Ay
Sulfinic acids RSO.H A,
||
Enols ~—C=C—OH Ay
(0]
I [
Imides —C—NH—C— Ag
~
Nitro® _~CH—NO, Ag
Arenesulfonamides® ArSO,NHR Ag
(ll) |
B-Dicarbonyl compounds" —C—CH—C— A
(1,3-diketones) |
Oximes >C=N_OH Ay

“Borderline cases are named in Table 5.6.

"Primary (RCH;3NO,) and secondary (R;CHNOj) nitroalkanes only.

“The acidity of the N—H proton is utilized in the Hinsberg test (Experiment 19). This category
also includes sulfonamides of ammonia and other sulfonamides of primary amines.

r’Highly electronegative groups, e.g., trifluoromethyl, on the carbonyl group can move these
compounds into class A,.

The presence of one nitro group confers sufficient acidity on a substance to make

the compound soluble in 5% sodium hydroxide solution. For example, nitroethane has
a K, of about 3.5 X 107°. This value should be compared to the K, values for the

following 1,3-dicarbonyl compounds:

CHyCHg
H3C_ /CH2\C /OCH2CH3 CH;;\C /CH\C /OCH2CH3
l Il | Il
O (0] O
K,=2x10~1 K,=2x10"13
CH3CH 0 /CHz\ /OCH2CH3 CH3\ /CH2\ /CH3
C C C C
| I I l
O O O (0]
K,=5x10714 Ka=1x107°%

Just as the grouping

/l\/

=0
=0

o
o
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is acidic, so is the imide grouping,

N
~No” >N e

[ I
O O

Imides are soluble in 5% sodium hydroxide solution but not in 5% sodium bicarbonate
solution. A 4-nitrophenyl group makes the —CONH— function weakly acidic in aque-
ous solution. Thus 4-nitroacetanilide® dissolves in 5% sodium hydroxide solution but
not in 5% sodium bicarbonate solution. Sulfonamides show the same solubility trends
in base as 4-nitroacetanilide. Oximes, which have a hydroxyl group attached to a nitrogen
atom, display similar solubility behavior.

Esters with five or six carbon atoms that are almost completely soluble in water
may be hydrolyzed by continued shaking with 5% sodium hydroxide solution.” The alkali
should not be heated and the solubility or insolubility should be recorded after 1-2 min.

Monoesters of dicarboxylic acids are soluble in 5% sodium bicarbonate solution.
These esters are rapidly hydrolyzed, even with weak aqueous bases such as 5% sodium
bicarbonate solution.

Fatty acids containing 12 or more carbon atoms react with the alkali slowly, forming
salts which are commonly referred to as soaps. The mixture is not homogeneous but,
instead, consists of an opalescent colloidal dispersion which foams when shaken. Once
this behavior has been observed, it is easily recognized.

Certain of the sodium salts of highly substituted phenols are insoluble in 5% sodium
hydroxide solution. Certain phenols which are very insoluble in water may precipitate
due to hydrolysis and, hence, appear to be insoluble in alkali.

5.1.7 Solubility of Amphoteric Compounds

Compounds containing both an acidic and a basic group are referred to as amphoteric.
Low molecular weight amino acids exist largely as dipolar salts. They are soluble in wa-
ter and may yield solutions which produce a neutral litmus in aqueous solutions

(class Sg).
0] 0]
R ” R (|£
NH, *NH;
an amino acid dipolar or zwitterion form

8Compounds of this type may also form adducts (Meisenheimer complexes) by bonding hydroxide to the
carbon bearing the amide group:

®Use of lithium hydroxide in place of sodium hydroxide will often yield water soluble salts.
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The water insoluble amphoteric compounds act both as bases and as strong or weak
acids, depending on the relative basicity of the amino group, since its basicity determines
the extent to which the acidic group will be neutralized by salt formation. If the a-amino
group contains only aliphatic substituents with no hydrogens directly attached to the
nitrogen, the compounds will dissolve in 5% hydrochloric acid and 5% sodium hydroxide
solutions, but not in 5% sodium bicarbonate solution (class A; or B):

0
ll
cH” “OH

|
NRg

~

The presence of an aryl group on the nitrogen atom, however, diminishes its basicity,
so that such compounds are soluble even in 5% sodium bicarbonate solution. This is
illustrated by the following compounds (class A; and B):

NH,

If two aryl groups are attached to the nitrogen atom, the compound is not basic. Its
solubility classification is that of a strong acid (class A,):

(CeHs)eNCH,;COOH

5.1.8 Solubility in Cold, Concentrated Sulfuric Acid

Cold, concentrated sulfuric acid is used with neutral, water insoluble compounds con-
taining no elements other than carbon, hydrogen, and oxygen. If the compound is
unsaturated, is readily sulfonated, or possesses a functional group containing oxygen, it
will dissolve in cold, concentrated sulfuric acid. This is frequently accompanied by a re-
action such as sulfonation, polymerization, dehydration, or addition of the sulfuric acid
to olefinic or acetylenic linkages. In many cases, however, the solute may be recovered
by dilution with ice water. The following examples illustrate some of the more common
reactions:
+ HSO,~
RCH=CHR + H;S0, — [RCH;—CHR] ——>%— RCH,CHR
0SO03H
RCH,OH + 2H,$0, —> RCH0SO03H + HyO" + HSO,~

The water arising from sulfate ester formation is converted to the hydronium ion by
concentrated sulfuric acid.
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RCH, RCH,

RCH,CHOH + 2H,SO, —> RCH,CHOSO3H + H;0* + HSO,~

RCH,
RCH, H

RCH,COH + HeS04 —> C=C + H30" + HSO,~

RCH, R
RCH,,

2H,S0,
cmo—@ — 1, CH3O~©—SO3H + H30 + HSO,~
2
2H550, CHSQSO:;H + HyO" + HSO,~

Q
@ e
R Nta
3,

/@ H,50, @\ /©+HSO4_
O\ OH Hy80, O\

+ H30" + 2HSO,~

1, HSO,~
CH;
2H,S0 +
CHj COOH =24, cm@—c O + Hy0" + 2HSO,~
CH;

HC o) CH; CH3_ + _OH
\(“:/ \ﬁ/ 3H,80, 9 \(':/ + HSO,™ + HS07~
O O

OH

- 129



130 -

Chapter 5. Classification of Grganic Compounds by Solubility

Alkanes, cycloalkanes, and their halogen derivatives are insoluble in sulfuric acid.
Simple aromatic hydrocarbons and their halogen derivatives do not undergo sulfonation
under these conditions and are also insoluble in sulfuric acid. However, the presence
of two or more alkyl groups'® on the aromatic ring permits the compound to be sul-
fonated quite easily. Therefore, polyalkylbenzenes such as 1,2,3,5-tetramethylbenzene
(isodurene) and 1,3,5-trimethylbenzene (mesitylene) dissolve rather readily in sulfuric
acid. Occasionally the solute may react in such a manner as to yield an insoluble product.
A few high molecular weight ethers, such as phenyl ether, undergo sulfonation so slowly
at room temperature that they may not dissolve.

Many secondary and tertiary alcohols are dehydrated readily by concentrated sul-
furic acid to give olefins which subsequently undergo polymerization. The resulting
polymers are insoluble in cold, concentrated sulfuric acid and will form a distinct layer
on top of the acid. Benzyl alcohol and other similar alcohols react with concentrated
sulfuric acid, resulting in a colored precipitate.

In summary, a student should not conclude that formation of a black tarry substance
means that a compound is insoluble in sulfuric acid. The original compound must have
dissolved to induce a reaction, and the precipitate arises from formation of a new
compound.

5.1.9 Borderlines Between Solubility Classes

In Table 5.6 are listed a number of compounds selected in such a way as to show the
position of the most important of the various borderlines between solubility classes with
respect to the number of carbons present in the compound. These compounds have
been grouped, so far as is possible, according to their chemical nature. Within each
group an attempt has been made to include the borderline members together with one
or more members on either side of their respective borderlines. Thus, the table shows
1-butanol to be in class S); it follows that the other butanols and all lower homologs are
also in this class. Similarly, since 3-methyl-1-butanol is in class N, it follows that
1-pentanol and all higher alcohols are in this class as well.

Although it is often possible to predict the solubility class of a particular com-
pound solely by reference to its structural formula, there are many cases where this
would result in an incorrect prediction. Sometimes, it is difficult to classify a com-
pound by solubility, since many compounds, as shown in Table 5.6, occupy border-
line positions.

Other activating groups often facilitate sulfonation.
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TABLE 5.6 Borderlines Between Solubility Classes

Compound Solubility Class(es)
Alcohols
1-Butanol (butyl alcohol) S,
2-Methyl-2-propanol (¢-butyl alcohol) S,
3-Methyl-2-butanol S$;-N
3-Methyl-1-butanol (isopentyl alcohol) $-N
Benzyl alcohol N
Cyclopentanol (cyclopentyl alcohol) N
Aldehydes
2-Methylpropanal (isobutyraldehyde) S
Butanal (butyraldehyde) $1-N
3-Methylbutanal (isovaleraldehyde) N
Amides
Methanamide (formamide) S1-Ss
Ethanamide (acetamide) , S-Sz
Propanamide (propionamide) ‘ S1-S;
2-Methylpropanamide (isobutyramide) $1-S.
Butanamide (butyramide) S;-MN
Methananilide (formanilide) S;-MN
Ethananilide (acetanilide) MN
Amines
Diethylamine Ss
3-Methylbutylamine (isopentylamine) Sa
Pentylamine Ss
Benzylamine Se
Piperidine Ss
Cyclohexylamine Sk
Dipropylamine Sg-B
Dibutylamine B
Aniline B
Tripropylamine B
Carboxylic acids
Chloroethanoic acid (chloroacetic acid) Sa
Butanoic acid (butyric acid) Sa
2-Chloropropanoic acid (a-chloropropionic acid) Sa
trans-2-Butenoic acid {crotonic acid) Sa
3-Methylbutanoic acid (isovaleric acid) Sa-A;
Pentanoic acid (valeric acid) Ay
Esters
Ethyl ethanoate (ethyl acetate) S;-N
Methyl propanoate (methyl propionate) S
Propyl methanoate (propyl formate) S
2-Methylethyl ethanoate (isopropyl acetate) S
Propyl ethanoate (propyl acetate) Si-N
Methyl 2-methylpropanoate (methyl isobutyrate) S-N
Butyl methanoate (butyl formate) S;-N

Methyl 3-methylbutanoate (methyl isovalerate)
. 1-Methylpropyl ethanoate (sec-butyl acetate)
, Butyl ethanoate (butyl acetate)

Be'nzyl ethanoate (benzyl acetate)

Ethyl octanoate (ethyl caprylate)

Ethyl benzoate

(Continued)
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TABLES5.6 (Continued)

Dimethyl carbonate

Diethyl ethanedioate (ethyl oxalate)
Dimethyl propanedioate (methyl malonate)
Diethyl carbonate

Diethyl butanedioate (ethyl succinate)
Diethyl 1,2-benzenedicarboxylate (ethyl phthalate)
Diethyl propanedioate (ethyl malonate)
Dibutyl carbonate

Dibutyl ethanedioate (butyl oxalate)

Ethers

Ethyl methyl ether

Diethyl ether

Ethyl 1-methylethyl ether (ethyl isopropyl ether)
Di-1-methylethyl ether (isopropyl ether)
Dibutyl ether

Hydrocarbons (aromatic)
1,3,5-Trimethylbenzene (mesitylene)
1,2,3,5-Tetramethylbenzene (isodurene)
(1-Methylethyl) toluene (cymene)
1,4-Dimethylbenzene (p-xylene)
Diphenylmethane

1,3-Dimethylbenzene (m-xylene)
1,2-Dimethylbenzene (o-xylene)
Naphthalene

Ketones

Butanone (ethyl methyl ketone)
3-Methyl-2-butanone (isopropyl methyl ketone)
2-Pentanone (methyl propyl ketone)
3,3-Dimethyl-2-butanone (pinacolone)
3-Pentanone (diethyl ketone)
Cyclopentanone

Cyclohexanone

Acetophenone

5-Nonanone (dibutyl ketone)

Benazil

Benzophenone

Nitriles

Propanenitrile (propionitrile)
2-Methylpropanenitrile (isobutyronitrile)
Butanedinitrile (succinonitrile)
Pentanedinitrile (glutaronitrile)
Butanenitrile (butyronitrile)

Nitro compounds

Nitromethane

Nitroethane

Nitrobenzene

Phenols

Hydroquinone

Chlorohydroquinone
1,3,5-Trihydroxybenzene (phloroglucinol)
Phenol

Z2Z2Z2ZZ
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5.2 SOLUBILITY IN ORGANIC SOLVENTS

The solubility of organic compounds in organic solvents should be determined in order
to plan a variety of laboratory operations. A range of solvents, useful to the organic
chemist, is tabulated in Table 5.7. These solvents are useful for running organic reac-
tions, for dissolving substrates for spectral analyses (Chapters 6, 7, and 8), and for stan-
dard laboratory maintenance such as cleaning glassware. Virtually all of the solvents
listed, as well as mixtures of these and other solvents, are useful for column chro-
matography (Chapter 4, pp. 99-109) and thin-layer chromatography (Chapter 4,

TABLES.7 Common Organic Solvents*

Dielectric

Name Structure Common Use (Code)?  Constant (25°C)
Acetone” Cﬂg-ﬁ—'CHg C, R, NMR? 21

0
Acetonitrile CH4CN R, UV, NMR? 36
Benzene® CeHe R, NMR? 42
Carbon disulfide CS, R, IR, NMR 2.6
Carbon tetrachloride’ CCl, R, IR, UV, NMR 2.2
Chloroform® CHCl, All five” 47
N,N-Dimethylformamide H -—ﬁ —N(CHg); R, NMRY R 37

(o)

Dimethy] sulfoxide (DMSO) CHs—ﬁ —CH; NMRYR 49

(0]
Ethanol® CH;CH,OH R, UV, C, NMRY 24
(Ethyl) ether® (CH3CH.);.0 R, C 4
Hexane CH,(CH,),CH; UV,C, R 2.0
Methanol CH,OH R, UV,NMR", C 33
Methylene chloride CH.Cl, R, C, IR, NMR’ 9
Pyridine R, NMR?/ 12

@N
Tetrahydrofuran R, NMR? 7.3
(8]

(Water) (H50) (All five)? (78.5)

“The IR and NMR (proton) spectra of many of these compounds may be found in the Sadtler collection and
in R. M. Silverstein and Francis X. Webster, Spectrometric Identification of Organic Compounds, 6th ed.
(Wiley, New York, 1998).

bc = glassware cleaning; R = reaction medium; solvents to dissolve samples for spectral analysis are denoted
IR, NMR, or UV,

“Preliminary solubility analysis should employ these solvents.

9Deuterated solvents, e.g., acetone-ds = CD;COCD;, are available for determination of proton magnetic
resonance spectra.

“Toluene can be substituted to reduce toxicity problems.
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PRrROBLEMS

pp- 86-90), for recrystallizations (Chapter 3, pp. 49-52), and for extractions during the
workup of reaction products. The sample can be readily recovered by evaporation from
virtually all of these solvents except N,N-dimethylformamide (DMF) and dimethyl sul-
foxide (DMSO). Since all of the solvents listed in Table 5.7 are used for a variety of
purposes, they are often encountered as impurities in samples of interest.

Procedure

Carry out solubility tests in organic solvents using the simple procedure described for
water solubilities on page 114. Use 10 mg or 10 uL of compound per 0.5 mL of sol-
vent for an NMR sample and 50 mg or 15 uL of compound per 1 mL of solvent for an
IR sample. For FTIR, the lower concentration levels can be used.

Example

Structure and Name Expected Solubility Behavior and Class

Insoluble in water because it has six carbon atoms and a
HgN Cl chlorine atom. It is basic, only one aryl group being attached
to the amino group, and hence is insoluble in 5% sodium

4-chloroaniline hydroxide solution but soluble in 5% hydrochloric acid
solution, thus in solubility class B.

HiC___(CHy),CH; Insoluble in water because it has more than five carbon atoms.
Since it is a neutral compound, containing only carbon,
(") hydrogen, and oxygen, it is soluble in cold, concentrated
2-heptanone sulfuric acid, thus in solubility class N.

2. Tabulate the structure, name, and solubility behavior of the following compounds.

a. l-chlorobutane b. 4-methylaniline

c. l-nitroethane d. alanine

e. benzophenone f. benzoic acid

g hexane h. 4-methylbenzyl alcohol
i. ethylmethylamine j. propoxybenzene

k. propanal . 1,3-dibromobenzene
m. propanoic acid n. benzenesulfonamide
o. 1-butanol p. methyl propanoate
q. 4-methylcyclohexanone r. 4-aminobiphenyl

s. 4-methylacetophenone t. naphthalene

u. phenylalanine v. benzoin

W.

. 4-hydroxybenzenesulfonic acid

3. Arrange the following compounds in the approximate order of their basicity toward
5% hydrochloric acid solution.

a. benzanilide b. pentylamine
c. diphenylamine d. benzylamine
e. 4-methylaniline f. butanamide

4. List the solubility class(es) for each compound in problem 3.

5. Arrange each group of compounds in the order of increasing solubility in water.
a. methanol, isopropyl alcohol, ethanol, 1-butanol
b. butane, 1,4-butanediol, 1-butanol
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c. 1-butanol, 2-methyl-2-propanol, 2-butanol
d. ammonium butanoate, 3-pentanone, benzaldehyde, trimethylamine

6. List the solubility class(es) for each compound in problem 5.
7. Arrange the following compounds in the approximate order of decreasing reactivity.

a. meso-tartaric acid b. 2-naphthol

c. benzohydroxamic acid d. 4-toluenesulfonic acid
e. 4-toluenesulfonamide f. 2-bromo-6-nitrophenol
g. octadecanamide h. saccharin

i. benzyl phenyl ketone j- 1-naphthoic acid

(deoxybenzoin)



Nuclear Magnetic
Resonance Spectrometry

This is the first of three chapters that discuss the usefulness of spectroscopy. Organic
compounds can be quickly characterized through spectrometric methods. The amount
of compound that is needed is so small that synthetic chemists can rapidly prepare suf-
ficient compound for complete structure determination. Nowadays, depending upon
the instrument, milligram or microgram amounts are all that are needed for character-
ization of a compound. The advent of Fourier transform methods in the area of IR and
NMR spectrometry, as well as computer manipulation of data, has decreased the amount
of time needed to obtain well-resolved spectra.

Even with recent technique advances, the fundamental role of each instrument
remains the same:

Nuclear magnetic resonance (NMR) spectrometry (this chapter). Method for
structure determination by analysis of the relative positions of carbons and
hydrogens

Infrared (IR) spectrometry (Chapter 7). Method for functional group analysis

Mass spectrometry (Chapter 8). Source of molecular weight and molecular
formula

- 6.1 THEORY OF NUCLEAR MAGNETIC RESONANCE

136

From the 1950s to the present, nuclear magnetic resonance has gone from a method
used for structure determination at a minimal level to applications in medicine such as
magnetic resonance imaging. With higher magnetic fields and computer technology,
more detailed information about a compound can be quickly obtained.

In the presence of a magnetic field, By, certain nuclei are distributed between two
states of different energies. The Pauli exclusion principle allows two electrons in the
same orbital or energy level only if they have opposite spins, +3 and —3.

A

Similarly, nuclei can have spins and certain nuclei have two spin states, +3 and —5.
Nuclei with either an odd number of neutrons or an odd number of protons have a nu-
clear spin that gives rise to an NMR signal. Examples of nuclei that give rise to NMR
signals are 'H, “H, !'B, 13C, N, ®N, "0, '°F, 31p 35¢), and *"Cl. Nuclei that have an
even number of both protons and neutrons cannot produce an NMR signal. Examples
of nuclei that do not yield NMR signals are 12¢, 180, and 3%S.

A rotating nuclei is similar to a bar magnet (Figure 6.1). In the absence of a magnetic
field, the fields of the individual nuclei are randomly oriented (Figure 6.22). When a
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Figure 6.1 (a) The magnetic field associated with a spinning proton. (b) The spinning proton

resembles a tiny magnet.
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applied field (a spin state) and some
against it (B spin state).

magnetic field (By) is applied (Figure 6.2b), the nuclei are oriented aligned with the
field (a, lower energy) or against the field (8, higher energy). At room temperature in
the presence of the applied magnetic field (Bo), there is a very slight excess, on the
order of parts per million, of the nuclei in the lower energy state (a) compared to the
nuclei in the higher energy state (8). This distribution between the states, known as a

Boltzmann distribution, is a type of equilib

rium.

When the nuclei are distributed between two energy states, the energy required to
excite the nuclei from the lower a energy to the higher 8 energy can be measured.

B —

a —

It is the energy of this transition, AE,
the equation

——4

_+%

that is characteristic of a given nucleus. In

AE = hy

AE is proportional to v, the radio frequency radiation, since h is Planck’s constant.
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The radio frequency (v) can be introduced by either a continuous-wave (CW)
method of energy or a pulse of radiation. The CW method was used in the early
NMR spectrometers. The Fourier transform (FT) method is used in all modern NMR
spectrometers.

In the CW spectrometers, there are two ways of obtaining a signal. In one method,
the magnetic field is held constant while the radio frequency changes. In the second
method, the radio frequency is held constant while the magnetic field changes.

Very few CW spectrometers are still in use. These have been replaced by the FT
NMR spectrometers. In FT, an intense, broad pulse of radiation activates all of the
nuclei in a molecule to the higher B state. These activated nuclei are then allowed to
decay back to the ground a state. This decay signal (called a free induction decay or
time domain signal) is mathematically converted to a frequency domain spectrum. This
data are stored in a computer. Faster spectral accumulation is possible. Repetitive stor-
age of large numbers of signals allows signal reinforcement, which produces a more
intense spectrum with a higher signal-to-noise ratio. The signal-to-noise ratio increases
by the square root of the number of acquisitions (for example, 64 acquisitions would
give rise to an eight-fold increase in signal-to-noise). Very small samples of 1-5 mg can
be analyzed.

The energy difference between the spin states depends on the strength of the
applied magnetic field. With a weaker applied field, the energy required for the
transition is less. With a stronger applied field, the energy is much greater (Figure 6.3).

* _ — B Spin state

——
—_t
—
* —
—-—
—_—
—

——
——
—
—
o ——
—

Energy
!
&
B
B

| B, = 14,1006 it S Iy

T =~ a Spin state

B, = 23,500 G
(a) (b) (c)

Figure 6.3 The energy difference between the two spin states of a proton depends on the strength
of the applied external field, B,. (a) If there is no applied field (B, = 0), there is no energy dif-
ference between the two states. (b) In a magnetic field of approxmately 14,100 G, the energy
difference corresponds to that of electromagnetic radiation of 60 X 10° Hz (60 MHz). (c) With
a magnetic field of approximately 23,500 G, the energy difference corresponds to the electro-
magnetic radiation of 100 X 10° Hz (100 MHz).

Chemical Shift

The signal positions are known as chemical shifts. Chemical shift is defined as the dif-
ference, in ppm, between the frequency of the proton being observed compared to the
frequency of tetramethylsilane (TMS). Tetramethylsilane, (CH3),Si, is used as the
internal standard and has a chemical shift of 8§ = 0.0. Chemical shifts (§) are calculated
by measuring the frequency (v = cycles per second, or hertz = Hz) of interest relative
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to the frequency of the internal standard, »tms, divided by the frequency of the
instrument (v, in megahertz, MHz = 106 Hz).

8 = [(v = vyms) X 10%)/v,
If a signal occurs at 60 Hz on a 60-MHz instrument, the chemical shift is
8 = [(60 Hz — 0) X 10°]/60 MHz = 1.00

If this signal is a singlet or a well-defined multiplet, it will occur exactly at § 1.00
on instruments of field strengths of 100, 300, 500, or 600 MHz. This is because the
chemical shift measured in & has been adjusted for the instrument strength. For
example, this signal would be at 8 1.00 on an instrument of field strength 300 MHz,
and the shift in frequency units would be 300 Hz.

6.1.2 Shielding and Deshielding

Protons in different chemical environments are shielded by different amounts. A proton
is deshielded when the induced field reinforces the applied field. For example, the
induced field from the protons in benzene reinforces the applied field (Figure 6.4a).
As a result, these protons are deshielded and their chemical shifts are at a higher value
of 8.

A proton is shielded when the induced field opposes the applied field. For example,
the induced field from the protons in acetylene opposes the applied field (Figure 6.4b).
These protons are shielded and their chemical shifts are at a lower value of 8.

Induced
magnetic fields

Induced
magnetic fields

By = applied field

(a) (b}

Figure 64 In benzene (a), the induced field reinforces the applied field and the protons are
deshielded. In acetylene (b), the induced field opposes the applied field and the protons are
shielded.

» 6.2 PREPARATION OF THE SAMPLE

The sample must be in fairly pure form before the NMR spectra are obtained. The
sample needs to be dissolved in a minimal amount of a deuterated solvent (Tables 6.1
and 6.2). The solution must be homogeneous. Paramagnetic substances must be
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TABLE 6.1 'H Chemical Shifts of Common NMR Solvents

Solvent Group B Multiplicity*
Acetic acid-d, Methyl 2.03 5
Hydroxyl 11.53 1
Acetone-dg Methyl . 2.05 5
Acetonitrile-d, Methyl 1.94 5
Benzene-dg Methine 7.16 1
Chloroform-d Methine 7.27 1
Cyclohexane-d,;, Methylene 1.38 1
1,2-Dichloroethane-d, Methylene 3.69 1
Diethyl ether-d}o Methyl 1.07 m
Methylene 3.34 m
Dimethylformamide-d, Methyl 2.75 5
Methyl 292 5
Amide’ 8.03 1
Dimethylsulfoxide-dg Methyl 2.5 5
1,4-Dioxane-dg Methylene 3.53 m
Ethanol-dg Methyl 1.11 m
Methylene 3.56 1
Hydroxyl 5.26 1
Methanol-d, Methyl 3.31 5
Hydroxyl 484 1
Methylene chloride-d, Methylene 5.32 3
Nitrobenzene-ds Methylene (H-3, H-5) 7.5 b
Methylene (H-4) 7.67 b
Methylene (H-2, H-6) 8.1 b
Nitromethane-d; Methyl 4.33 5
Pyridine-ds Methylene (H-3, H-5) 7.20 1
Methylene (H-4) 7.58 1
Methylene (H-2, H-6) 8.74 1
Tetrahydrofuran-dg Methylene (H-3, H-4) 1.73 1
Methylene (H-2, H-5) 3.58 1
Toluene-dg Methyl 2.09 5
Methine (H-2, H-6) 6.98 m
Methine (H-4) 7.00 1
Methine (H-3, H-5) 7.09 m
Trifluoroacetic acid-d, Hydroxyl 115 1
2,2,2-Trifluoroethanol-d; Methylene 3.88 (4 X3)
Hydroxyl 5.02 1
Water-d, Hydroxyl 48 1

' = broad, m = multiplet.

excluded to prevent line broadening. If needed, the sample may be filtered through
glass wool in a Pasteur pipet. The NMR tubes (Figure 6.5) must be completely dry.
This is done by heating the NMR tubes in an oven overnight. Place a specified amount
of solution in the NMR tube, according to your instructor’s guidelines.
Tetramethylsilane (TMS), (CH;)4Si, is used an internal standard for obtaining NMR
spectra. The NMR spectrometer is calibrated to TMS, which has a chemical shift of
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Solvent Group 8 Multiplicity Jc-p
Acetic acid-d, Methyl 20.1 7 20.0
Carbonyl 178.4 1
Acetone-dg Methyl 299 7 20.0
Carbonyl 206.0 13 0.9
Acetonitrile-d; Methyl 1.3 7 21.0
Nitrile 118.2 1
Benzene-dg Methine 128.3 3 24.2
Carbon disulfide 192.8
Carbon tetrachloride 96.7
Chloroform-d Methine 77.0 3 32.0
Cyclohexane-d;, Methylene 26.4 5 19.0
Dimethylformamide-d; Methyl 30.1 7 21.0
Methyl 35.2 7 21.0
Amide 162.7 3 29.4
Dimethylsulfoxide-dg Methyl 39.5 7 21.0
1,4-Dioxane-ds Methylene 66.7 5 21.9
Ethanol-ds Methyl 17.3 7 19.1
Methylene 56.8 5 22.0
Methanol-d, Methyl 49.1 7 214
Methylene chloride-d, Methylene 54.0 5 27.2
Nitrobenzene-ds Methine (C-2, C-6) 123.2 3 26
Methine (C-3, C-5) 129.7 3 25
Methine (C-4) 134.9 3 24.5
Substituted C-1 148.6 1
Nitromethane-d; Methyl 60.5 7 22.0
Pyridine-~ds Methine (C-3, C-5) 123.8 3 25.0
Methine (C-4) 135.7 3 24.5
Methine (C-2, C-6) 150.4 3 27.5
Tetrahydrofuran-dsg Methylene(C-3, C-4) 25.4 5 20.5
Methylene(C-2, C-5) 67.5 5 22.1
Toluene-dsg Methyl 20.4 7 19.0
Methine (C-4) 125.2 3 24.0
Methine (C-3, C-5) 128.2 3 24.0
Methine (C-2, C-6) 129.1 3 23
Methine (C-1) 137.6 1
Trifluoroacetic acid-d, Trifluoromethyl 116.6 4 28.3
Carbonyl 164.2 4 44
2,2,2-Trifluoroethanol-d; Methylene 61.5 (4 X 5) 22
4

126.4
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Figure 65 Different types of NMR tubes. (a) Ultra-thin NMR tube. (b) Step-down ultra-thin
NMR tube. (¢) Bruker microprobe. (d) Constricted NMR tube. [Courtesy of WILMAD-
LABGLASS. Design/art direction by Mark Gray. Used with permission.]

6 = 0.00. TMS is usually added to the bottle of deuterated solvent. Check with your
instructor.

6.3 PROTON SPECTRA

Four important types of information are needed for the interpretation of proton NMR
spectra:

1. The number of different signals indicates how many different types of protons
are present.
2. The chemical shift of each signal indicates the electronic environment.

3. The intensity, or integration, of each signal indicates the number of protons

for each signal.
4. The splitting of each signal indicates the number of adjacent protons.
Chemical shift, integration, and splitting will be discussed in detail in the following

sections. All NMR spectra, unless otherwise stated, were obtained on an EFT-60 NMR
spectrometer with a Varian 60-MHz permanent magnet.!

6.3.1 Chemical Shift

Shielding and deshielding effects will change the chemical shift of a proton. As illustrated
in Table 6.3, the aromatic protons are deshielded and are seen at a higher chemical

"The upgrade of the Varian EM-360 NMR spectrometer to an EFT-60 NMR spectrometer with a Varian 60-
MHz permanent magnet was supported by Radford University, Radford, Virginia, and the National Science
Foundation under Grant No. 0088222



TABLE 6.3 Proton Magnetic Resonance Frequencies

Chemical Shift

Type of Proton (8, ppm)
1° Alkyl RCH, 0.8-1.0
2° Alkyl R.CH, 12-14
3° Alkyl RsCH 14-17
Allylic RC=CCHy 16-19
R
Benzylic ArCH, 22-2.5
Alkyl chloride RCH,Cl 3.6-3.8
Alkyl bromide RCH,Br 3.4-3.6
Alkyl iodide RCH,l 3.1-33
Alkyl fluoride RCH,F 4.0-4.5
Ether ROCH,R 3.3-3.9
Ester RCOOCH.R . 3.3-3.9
Alcohol HOCH,R 3.3-4.0
Ketone RCCHj; 2.1-2.6
|
Ester RCH,COOR 2.1-2.6
Aldehyde R(”H;I 9.0-10.0
Vinylic Ry,C=CH, 4.6-5.0
Vinylic Re;C=CH 5.2-5.7
&
Aromatic ArH 6.0-9.5
Acetylenic RC=CH 2.5-3.1
Alcohol hydroxyl ROH 0.5-6.0
Carboxylic RCOOH 10-13
Phenolic ArOH 4,5-7.7
Amino RNH, 1.0-5.0
Amide 5.0-9.0

RﬁNHR

6.3 Proton Spectra -

shift. The acetylenic protons are shielded and are seen at a lower chemical shift. Tables
listing chemical shifts should be used only as guidelines, since additional functional
groups in the structure may yield more shielding and deshielding effects.

The value for a methine or methylene can be predicted by using a method that
was proposed by Shoolery.2 In Shoolery’s method, only functional groups that are
directly attached (a position) to the methine or methylene are included in the calcula-
tions. More accurate calculations can be done if effects from substituents that are far-
ther away are included. Beauchamp and Marquez8 proposed equations for calculating
the chemical shifts of sps-hybridjzed methyl, methylene, and methine protons, adding

2_]. N. Shoolery, Technical Information Bulletin, 2 (3) (Varian Associates: Palo Alto, CA, 1959).
3. s. Beauchamp and R. Marquez, J. Chem. Educ., 74, 1483 (1997).
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TABLE 6.4 Hydrogen Chemical Shift Correction
Factors for Groups on sp>-Hybridized Carbons

a = directly attached substituent
B = once-removed substituent
y = twice-removed substituent

Substituent a B Y
R— 0.0 0.0 0.0
ch=cl— 0.8 0.2 0.1
R
R—C=C— 0.9 0.3 0.1
Ar— 14 0.4 0.1
F— 32 05 0.2
Cl— 2.2 0.5 0.2
Br— 2.1 0.7 0.2
1I— 2.0 09 0.1
HO— 2.3 0.3 0.1
RO— 2.1 0.3 0.1
ch=?0— 25 0.4 02
R
ArO— 2.8 0.5 0.3
Rﬁo— 28 05 0.1
Ar(”:o— 3.1 0.5 0.2
0
ArSO;— 28 0.4 0.0
H,N— 15 0.2 0.1
R(”:NH— 2.1 03 0.1
0o
O,N— 32 0.8 0.1
HS— 13 0.4 0.1
RS— 13 0.4 0.1
Hﬁ— 1.1 0.4 0.1
o)
R(”J— 12 0.3 0.0
0
Arﬁ— 17 0.3 0.1
0
HO(”J— 1.1 0.3 0.1
0]
P\O(ul— 1.1 0.3 0.1
o)

(Continued)
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TABLE 6.4 (Continued)

H2N(”:— 1.0 0.3 0.1
0
c1(":-— 1.8 0.4 0.1
o}
N=C— 11 0.4 0.2
Rﬁ— 16 05 03
0
c") 1.8 05 03
RS—
I
o}

Source: From P. S. Beauchamp and R. Marquez, J. Chem.
Educ., 74 (12), 1483-1485 (1997). Copyright © 1997,

Division of Chemical Education, Inc; used with permission.

in the electronic effects of groups that are in the B and ¥ positions. These equations
are described below. Correction factors for functional groups in the «, B, and y posi-
tions are listed in Table 6.4.

For a hydrogen on a carbon that has only a functional group attached to the methyl,
the chemical shift can be calculated as follows:

8H in CH, = 0.9 +a
HyC—
a
If the methyl is attached to other carbons in the 8 and v positions, then the elec-
tronic effects of these substituents are taken into account in the following equation.
Correction factors for any functional groups in the 8 and vy positions are added into the
calculation.

SHincn, =09+ 2(B+7y
H;C—C—C—
B v

Chemical shifts for a methylene and a methine can be calculated using the following
equations:

8HinCH2 =12+ 2((1 + B + ‘y)
—CH,—C—C—
a B v
6HinCH =15+ E(G +B + ‘y)

The proton chemical shifts of 2-chloropropanoic acid (Figure 6.6) can be calcu-
lated using these methods. Hydrogen a has a chlorine and a carboxylic group on the 8
carbon, giving a calculated chemical shift of 6 1.7(0.9 + 0.5 + 0.3) [observed chemical
shift = & 1.71]. Hydrogen b has a chlorine and a carboxylic acid on the a carbon, giving
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Figure 6.6 'H NMR spectrum of 2-chloropropanoic acid. [Spectrum courtesy of Christine K. F.
Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia. Used
with permission.]

a calculated chemical shift of 8 4.9(1.5 + 2.2 + 1.2) [observed chemical shift = § 4.51].
The agreement between the calculated and the experimental is quite good using this
procedure. The reliability of this method is decreased if there are many substitutent
groups on the carbons.

Pascual, Meier, and Simon* proposed a method for predicting the chemical shift
of hydrogens attached to alkenes. Correction factors for the electronic effects of other
groups at the cis, trans, and gem positions are added to a value of 6 5.28. The values
for groups in these positions are listed in Table 6.5.

8y = 5.28 + Z(cis + trans + gem)

cis H
\ /
Cc=C
/
trans gem

Each hydrogen attached to the alkene for styrene (Figure 6.7) can be identified.
The observed proton chemical shifts were measured in the middle of each splitting
pattern. Hydrogen a has only a trans group, giving a calculated chemical shift of
8 5.18(5.28 — 0.10) [observed chemical shift = & 5.08]. Hydrogen b has only a cis group,
yielding a calculated chemical shift of 8 5.65(5.28 + 0.37) [observed chemical shift =
8 5.58]. Hydrogen ¢ has only a gem group, producing a calculated chemical shift of

“C. Pascual, J. Meier, and W. Simon, Helo. Chim. Acta., 49, 164 (1966).
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TABLE 6.5 Hydrogen Chemical Shift Correction Factors for Groups

on Alkenes
Substituent gem cis trans
H— 0.0 0.0 0.0
Alkyl— 0.44 -0.26 -0.29
Cycloalkenyl— 0.71 -0.33 -0.30
ROCH— 0.67 -0.02 —0.07
ICH,— 0.67 —0.02 -0.07
RSCH,— 0.53 -0.15 -0.15
BrCH,— 0.72 0.12 0.07
CICH,— 0.72 0.12 0.07
HoNCH,— 0.66 —0.05 -0.23
(NHR, NR;)
RC=C— 0.50 0.35 0.10
N=C— 0.23 0.78 0.58
HoC=CH— 0.98 ' -0.04 -0.21
(unconjugated)
(Hor R) ‘
HoC=CH— 1.26 0.08 -0.01
(conjugated)
(HorR)
Rﬁ]— 1.10 1.13 0.81
O
{unconjugated)
Rﬁ]— 1.06 1.01 0.95
O
{conjugated)
HOﬁ— 1.00 1.35 0.74
O
{(unconjugated)
HO?II— 0.69 0.97 0.39
O
(conjugated)
ROﬁ— 0.84 1.15 0.56
(o)
(unconjugated)
ROﬁ— 0.68 1.02 0.33
O
{conjugated)
H("]— 1.03 0.97 1.21
O
H2N(”]— 1.37 0.93 0.35
0
(NHR, NRy)

(Continued)
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TABLE 6.5 (Continued)

Substituent gem cis trans

Clﬁ— 1.10 141 0.99
0]

RO— 1.18 —1.06 —1.28
(R = unconjugated)

RO— 1.14 -0.65 ~-1.05
(R = conjugated)

RCO— 2.09 —0.40 -0.67
I

CeHs— 1.35 0.37 -0.10

Cl— 1.00 0.19 0.03

Br— 1.04 0.40 0.55

RoN— 0.69 -1.19 -1.31
(R = unconjugated)

RoN— 2.30 -0.73 —-0.81
(R = conjugated)

RS— 1.00 -0.24 —-0.04

RSO,— 1.58 1.15 0.95

Source: From C. Pascual, ]. Meier, and W. Simon, Helv. Chim. Acta., 49, 165

(1966). Used with permission.
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Figure 6.7 '"H NMR spectrum of styrene. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission. ]
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& 6.63(5.28 + 1.35) [observed chemical shift = 8 6.59]. The agreement between the
chemical shifts is fairly close.

In some cases, the aromatic hydrogens can be distinguished. The chemical shifts
of the aromatic protons can be calculated by adding correction factors for any non-
hydrogen group to the value of 8 7.27 for the unsubstituted benzene. These values are
listed in Table 6.6.

0u = 7.27 + Z(ortho + meta + para)
H
ortho ortho

meta meta
para

The chemical shifts of protons on aromatic carbons can be calculated for ace-
tophenone (Figure 6.8) using these methods. Hydrogens b have the acetyl group in the
meta position, giving a calculated chemical shift of 8 7.36 (7.27 + 0.09) [observed
chemical shift = 8 7.24 — 7.48]. Hydrogen ¢ has the acetyl group in the para position,
producing a calculated chemical shift of & 7.57 (7.27 + 0.30) [observed chemical
shift = 8 7.24 — 7.48]. Hydrogens d have the acetyl group in the ortho position,
yielding a calculated chemical shift of 6 7.91 (7.27 + 0.64) [observed chemical shift =
6 7.83 — 7.99]. The agreement between the calculated and the observed chemical
shifts is reasonable.

6.3.2 Integration

Integration is defined as the area underneath each signal. This area is proportional to
the number of hydrogens contributing to that signal. In most instances, the student will
not have available the chemical formula of the unknown compound. To calculate the
number of hydrogens per signal, first add up all of the integration values. Divide each
area by the total area. Divide by the lowest number and multiply by the same factor to
get all of the numbers to whole values. If there are three signals, the following equations
are used.

area a + area b + area ¢ = total area

area a .
————— = ratio for area a
total area

area b .
———— =ratio for area b
total area

areac .
————— = ratio for area ¢
total area

These equations can be applied to the proton NMR spectra of acetophenone
(Figure 6.8):

6.94 + 6.87 + 4.78 = 18.62

6.94 0.373
— =0, —— =145X2=29
@ Ts62 = %38 G287 2=2%
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TABLE 6.6 Hydrogen Chemicai Shift Correction Factors for
Groups on Substituted Benzenes

Substituent ortho meta para
CHy;— -0.17 -0.09 -0.18
CH3;CH,— -0.15 -0.06 -0.18
(CH3)oCH— -0.14 -0.09 -0.18
(CH4);C— 0.01 -0.10 -0.24
CH,=CH— 0.00 0.00 0.00
HC=C— 0.20 0.00 0.00
CgHs— 0.18 0.00 0.08
CF;— 0.25 0.25 0.25
CICH,— 0.00 0.01 0.00
Cl,CH— 0.10 0.06 0.10
ClsC— 0.80 0.20 0.20
HOCH,— -0.10 -0.10 -0.10
ROCH,— 0.00 0.00 0.00
NH,CH,— 0.00 0.00 0.00
RS— -0.03 0.00 0.00
F— -0.30 -0.02 —-0.22
Cl— 0.02 -0.06 —-0.04
Br— 0.22 -0.13 -0.03
I— 0.40 —-0.26 -0.03
HO— —-0.50 -0.14 —-0.40
RO— —-0.27 —0.08 -0.27
Rﬁ:o— —-0.22 0.00 0.00
O
ArSO;— —~0.26 ~0.05 0.00
H(”J— 0.58 0.21 0.27
O
Rﬁ]— 0.64 0.09 0.30
0]
HOﬁ]— 0.80 0.14 0.20
RO?— 0.74 0.07 0.20
6
Cl(“]— 0.83 0.16 0.30
O
N=C— 0.27 0.11 0.30
HoN— -0.75 —-0.24 -0.63
RyN— -0.60 -0.10 —0.62
Rﬁ}NH— 0.33 0.03 -0.10
0}
*H,N— 0.63 0.25 0.25
O;N— 0.95 0.17 0.33
O=C=N— —-0.20 -0.20 -0.20

Source: From R. S. Macomber, A Complete Guide to Modern NMR
Spectroscopy (Wiley, New York, 1998). Copyright © 1998, John Wiley
and Sons, New York; used with permission.
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Figure 6.8 'H NMR spectrum of acetophenone. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission. ]

6.87 0.369
= 0.3 —— =144X2=2.
(b, c) 18.62 0.369 0.257 144X 2=288
4.78 0.257
— = 0.257 ——=1X2=
@ 18.62 0 0.257 1

The calculations are in agreement with the structure below.

1l
d ¢

b “CH;
c d @

b

6.3.3 Splitting

When two protons are in close proximity to one another, the magnetic field of each pro-
ton affects protons on adjacent carbons. This magnetic effect results in the splitting of
the signal into multiple peaks and is known as spin-spin splitting.

In Figure 6.9, protons H, see proton Hp as aligned with or against the applied
field. Since there are only two ways of drawing this (one arrow aligned and one arrow
against), the result is that H, is split into a doublet and each peak of the doublet is
approximately the same height.

Proton Hp sees protons H, as aligned with or against the applied field, as seen in
Figure 6.10. With this type of system, proton Hp is split into a triplet. The middle peak
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Hy

Figure 6.9 H, sees Hp as aligned with or against
the applied field. Therefore, H, is split into a

doublet by Hp.

is twice as high as the outer peaks, since the middle peak consists of one « and one

B alignment.

If proton Hy is adjacent to three protons H,, as seen in Figure 6.11, then proton
Hp is split into a quartet. The middle two peaks are three times the size of the outer
two peaks because there are three combinations of a and B alignments.

R—>
R—»
™ -—
™ -—

Figure 610 Hg sees H, as aligned with or
against the applied field. Since there are two
possibilities of the arrangements of a and B to-
gether, the middle peak is twice as high as the
outer peaks. As a result, Hg is split into a triplet
by H,.

By

R —»
™ -——
R —»

Figure 6.1

Ty -—
R —»
R —»
R —»
R —»
™ -——

)

Hg

i

"

Hy—C—C—
[
HA

L

Hp sees H, as aligned with or against the applied
field. Since there are three possibilities of the arrangements of
a and B, the middle peak is three times as high as the outer
peaks. As a result, Hp is split into a quartet by H,.

Spin-spin splitting can be predicted using first-order rules. The multiplicity
expected for a signal can be predicted from the n + 1 rule, which is a simg)le first-order

rule. The first-order rule applies to nuclei of spin 3 such as 'H, 13C, and

SF. That is, a

given magnetically active nucleus coupled by n equivalent neighbors should appear as
an n + 1 multiplet. Thus, 1, 2, 3, 4, 5, 6, . . . neighbors give rise to a signal containing
n + 1 = 2 (doublet, d), 3 (triplet, t), 4 (quartet, q), 5 (quintet, quin), 6 (sextet, sext), 7
(septet, sept), . . . lines. The theoretical measure of the line composition in multiplets
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arises from the coefficients of the expanded polynomial, as seen in Pascal’s triangle
(Figure 6.12). In simple terms, the number of peaks, within a signal, is equal to the
number of hydrogens on the adjacent carbons plus one. On a spectrum, the number
of peaks, within a signal, minus one is equal to the number of hydrogens on adjacent
carbons.

Relative intensity

5 1 5 1 1 5 1 Figure 6.12 Pascal’s triangle. Relative order of
( Y \r uj/ OY \|/ W first-order multiplicities; n = number of equiv-

6 1 6 15 20 15 6 ! alent coupling nuclei of spin 3 (e.g., protons).

Both integration and splitting can be used to identify a compound from the proton
NMR spectrum. The integration of the signals is calculated to be in a 3:2:2:1 ratio
for the NMR spectrum in Figure 6.13.

[Te} Q™ W~ NN~ = OO
g 8588585855338
: NNNA Attt = OO0 O
a c d
CH
N
CH; c
b |
o]
16.69
A
d
A_)L P 1
I 1 i1 I 1 1 1 ' ] 1 1 I 1 1 L | i 1 1 I 1 1 . ] 1 1 I ] 1
14 12 10 8 6 4 2 0
PPM

Figure 6.13 'H NMR spectrum of butanoic acid. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission. ]
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The splitting and integration can be summarized as follows.

Chemical Shift Splitting Integration

Interpretation

(a) 0.95 t 3H CHj; adjacent to CH,
(b) 1.65 sext 2H CH;, adjacent to 5 H
(c) 2.3 t 2H CH; adjacent to CH,
d) 11.68 s 1H OH isolated

The first part of the interpretation is based upon the integration. The second part of
the interpretation is the splitting minus one. By using Table 6.3, signal d is identified
as an —OH of a carboxylic acid. The only possible answer is butanoic acid.

The distance between the individual peaks of a signal is known as the coupling con-
stant, J. The coupling constant is useful in determining which protons are splitting each
other. For example, if H, is adjacent to Hg and the protons split each other, then the
coupling constants within the signal for H, would be equal to the coupling constants
within the signal for Hpg. :

In the proton NMR spectrum of 2-propanol (Figure 6.14), the coupling constant
is approximately 0.1 ppm or 6 Hz (0.1 ppm X 60 MHz, the size of the magnet) between
the individual peaks of each multiplet. A more detailed drawing is shown in Figure 6.15.
Since the coupling constants are the same, it illustrates that the hydrogens (2 CH,)
giving rise to the doublet are splitting the hydrogen (CH), giving rise to the septet.

In the NMR spectra of compounds such as alcohols, carboxylic acids, phenols, or
amines, the OH or NH signal is usually a broad singlet. The broad singlet results from
the OH or NH undergoing a rapid exchange.

R.OH, + R,OH, == R,OH, + R,OH,

0.000

__—5073
-
—_——a
=
-
1.202
_—4: 1.101

b
H
a | a
CH3——-(|2—CH3
OH

a | ———11.46

| ,, |
Illlillll]llllllL‘LJlllllllJlllllLLJlllIIllll

7 6 5 4 3 2 1 0
PPM

Figure 6.14 'H NMR spectrum of 2-propanol. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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J=6Hz
J=6Hz
Figure 6.15 The coupling constant, ], between
the peaks of the doublet (a) is equal to the cou-
JJ l ny 1 JJ J pling constant, ], between the peaks of the septet
A | | | L__ (b) in 2-propanol. The NMR spectrum is shown
(b) (a) in Figure 6.14.

This exchange is rapid enough that the hydroxylic or amino hydrogen cannot experi-
ence coupling with nearby protons on carbon. The nearby protons do not experience
coupling by the OH proton. This proton exchange occurs in (CDCly) deuterochloroform.
The NMR spectra of 2-propanol (Figure 6.14) was obtained neat and the exchange
occurs. In DMSO-dg and acetone-dg, the OH and NH are coupled with the nearby
protons and splitting of these protons is seen. A number of factors strongly affect the
'H NMR spectra of exchangeable hydrogens:

1. Concentration (dilution shifts the OH to a lower chemical shift)

2. Acid catalysis (changes the positions and shapes of the OH peak)
3. Temperature (an increase enhances the rate of exchange)
4

D20 exchange (causes the OH peak to disappear and replaces it with a HOD
peak at § = 4.5)

» 6.4 CARBON-13 SPECTRA

Three important types of information are needed for the interpretation of carbon-13
NMR spectra:

1. The number of different signals indicates how many different types of carbons
are present.

2. The chemical shifts of each signal indicate the electronic environment.
3. Using DEPT, each signal is identified as CH;, CHg, CH, or C.

Chemical shift and splitting will be discussed in detail in the following sections.
Peak areas are not necessarily correlated to the number of carbons giving rise to each
signal. Usually carbon atoms with two or three hydrogens give the strongest signals,
while carbons with no hydrogens give the weakest signals.

The most effective method of identifying a signal as CH;, CHg, CH, or C is DEPT
(distortionless enhancement by polarization transfer). This method will be discussed in
Section 6.5.

6.4.1 Chemical Shift

In Table 6.7, chemical shift ranges for carbons are listed. This table is to be used as a
guideline. It is more accurate to predict the chemical shift by calculations.
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TABLE 6.7 Carbon-13 Magnetic Resonance Frequencies

Chemical Shift
Type of Carbon (8, ppm)
1° Allgl RCH, 5-40
2° Alkyl RCH,R 15-55
3° Alkyl RCHR, 2560
|
Alkyl fluoride - (T: —F 70-80
i
Alkyl chloride - §|_: —al 40-50
| ‘
Alkyl bromide - gl.: —Br 3040
|
Ally! iodide —(TJ—I 5-15
|
Amine —C—N— 10-70
.
I
Alcohol - Ql —0 4590
|
Ether - TC_O 55-90
Alkyne —c=C— 60-90
\ /
Alkene c=cC 100-170
/ \
Aryl Cin ring 90-160
Nitriles —C= 105-130
Amides -—Q—ITI— 150-180
I
O
Carboxylic acids —C—0— 160-185
I
O
Esters —C—0— 150-185
l
O
Anhydrides —C—0—C— 145-175
Il l
0]
Aldehydes —C— 175-220
I
(0]
Ketones —C— 180-220
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The carbon-13 chemical shifts for unsubstituted alkanes is given in Table 6.8. Use
Table 6.8 for the hydrocarbon portion, then add in substituent effects from Table 6.9.

SC = 8C in hydrocarbon + 2(a + B + 7)

The chemical shifts for the alkane carbons in butanoic acid (Figure 6.16) can be
calculated using these methods. Since the —COOH is located on one end of the struc-
ture, the linear (n) values will be used. The first values are from Table 6.8 for propane.
Next, values from Table 6.9 are added in. The —COOH is in the 7 position for carbon
a, B position for carbon b, and a position for carbon ¢. Carbon @ has a calculated chem-
ical shift of & 13.6(15.6 — 2) [observed chemical shift =8 12.29]. Carbon b has a
calculated chemical shift of & 19.1(16.1 + 3) [observed chemical shift =8 17.24].
Carbon ¢ has a calculated chemical shift of 8 36.6(15.6 + 21) [observed chemical shift
= § 34.88].

If several functional groups are added in, the chemical shifts are inaccurate due to
the cumulative effects of the substituents.

The chemical shifts for the carbons in 2-chloropropanoic acid (Figure 6.17) can be
calculated. The values for ethane (Table 6.8) are used. From Table 6.9, both the —Cl
and —COOH are in the B position for carbon a and in the a position for carbon b.
Carbon @ has a calculated chemical shift of § 19.9(5.9 + 11 + 3) [observed chemical

TABLE 6.8 Chemical Shifts of Carbons in Straight- and Branched-Chain Alkanes*

Compound C-1 C-2 C-3 C-4 C-5
Straight chain

Methane -21

Ethane 59 5.9

Propane 15.6 16.1 15.6

Butane 13.2 25.0 25.0 13.2

Pentane 13.7 22.6 34.5 22.6 13.7

Hexane 139 229 32.0 32.0 229

Heptane 139 23.0 32.4 29.5 32.4

Octane 14.0 23.0 32.4 29.7 29.7

Nonane 14.0 23.1 324 29.8 30.1

Decane 14.1 23.0 32.4 29.9 30.3
Branched chain

Isobutane 24.3 252

Isopentane 22.0 29.9 31.8 115

Isohexane 22.5 27.8 41.8 20.7 14.1

Neopentane 31.5 279

Neochexane 28.9 30.4 36.7 8.7

3-Methylpentane 11.3 29.3 36.7

18.6°

2,3-Dimethylbutane 19.3 3.1

2,2,3-Trimethylbutane 27.2 32.9 38.1 15.9

3,3-Dimethylpentane 6.8b 25.1 36.1

44

“From D. G. Grant and E. G. Paul, J. Amer: Chem. Soc., 86, 2984 (1964); ]. D. Roberts, F. ]. Weigert,
J. L. Kroschwitz, and H. J. Reich, J. Amer. Chem. Soc., 92, 1338 (1970); H. Spiescke and W. G. Scheider,
J. Chem. Phys., 36, 722 (1961).

bBranch methy] carbon. Chemical shifts in ppm downfield from TMS. Since these are obtained from spectra
using various internal standards (TMS, benzene, CSy), the error in shift position is at least 0.2 ppm.
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TABLE 6.9 Carbon-13 Shift Effect Due to Replacement of H by Functional
Groups (R} in Alkanes

X B ~ \/\)\/\/
n=...\/\/\R br=... ves
Yy Bapy
a B

R n br n br 7?
CH;3 +9 +6 +10 +8 -2
COOH +21 +16 +3 +2 -2
COO~ +25 +20 +5 +3 -2
COOR +20 +17 +3 +2 -6
cocl +33 +28 +2
COR +30 +24 g +1 +1 -2
CHO +31 40 -2
Phenyl +23 +17 +9 +7 -2
OH +48 +41 +10 +8 -5
OR +58 +51 +8 +5 -4
OCOR +51 +45 +6 +5 -3
NH, +29 +24 +11 +10 -5
NH;* +26 +24 +8 +6 -5
NHR +37 +31 +8 +6 -4
NRg +42 +6 -3
NO, +63 +57 +4 +4
CN +4 +1 +3 +3 -3
SH +11 +11 +12 +11 -4
SR +20 +7 -3
F +68 +63 +9 +6 -4
Cl +31 +32 +11 +10 —4
Br +20 +25 +11 +10 -3
I -6 +4 +11 +12 -1

n = straight-chain compounds, br = branched-chain compounds.

“The effect of the y position is virtually the same for straight- and branched-chain com-
pounds.

Source: From F. W. Wehrli, A. P. Marchand, and S. Wehrli, Interpretation of Carbon-
13 NMR Spectra, 2nd ed. (Wiley, New York, 1988). © John Wiley and Sons Limited;
used with permission.

shift = & 20.80]. Carbon b has a calculated chemical shift of § 57.9(5.9 + 31 + 21)
[observed chemical shift = 6 51.87].

The chemical shifts of carbons in alkenes can be calculated using the equation below
with Table 6.10.

8c=1233+ Z(a + B)
\a B/
=C

C
/ \
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Figure 616 'C NMR spectrum of butanoic acid. [Spectrum courtesy of Christine K. F.
Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia. Used

with permission.]
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Figure 6.17 '°C NMR spectrum of 2-chloropropanoic acid. [Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.

Used with permission.]



160 » Chapter 6. Nuclear Magnetic Resonance Spectrometry

TABLE 6.10 Carbon-13 Chemical Shift Correction
Factors for Groups on Alkenes.

Substituent a B

H— 0.0 0.0
CH;— 129 -74
CH,CHy— 17.2 -9.8
CH;CH,CH,— 15.7 —-8.8
(CH3);CH— 22.7 -12.0
CH4;CHCHCHo— 14.6 -89
(CH4);C— 26.0 -14.8
CICH,— 10.2 -6.0
BrCHo— 10.9 -4.5
ICH,— 14.2 —4.0
HOCH,— 14.2 -84
CH;CH,OCH,— 12.3 -88
CH,=CH— 136 - -7.0
HC=C— -6.0 59
phenyl- 125 -11.0
F— 24.9 -34.3
Cl— 2.8 -6.1
Br— -8.6 -09
I— -38.1 70
HO— 25.7 -353
CH;0— 204 —38.9
CH3;CH,O0— 28.8 -37.1
CH3;CH,CH,CH,O0— 28.1 —40.4
Cﬂaﬁo — 18.4 —26.7

(0]
(CHg)N— 28.0 -32.0
(CH3)31-'\}— 19.8 -10.6
N-pyrrolidonyl-— 6.5 —292
OgN— 22.3 -0.9
NC— -15.1 14.2
CN— -39 -2.7
CH;CHS— 9.0 —12.8
CH,=CHSO,— 14.3 7.9
Hﬁ— 15.3 14.5
(0]
cnsﬁ— 138 47
(0]
HO%'— 5.0 9.8
(0]
CH3CH20ﬁ— 6.3 7.0
(0]

(Continued)



TABLE 6.10 (Continued)

Clc— 8.1 14.0
I

(CHj3)3Si— 16.9 6.7

ClSi— 8.7 16.1

Source: From E. Pretsch, P. Buehlmann, and C. Affolter,
Structure Determination of Organic Compounds (Springer-
Verlag, Heidelberg, 2000), p 83. Used with permission.

6.4 Carbon-13 Spectra

- 161

The chemical shifts of aromatic carbons can be predicted with the equation below

and Table 6.11.

8¢ = 128.7 + Z(C-1 + ortho + meta + para)

H

ortho C-

meta meta
para

1 ortho

All of the signals in the carbon NMR spectrum of styrene (Figure 6.18) can be

identified, using the equations above.

The alkene carbon attached to the benzene ring is a to the phenyl group and has a
calculated chemical shift of § 135.8(123.3 + 12.5) [observed chemical shift = § 136.44,

TABLE 6.11 Effect of Substituents on the C-13 Shift of Benzene Ring Carbons”

Position

Substituent C-1 ortho meta para
—Br -5.5 +3.4 +1.7 -16
—CF; -9.0 -2.2 +0.3 +3.2
—CHj3 +8.9 +0.7 -0.1 —2.9
—CN —-154 +3.6 +0.6 +3.9
—C=C—H —6.1 +3.8 +0.4 -0.2
14-di—C=C—H -5.6 +3.8 — —
—COCF;, —5.6 +1.8 +0.7 +6.7
—COCH,4 +9.1 +0.1 0.0 +4.2
—CocCl +4.6 +2.4 0.0 +6.2
—CHO +8.6 +1.3 +0.6 +5.5
—COOH +2.1 +1.5 0.0 +5.1
—CO,CHj, +2.0 +1.2 -01 +4.8
—COCg¢Hs +9.4 +1.7 -02 +3.6
—Cl +6.2 +0.4 +13 -19
—F +34.8 -129 +14 -45
—H 0.0 — — —

(Continued)
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TABLE 6.11 (Continued)

Position

Substituent C-1 ortho meta para

—NCO +5.7 -3.6 +1.2 -2.8
—NH, +18.0 -13.3 +0.9 -9.8
—NO, +20.0 —-4.8 +0.9 +5.8
—OCH; +314 —-144 +1.0 -7.7
—OH +26.9 -12.7 +14 -7.3
—CgH; +13.1 ~-1.1 +0.4 -12
—SH +2.3 +1.1 +1.1 =31
—SCH;, +10.2 -1.8 +0.4 -3.6
—SO,NH, +15.3 -29 +0.4 +3.3
—O (oxyanion) +39.6 -8.2 +1.9 -13.6
—OCeHs +292 -9.4 +16 -5.1
—OCOCHj; (acetoxy) +23.0 —-6.4 +1.3 -2.3
—N(CHa), +226 ~15.6 +1.0 -115
—N(CH,CHjy), +199 -15.3 +1.4 —-12.2
—NH(C=0)CH;3 +11.1 -99 +0.2 -5.6
—CH,OH +12.3 -14 -14 -14
—1 —32.0 +10.2 +29 +1.0
—Si(CHa), +13.4 +4.4 -11 -1.1
—CH=CH, +9.5 -2.0 +0.2 -0.5
—COCl +5.8 +2.6 +1.2 +74
—CHO +9.0 +1.2 +1.2 +6.0
—COCH;CH; +7.6 -1.5 -1.5 +2.4
—COCH(CHjg), +74 ~0.5 -0.5 +4.0
—COC(CHaj); +9.4 -1.1 -1.1 +17

“Data obtained in various solvents (CCl,, neat, DMF = N,N-dimethylformamide) with various
internal standards (TMS, CS,). A positive value means a downfield shift, negative means an upfield
shift. Estimated error is 0.5 ppm. Chemical shift of unsubstituted benzene is 128.7 ppm.

carbon e]. The other alkene carbon is B to the phenyl group and has a calculated chemi-
cal shift of & 112.3(123.3 — 11) [observed chemical shift = § 112.71, carbon a].

The aromatic carbons are calculated according to the functional groups in ortho,
meta, and para positions. The C-1 carbon has a calculated chemical shift of
5 138.2(128.7 + 9.5) [observed chemical shift = § 137.02, carbon fJ; the carbon ortho
to the alkene group has a calculated chemical shift of & 126.7(128.7 — 2.0)
[observed chemical shift =8 125.63, carbon b]; the carbon meta to the alkene
group has a calculated chemical shift of 5 128.9(128.7 + 0.2) [observed chemical shift
= 8 127.83, carbon d]; and the carbon para to the alkene group has a calculated chem-
ical shift of 8 128.2(128.7 — 0.5) [observed chemical shift = & 127.05, carbon c].

6.4.2 Splitting

Nowadays, all carbon-13 NMR spectra are run decoupled. Decoupling removes all of
the splitting between carbon and hydrogen. If the spectra were run coupled, then a
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Figure 6.18 '°C NMR spectrum of styrene. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with per-
mission.]

CHj; would show up as a quartet, a CHy would show up as a triplet, a CH would show
up as a doublet, and a C would show up as a singlet. This type of information is obtained
from DEPT spectra, which is described in Section 6.5.

A problem-solving format is applied to deduce the structure of a compound by
NMR analysis using the "H NMR spectrum (Figure 6.19) and '*C NMR spectra (Figure
6.20) for an unknown ester of formula CgH;¢0,. An unsaturation number (see Section
3.6.1, pp. 63-64) of 5[U = 9 + 1 — 3(10) + ¢(0)] yields the interpretation of benzene
plus a double bond or a ring. If it is known that the compound is an ester, then the es-
ter is attached to the benzene ring.

An ethyl group is very obvious in the '"H NMR spectrum (Figure 6.19), with a triplet
at 8 1.28 and a quartet centered at 8 4.31. The integration gives 3H for the triplet, 2H
for the quartet, 3H for the first set of aromatic peaks (§ 7.24 — 7.43), and 2H for the
second set of aromatic peaks (8 7.99 — 8.15). The 5 H integration in the aromatic region
indicates a monosubstituted benzene. The structure must be either phenyl propanoate
or ethyl benzoate.

CH;CH;0_ O C
~c” CH;CH; O

ethyl benzoate phenyl propanoate
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Figure 6.19 'H NMR spectrum of unknown ester, CoH1O;. [Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]

According to calculations described in Section 6.3.1 and Table 6.4, the methylene
group has a calculated chemical shift of 8 4.3(1.2 + 3.1) in ethyl benzoate and a calcu-
lated chemical shift of § 2.3(1.2 + 1.1) in phenyl propanoate. The quartet for the CH,
has a chemical shift centered at 8 4.31 (hydrogens b), so the structure must be ethyl
benzoate. The CHj is centered at 8 1.28 (hydrogens a). From Table 6.6, the hydrogens
ortho to the ester (hydrogens e) have a calculated chemical shift of 8 8.01(7.27 + 0.74)
[observed chemical shift = & 7.99 — 8.15], the meta hydrogens (hydrogens c) have a
calculated chemical shift of § 7.34(7.27 + 0.07) [observed chemical shift =& 7.24 —
7.43], and the para hydrogens (hydrogen d) have a calculated chemical shift of
8 7.49(7.27 + 0.20) [observed chemical shift = 8 7.24 — 7.43].

a b
CH;CH,0. O
e e
c c

The '*C NMR spectrum (Figure 6.20) is analyzed next. From the equation in
Section 6.4.1 and Tables 6.8 and 6.9, the CH, (carbon b) has a calculated chemical shift
of 8 56.9(5.9 + 51) [observed chemical shift = 8§ 60.43] and the CHj, (carbon a) has a
calculated chemical shift of § 11.9(5.9 + 6) [observed chemical shift = & 13.81]. For
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Figure 620 '3C NMR spectrum of unknown ester, CoH¢0;. [Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]

the aromatic carbons (Table 6.11), the calculated chemical shifts of the substituted car-
bon (carbon e) is 8 130.7(128.7 + 2.0) [observed chemical shift = 8§ 129.79], the ortho
carbons (carbons d) are § 129.9(128.7 + 1.2) [observed chemical shift = § 129.28], the
meta carbons (carbons ¢) are § 128.6(128.7 — 0.1)[observed chemical shift = § 128.07],
and the para carbon (carbon f) is 8 133.5(128.7 + 4.8) [observed chemical shift =
8 132.46]. The carbonyl carbon (carbon g) has an observed chemical shift at 6 165.78.

a b
CH3CH,0 o)
gc”
e
d
[ C

f

The next problem is a compound of formula CgH,;NO,. The unsaturation num-
ber gives a value of [U=9+ 1 — 3(11) + 4(1)], which probably indicates a benzene
ring plus a double bond or ring. Integration from the 'H NMR spectrum (Figure 6.21)
indicates SH(6 1.29), 2H(5 4.24), 2H(5 5.92), 2H(S 6.66), and 2H(8 7.74). The triplet
and quartet, with the integration of 3H and 2H, are indicative of an ethyl group. The
two doublets (8 6.66 and & 7.74) in the aromatic range show that the structure is a para-
disubstituted aromatic ring. The broad singlet at 8 5.97 can be either an —OH, —NH,
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Figure 621 'H NMR spectrum of unknown compound, CgH;;NO,. [Compound courtesy of the
Department of Chemistry, Roanoke College, Salem, Virginia. Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]

or —NH,. Given that the integration is 2H, it should be an NH,. Two structures are

possible:
i
CH;CH-0O 20 C
~c” 07 CHyCHj
NH, NH;
ethyl 4-aminobenzoate 4-aminophenyl propanoate

(benzocaine)

From the calculations described in Section 6.3.1 and Table 6.4, the methylene group
has a calculated chemical shift of 8 4.3(1.2 + 3.1) in benzocaine and a calculated
chemical shift of § 2.3(1.2 + 1.1) in 4-aminopheny! propanoate. The quartet for the
CH; (hydrogens b) has a chemical shift centered at 8 4.24, so the compound must be
benzocaine. The triplet of the CH; (hydrogens @) has a calculated chemical shift at § 1.3
(0.9 + 0.4) [observed chemical shift = & 1.29].

From Table 6.6, the hydrogens ortho to the ester (hydrogens d) have a calculated
chemical shift of 8 7.77(7.27 + 0.74 — 0.24) [observed chemical shift = 8 7.74], and the
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hydrogens ortho to the amino group (hydrogens e) have a calculated chemical shift of
5 6.59(7.27 + 0.07 — 0.75) [observed chemical shift = & 6.66].

a b
CHACH0, O
e e
d d
NH,
c

The *C NMR spectrum (Figure 6.22) is analyzed next. From the equation in
Section 6.4.1 and Tables 6.8 and 6.9, the CH, (carbons b) has a calculated chemical
shift of & 56.9(5.9 + 51) [observed chemical shift = § 59.29] and the CHj; (carbons a)
has a calculated chemical shift of § 11.9(5.9 + 6) [observed chemical shift = § 14.08].
For the aromatic carbons (Table 6.11), the calculated chemical shift of the carbon sub-
stituted with the ester (carbon d) is § 120.9(128.7 + 2.0 — 9.8) [observed chemical shift
= 116.20], the carbons ortho to the ester (carbons e) are § 130.8(128.7 + 1.2 + 0.9)
[observed chemical shift = & 130.90}, the carbons ortho to the amino group (carbon c)
are & 115.3(128.7 — 13.3 — 0.1) [observed chemical shift = § 112.52], and the carbon
substituted with the amino group (carbon f) is 8 151.5(128.7 + 18.0 + 4.8) [observed

2 03 2 22 2 2
8 2 8 Sd § g
2] (2] [=] 0N 1) <
0 w0 m - ['7] -
e 8 ® o=
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Figure 622 '3C NMR spectrum of unknown compound, CoH;1NO,. [Compound courtesy of
the Department of Chemistry, Roanoke College, Salem, Virginia. Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]
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- PROBLEM

chemical shift = & 153.18]. The observed chemical shift of the carbonyl carbon is at
3 165.81.

a b
CH3CH20\§:¢O
d
e e
c c
i
NHq

1. Identify all of the peaks in the 'H NMR (Figure 6.23) and BC NMR (Figure 6.24)
spectra of a compound with a formula of C3HeBrCl. Give the structure. By using
the methods described thus far, calculate the chemical shift of each hydrogen and
carbon.

2g3oan 8358% g
0N aNNNN
Mmoo NONNNN (?

1.98] [1.99 [2.00

PPM

Figure 623 Problem 1 'H NMR spectrum of unknown compound, C3HeBrCl. The spectrum
was obtained on a JEOL Eclipse 500 spectrometer. [Spectrum courtesy of Geno lannaccone,
Department of Chemistry, Virginia Tech, Blacksburg, Virginia. Used with permission.]
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Figure 624 Problem 1 *C NMR spectrum of unknown compound, CaHeBrCl. The spectrum
was obtained on a JEOL Eclipse 500 spectrometer. [Spectrum courtesy of Geno Iannaccone,
Department of Chemistry, Virginia Tech, Blacksburg, Virginia. Used with permission.]

In a distortionless enhancement by polarization transfer (DEPT) spectrum, CH3, CH,,
CH, and C can be distinguished. A proton pulse is set at 45°, 90°, and 135° in three
separate experiments (Figure 6.25). DEPT spectra are presented in two basic ways. In
one type of DEPT spectra, the methyls are positive at 135°, zero at 90°, and positive at
45°; methylenes are negative at 135°, zero at 90°, and positive at 45° and the methines
are positive at 135°, positive at 90°, and positive at 45°. In a second type of DEPT spec-
tra, separate spectra are obtained for the methyls, methylenes, and methines.

M_ CH3

0° 45° 90° 135°

N—

0°

45° 90° 135°

CH

00

Figure 625 DEPT signal as a function of the variable pulse angle.

45° 90° 135°

CH2

The DEPT spectrum of benzocaine is shown in Figure 6.26. On this type of DEPT
spectrum, the 135° spectrum is on the top, the 80° spectrum is in the middle, and the
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Figure 626 DEPT spectrum of benzocaine. [Compound courtesy of the Department of
Chemistry, Roanoke College, Salem, Virginia. Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with
permission. ]

45° spectrum is on the bottom. This spectrum should be compared with the '*C NMR
spectrum in Figure 6.22. In the '*C NMR spectrum, there are peaks at § 14.08, § 59.29,
8 112.52, 8 116.20, & 130.90, & 153.18, and 6 165.81. The peak at § 14.08 (carbons a)
is identified as a CH,, since the peaks are positive in the top and bottom spectra. The
peak at 8 59.29 (carbons b) is identified as a CHy, since the peak is negative in the top
spectrum and positive in the bottom spectrum. The peaks at 8 112.52 (carbons ¢) and
8 130.90 (carbons e) are identified as CH, since the peak is positive in all three spec-
tra. The peaks at 8 116.20 (carbon d), § 153.18 (carbon f), and & 165.81 (carbon g) are
not present because these carbons do not contain any hydrogens.

The DEPT spectrum of butanoic acid is shown in Figure 6.27. From the '*C NMR
spectrum (Figure 6.16), peaks are present at § 12.29, 8 17.24, 6 34.88, and & 179.28.
By using the DEPT spectrum, the peak at 8 12.29 (carbon a) is identified as a CHg;
the peaks at 8 17.24 (carbon b) and 8 34.88 (carbon ¢) are CHy; and the peak at 8 179.28
(carbon d) is a C.
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Figure 627 DEPT spectrum of butanoic acid. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with per-
mission.]

2. Calculate the unsaturation number and list possibilities for a compound with a for-
mula of CsH,;0. Give the structure and identify all of the peaks in the *C (Figure
6.28) and DEPT (Figure 6.29) spectra. Calculate the carbon chemical shifts.

3. Calculate the unsaturation number and list possibilities for a compound with a for-
mula of C4H ,0;. Give the structure and identify all of the peaks in the 'H (Figure
6.30), 13C (Figure 6.31), and DEPT (Figure 6.32) spectra. Calculate the hydrogen
and carbon chemical shifts.

4. Calculate the unsaturation number and list possibilities for a compound with a for-
mula of CsH,0. Give the structure and identify all of the peaks in the 'H (Figure
6.33), °C (F igure 6.34), and DEPT (Figure 6.35) spectra. Calculate the hydrogen
and carbon chemical shifts.
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Figure 628 Problem 2 *C NMR spectrum of unknown compound, CsH,,0. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 629 Problem 2 DEPT spectrum of unknown compound, CsH;20. [Spectrum courtesy
of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Figure 630 Problem 3 'H NMR spectrum of unknown compound, C4H,0,. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,

Radford, Virginia. Used with permission.]
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Figure 6.31 Problem 3 'C NMR spectrum of unknown compound, C4H,(05. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,

Radford, Virginia. Used with permission.]
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Figure 6.32 Problem 3 DEPT spectrum of unknown compound, C4H,¢0;. [Spectrum courtesy
of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Figure 633 Problem 4 'H NMR spectrum of unknown compound, CsH,¢0. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 6.34 Problem 4 3C NMR spectrum of unknown compound, CsH,,0. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 635 Problem 4 DEPT spectrum of unknown compound, CsH,,0. [Spectrum courtesy
of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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6.6 COSY

Homonuclear shift correlation spectroscopy (COSY) indicates which hydrogens are
coupled to other hydrogens. Each axis is a one-dimensional 'H NMR spectrum. The
diagonal (upper right to lower left) indicates the correlation of a signal with itself, so
these spots are ignored. The off-diagonal signals provide the useful information.
Examination of a COSY spectrum (Figure 6.36) reveals that the upper left and lower
right spots are symmetrical from the diagonal. These off-diagonal peaks are correlated
to each other to see which protons are adjacent to each other.

In the COSY spectrum of butanoic acid (Figure 6.36), the 1H NMR spectrum (Figure
6.13) can be seen on the top and left axes. Chemical shifts are on the right and bottom
axes. The data can be placed in tabular form and then compared with the structure:

(c) 2.30 (b) 1.65 (a) 0.95

(a) 0.95 x
(b) 1.65 x
(c) 2.30

Hydrogen a is adjacent to hydrogen b, and hydrogen b is adjacent to hydrogen c.
This correlation agrees with the identification of the hydrogens done in Section 6.3.3.

a c d

CH CH OH
B\CH e Z\C/
’ |

b 0
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| SEPRE FROR P -1 8
I -
b e S 4 0 0 : =
0 J 5 1 &
~ -2
c @ b
<@ T -
] Figure 6,36 COSY spectrum of bu-
-~ -3 tanoic acid. [Spectrum courtesy of
i Christine K. F. Hermann, Depart-
sabtaacdasslassslecibinnd ot la ment Of Chemistry and Physics,
30 25 20 15 1.0 05 0.0 -0.5-10.0 Radford University, Radford, Vir-
PPM direct dimension ginia. Used with permission.]

From the COSY spectrum of benzocaine (Figure 6.37), the following correlations
can be determined. Hydrogen a is adjacent to hydrogen b and hydrogen d is adjacent
to hydrogen e. This correlation agrees with the identification of the hydrogens done in
Section 6.4.2.
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Figure 6.37 COSY spectrum of benzocaine. [Compound courtesy of the Department of Chem-
istry, Roanoke College, Salem, Virginia. Spectrum courtesy of Christine K. F. Hermann, Depart-
ment of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission. ]

Heteronuclear correlation spectroscopy (HETCOR) gives the correlation between
protons and carbons that are directly attached to each other. The '*C NMR spectrum
is shown along the top, and the "H NMR spectrum is shown along the left side. The
chemical shifts for carbon are shown along the bottom, and the chemical shifts for hy-
drogen are shown along the right side. An equivalent type of 2-D NMR spectroscopy
is heteronuclear multiple quantum coherence (HMQC). In HMQC, the H NMR spec-
trum is along the top, with the proton chemical shift along the bottom, the 13C NMR
spectrum along the left side, and the carbon chemical shift along the right side. Both
HETCOR and HMQC give the same information.
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Dashed lines can be drawn to correlate the 'H NMR spectrum with the '*C NMR
spectrum, as shown in the HETCOR spectrum of butanoic acid (Figure 6.38). The
results are summarized as follows:

BC (c) 34.88 (b) 1724 (a) 12.29

'H

(a) 0.95 X
(b) 1.65 X

(c) 2.30 X

Hydrogens a are attached to carbon a, hydrogens b are attached to carbon b, and
hydrogens c¢ are attached to carbon c.

'H (a) ' (c)
3¢ (@ 13¢ (c)
CH
N
CH, ﬁ
H () 0
l3c (b)
13C c b I a
LN
IH | Lo —-o05
' o ]
) v .
ﬁ i i | -] 0
) [ ]
1 : : .
| ! Jos
i . 1 3
a <<|-——- e - J10 2
H 1 $
] ~ ©
i 4 =
—15 a
PR | S | B 17 &
320
c Sheceea . Figure 638 HETCOR spectrum
Jdos of butanoic acid. [Spectrum cour-
E tesy of Christine K. F. Hermann,
MENE SRS RN SRS FRE T AN DepartmentOfChemiStryandPh)"

40 30 20 10 0 sics, Radford University, Radford,
PPM direct dimension Virginia. Used with permission.]

From the HETCOR spectrum of benzocaine (Figure 6.39), the following correla-
tions can be determined. Hydrogens a are attached to carbon a, hydrogens b are attached
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to carbon b, hydrogens d are attached to carbons ¢, and hydrogens e are attached to car-
bons e. Hydrogens ¢ are an amino group and are not attached to a carbon. Carbons d, f,
and g do not have any hydrogens attached to them.

The next problem incorporates all of the spectra discussed so far. A compound with
a formula of CsHgO, gave the spectra shown in Figures 6.40 through 6.46. The un-
saturation number is calculated to be 2[U = 5 + 1 — §(8) + 3(0)], which may be two
double bonds, two rings, a triple bond, or a ring plus a double bond. Tables can be
made up for each spectra and the tables combined to deduce a structure.

The 'H NMR data are summarized from Figures 6.40 through 6.42 and Table 6.3:

chemical shift splitting integration interpretation

{(a) 1.90 dofd 3H CHj, allylic
(b) 3.70 s 3H CHj, —OR of ester
{(c) 5.54 5 peaks 1H CH, alkene

(d) 6.04 6 peaks 1H CH, alkene
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Figure6.40 'H NMR spectrum of unknown compound, CsHgO,. [Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]
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Figure 6.41 Expanded region of § 1.7 to 2.1 for '"H NMR spectrum of unknown compound,
CsH3O,. [Spectrum courtesy of Christine K. F. Hermann, Department of Chemistry and Physics,
Radford University, Radford, Virginia. Used with permission.]
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Figure 642 Expanded region of & 5.4 to 6.2 for 'H NMR spectrum of unknown compound,
CsHgO,. [Spectrum courtesy of Christine K. F. Hermann, Department of Chemistry and Physics,
Radford University, Radford, Virginia. Used with permission.]
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Figure 643 °C NMR spectrum of unknown compound, CsHgO,. [Spectrum courtesy of
Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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200 150 100 50 0
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Figure 6.44 DEPT spectrum of unknown compound, CsHgO,. {Spectrum courtesy of Christine
K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford, Virginia.
Used with permission.]
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Figure 645 COSY spectrum of unknown compound,
CsHgO,. [Spectrum courtesy of Christine K. F
Hermann, Department of Chemistry and Physics, Rad-
ford University, Radford, Virginia. Used with permission. ]
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The '*C NMR data are summarized from Figures 6.43 and 6.44 and Table 6.7:

chemical shift DEPT interpretation
16.78 CH;  alkyl

(a

)
(b) 50.11 CHj C next to O
(c) 123.54 CH, alkene
d) 135.62 C alkene
(e) 165.98 C ester

From the COSY spectrum (Figure 6.45), hydrogens a are adjacent to hydrogens ¢
and d, and hydrogen ¢ is adjacent to hydrogen d.

From the HETCOR spectrum (Figure 6.46), hydrogens a are attached to carbon
a, hydrogens b are attached to carbon b, hydrogens ¢ and d are attached to carbon ¢.

From the data, the structure must contain an alkene and an ester; the ester has a
methyl next to the oxygen. Three structures are possible:

CH; H H H H CHj
\ / \ / \ /
H/ \C OCH CH/ \C OCH H/ \C OCH
// 3 3 // 3 // 3
O 10)
A B C

The HETCOR and the DEPT indicate the presence of a CH, that is part of an
alkene carbon and another alkene carbon that has no hydrogens attached to it. Structure
C, methyl methacrylate, must be the structure. The chemical shifts of the alkene hy-
drogens are calculated by using Table 6.5. The hydrogen (hydrogen c) that is cis to the
methyl has a calculated chemical shift of § 5.58(5.28 — 0.26 + 0.56) [observed chemical
shift = 8 5.54], and the hydrogen (hydrogen d) that is cis to the ester has a calculated
chemical shift of § 6.14(5.28 — 0.29 + 1.15) [observed chemical shift = § 6.04]. The
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CHj attached directly to the alkene is split by both hydrogens ¢ and d into a doublet
of doublets. Hydrogens ¢ and d are split by the CH3 and are split by each other.

The chemical shifts of the alkene carbons are determined by using Table 6.10. The
unsubstituted carbon (carbon ¢) has a calculated chemical shift of 8 122.9 (123.3 —
7.4 + 7.0) [observed chemical shift = § 123.54]; the substituted carbon (carbon d) has
a calculated chemical shift of § 142.5(123.3 + 12.9 + 6.3) [observed chemical shift =
8 135.62].

The labeled structure is shown below.

H (@)
1H (¢) 13C (a)
\ Bc@) v/
H \ CH,4
C= 13
-/ G e Cle)
H C—OCH;
I 7oA
o
BC (e) 'H )
13C (b)

1@

= 6.8 2-D INADEQUATE

Incredible natural abundance double-quantum transfer experiment (2-D INADE-
QUATE) spectra shows the connectivity between adjacent carbons. The '*C NMR spec-
trum and the carbon chemical shifts are along the left. If two carbons are adjacent
to each other, then spots appear vertically. To make full use of this technique, the
13C NMR and the DEPT spectra must be obtained first.

From the *C (Figure 6.47) and DEPT (Figure 6.48) spectra of limonene, there
are six alkyl carbons and four alkene carbons. In this particular type of DEPT spectrum,
the methyls show up only in the top spectrum, the methylenes appear only in the second
spectrum, the methines appear only in the third spectrum, and the '*C NMR spectrum
is included for reference as the bottom spectrum. The alkyl carbons are at chemical
shifts of 8 20.82 (CHj, carbon a); 8 23.51 (CHj, carbon b); 8 28.04 (CH,, carbon c);
8 30.71 (CHy,, carbon d); 8 30.94 (CH,, carbon e); and & 41.23 (CH, carbon f). The
alkene carbons are at chemical shifts of § 108.52 (CHy, carbon g); 8 120.80 (CH, carbon
h); 8 133.62 (C, carbon {); and 8 150.08 (C, carbon j).

From the 2-D INADEQUATE spectrum (Figure 6.49), a spot aligned below two
chemical shifts indicates that those carbons are connected to each other. A chart, similar
to the HETCOR and the COSY spectra, can be drawn. From this data, the carbons on
the structure can be drawn. The top part of the table corresponds to the chemical shift
for the top spot, and the left part of the table corresponds to the chemical shift for the
bottom spot.
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Figure 6.47 '°C NMR spectrum of limonene. The spectrum was obtained on a Varian Unity 400
spectrometer. [Spectrum courtesy of Tom Glass, Department of Chemistry, Virginia Tech,
Blacksburg, Virginia. Used with permission.]
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Figure 648 DEPT spectrum of limonene. The spectrum was obtained on a Varian Unity 400
spectrometer. [Spectrum courtesy of Tom Glass, Department of Chemistry, Virginia Tech,
Blacksburg, Virginia. Used with permission.]
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Figure 649 2-D INADEQUATE spectrum of limonene. The spectrum was obtained on a Varian
Unity 400 spectrometer. [Spectrum courtesy of Tom Glass, Department of Chemistry, Virginia
Tech, Blacksburg, Virginia. Used with permission.]
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Putting the pieces together, it is best to start with a carbon whose position is known.
Carbon g (CH,) is attached to carbon § (C). Carbon j (C) is attached to carbons a (CHj)
and f (CH). Carbon f (CH) is attached to carbons ¢ (CH,) and e (CHj,). Carbon e (CH,)
is attached to carbon b (CH). Carbon h (CH) is attached to carbon ¢ (C). Carbon d
(CH,) is between carbons ¢ (CHy) and i (C). Carbon i {C) is also attached to carbon b
(CH,).

I\
Hgg J (g:H2

5. Calculate the unsaturation number and list possibilities for a compound with a for-
mula of CgHgNO. Give the structure and identify all of the signals in the 'H (Figure
6.50), 3C (Figure 6.51), and DEPT (Figure 6.52) spectra. Give a table for the
HETCOR (Figure 6.53) spectrum. Calculate the hydrogen and carbon chemical shifts.

6. Calculate the unsaturation number and list possibilities for a compound with a
formula of C;oH,20;. Give the structure and identify all of the signals in the 'H

o reggNz [
— ~ —~ P~ ~
© VNN~ o
o NNNNRNS o~

——— -0.000

1.29

0.93
ﬁda /
—_

PPM

Figure 6.50 Problem 5 'H NMR spectrum of unknown compound, CgHgNO. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 6.51 Problem 5 '*C NMR spectrum of unknown compound, CsHgNO. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 652 Problem 5 DEPT spectrum of unknown compound, CgHgNO. [Spectrum courtesy
of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Figure 653 Problem 5 HETCOR spectrum of un-
known compound, CsHgNO. [Spectrum courtesy of
Christine K. F. Hermann, Department of Chemistry and
Physics, Radford University, Radford, Virginia. Used
with permission.]
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Figure 6.54 Problem 6 'H NMR spectrum of unknown compound, CoH 205 [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,

Radford, Virginia. Used with permission.]
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Figure 655 Problem 6 °C NMR spectrum of unknown compound, C;pH,205. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 656 Problem 6 DEPT spectrum of unknown compound, CyoH,20,. [Spectrum cour-

tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 6.57 Problem 6 COSY spectrum of unknown compound, C;oH20,. [Spectrum courtesy
of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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(Figure 6.54),13C (Figure 6.55), and DEPT (Figure 6.56) spectra. Give a table for
the COSY (Figure 6.57) and HETCOR (Figure 6.58) spectra. Calculate the hydro-
gen and carbon chemical shifts.

7. Calculate the unsaturation number and list possibilities for a compound with a for-
mula of C;oH;3NO,. Give the structure and identify all of the signals in the 3|
(Figure 6.59), B (Figure 6.60), and DEPT (Figure 6.61) spectra. Give a table for
the COSY (Figure 6.62) and HETCOR (Figure 6.63) spectra. Calculate the hydro-
gen and carbon chemical shifts.
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. Figure 658 Problem 6 HETCOR
] spectrum of unknown compound,
l' g C1oH20;. [Spectrum courtesy of
N Christine K. F. Hermann, Department
1 of Chemistry and Physics, Radford
T T e e University, Radford, Virginia. Used

200 150 100 50 0 with permission.]
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Figure 659 Problem 7 'H NMR spectrum of unknown compound, C,oH;3NO;. [Spectrum
courtesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 660 Problem 7 '>*C NMR spectrum of unknown compound, C,oH;3NO,. [Spectrum
courtesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 6.61 Problem 7 DEPT spectrum of unknown compound, C;oH;3NO,. [Spectrum cour-
tesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 6.62 Problem 7 COSY spectrum of unknown Figure 6.63 Problem 7 HETCOR spectrum of un-
compound, CjoH;3NO;. [Spectrum courtesy of known compound, CyoH;3NOs. [Spectrum courtesy of
Christine K. F. Hermann, Department of Chemistry Christine K. F. Hermann, Department of Chemistry
and Physics, Radford University, Radford, Virginia. and Physics, Radford University, Radford, Virginia.
Used with permission.] . Used with permission.]
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Infrared Spectrometry

Infrared (IR) spectrometry gives additional information about a compound’s structure.
In NMR spectrometry, the relationship of carbons and hydrogens to each other is
determined. IR spectrometry aids in the identification of functional groups.

+ 7.1 THEORY OF INFRARED SPECTROMETRY

194

A beam of electromagnetic radiation- of wavelengths shorter than visible light is ab-
sorbed by an organic compound when this beam has an energy corresponding to that
of the vibrating organic bond.

In infrared spectrometry, energy (AE) and frequency (v) are related through
Planck’s constant, h(6.6242 X 10~%7 erg sec).

AE = hy

Frequently, wavenumber, v, rather than frequency, v, is used to describe the
magnitude of IR radiation.

AE = hy

It is now routine to supply IR band positions in wavenumbers, but years ago wave-
length (A) in pm (micrometers, 10~® m)—or, earlier, & (microns, also 107® m)—was
used. The equation for wavelength and energy is:

AE = hc/A
hec/A = hev

Wavelength (in um) and wavenumber (em™1) are related by the following equation:
10,000/A = ¥

The IR spectrum contains the wavenumbers from 4000 to 600 or 400 cm ™. Fourier
transform (FT) IR spectrometers offer a number of advantages over the older IR spec-
trometers. Since the data are collected and stored in a digitized form in the computer,
they can be easily manipulated, transported, and displayed. Spectra can be added or
subtracted, and this technique is useful for subtracting the solvent spectrum from a
spectrum of a sample in that solvent. FT IR instruments are faster, more sensitive, and
more accurate when compared to the older spectrometers. In an FT IR spectrometer,
all of the infrared frequencies are measured simultaneously instead of individually, as
was the case in older IR instruments.

A schematic diagram of an FT IR spectrometer is depicted in Figure 7.1. The
infrared energy from the laser passes through an aperture that controls the amount of
infrared energy emitted. The infrared beam is split into two optical beams by the beam
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Interferometer

IR source  Mirror 2
S
a
o
Mirror
Figure 7.1 Schematic of an FT IR
spectrometer. [Courtesy of Thermo
Sample compartment . Nicolet, Madison, WI. Used with per-

mission. ]

splitter in the interferometer. The beam splitter can be a partially coated mirror that
can be manipulated to alternately let the radiation pass toward either the fixed mirror
or the movable mirror. The movable mirror is carefully incrementally adjusted so that
the path length is regularly varied. The signals are recombined at the beam splitter. The
difference between the path lengths results in a difference between the two wavelengths
of energy. The differences produce an interferogram. The interferogram has information
about every infrared signal coming from the source, and thus all frequencies are mea-
sured simultaneously. When the difference between the two wavelengths is an even-
integer multiple of the invariant beam’s wavelength, constructive interference results.
If the difference between the two wavelengths is an odd-integer multiple of one-quarter
of the invariant beam’s wavelength, destructive interference results. The interferogram
then passes through the sample and then to the detector. The signal from the detector
cannot be interpreted directly; it undergoes a Fourier transformation, a very complex
mathematical procedure. The resulting signal is printed as an infrared spectrum.

Infrared spectra contain different types of absorption for the same bond. The dif-
ferent types are depicted in Figure 7.2.

Examples of stretching and bending are shown below. In octyl amine, the two
hydrogens both move away from the nitrogen (symmetric stretch) or one toward and
one away (asymmetric stretch).

CH3<C|3H2)7 CH3(CHp)7

NI AN
symmetric stretch  asymmeltric stretch
(3290 cm™") (3372cm™")
octylamine

Symmetric and asymmetric in-plane bending occurs in 2-methylpropene, as do
symmetric and asymmetric out-of-plane bending.
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Symmetric stretch
(bond atoms move
toward or away from
the shared atom)

Symmetric in-plane
bend (scissoring}

Symmetric out-of-plane
bend (twisting)

+ 7.2 PREPARATION OF THE SAMPLE

Compounds that are subjected to IR analysis should be pure. Solids should be samples
from recrystallization or from chromatography. Liquids should be samples from distil-

Asymmetric stretch (one

atorm moves away from while

the other atom moves
toward the shared atom)

N\

2

Asymmetric in-plane
bend (rocking)

Asymmetric out-of-plane
bend (twisting)

symmetric in-plane
bend (scissoring)

CHj H} CHj4 H}
\ / \ /
C C
/ \ / \
CHj H) CHj3 H)

asymmetric in-plane

Figure 72 Various types of vibrational
modes.

bend (rocking)

2-methylpropene

cHy )

C=C

/ ((“
CH, H

symmetric out-of-plane
bend (twisting)

cry T

Cc=C
/ \

asymmetric out-of-plane

bend (wagging)

2-methylpropene

lation or from gas chromatographic separation.

Liquids can be examined as a thin film between two salt plates. The salt plates can
be individual salt disks (Figure 7.3), in a demountable cell (Figure 7.4), or in a sealed
cell (Figure 7.5). The spectrum of a compound dissolved in a nonpolar organic solvent,
such as carbon tetrachloride, is least distorted due to associations caused by
solvent—solute or sample-sample aggregates. The wavenumbers for the absorption of
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CO

Figure 7.3 Salt plates and sample holder. A drop is
placed between the salt plates and in the sample holder.

Back plate

Teflon gasket

Needle plate (with stoppers)
Teflon o-ring
Compensating ring
(for IR tran-2 only)

Exploded view— Knurled end cap

demountable cell

with windows

—~———=——_  Neoprene

gasket
———a——— - Window

(NaCl) Figure 7.4 Two types of demountable cells for

e ———— SDacer IR analysis of liquids. Assembly procedure: (1)

Window Place bottom gasket and lower NaCl plates in

_———  (NaC) the middle of the plate. (2) Place spacer on lower

————— N;‘:gte"e window and add one or two drops of sample. (3)
8 Place upper plate, top gasket, and front plate on

the cell; carefully tighten nuts unti] the sample
is evenly dispersed between the plates. Do not
overtighten the nuts, as this may break the salt
plate. [(a) is courtesy of Aldrich Chemical Com-
pany, Milwaukee, WI. Used with permission.]

Back plate

standard IR solvents and mulls are given in Figure 7.6. Mulls do not involve substan-
tial miscibility of the substrate in the solvent; intermolecular associations, such as in-
termolecular hydrogen bonding, may persist in such samples. From the standpoint of
lack of absorption by the supporting medium, potassium bromide pellets are the most
desirable. Preparation of these pellets requires careful technique.
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Figure 7.5 Correct way to fill a sealed cell.

Wavenumber (cm-1)

5000 3000 2000 1500 1000 900 800 700
[ ] I

Solvents
Carbon disulfide — — —

Methylene dichloride —_— -

Chloroform - |- — cb—

Carbon tetrachloride —_— —— —
(toxic)

Tetrachloroethylene - _F

Methylene dibromide — | —

Bromoform — | — —— | —— —

Mutling oils
Nujot -_— —— -

Hexachlorobutadiene —_— —_—

Fluorolube

Figure 7.6 Transparent regions of IR solvents and mulling oils. The open regions for the
solvents are those in which the solvent transmits more than 25% of the incident light at 1.mm
thickness. The open regions for the mulling oils indicate transparency of thin films.

Procedure

Warm up the instrument sufficiently. Take the spectrum of the cell plates and store in
the background file. This allows moisture in the air to be subtracted out from the spec-
trum. If possible, liquid samples should be analyzed neat, without any solvent. If a mull
is preferred, blend 1% of the sample (liquid or solid) in the mulling solvent or oil by
thoroughly mashing the mixture with an agate mortar and pestle. Usually 1 mg of sam-
ple in 100 mg of mulling medium is sufficient. Place one or two drops of the pure liq-
uid sample or mixture between the individual salt plates and place in the sample holder
(Figure 7.3) or assemble the demountable cell (Figure 7.4). Liquids can also be injected
into the sealed cell (Figure 7.5). Touch only the edges of the salt plates. Do not clean
the salt plates with water, since it will ruin them. Wipe the salt plates with a nonabrasive
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Figure 7.7 Crystal-polishing kit for grind-
ing, polishing, and buffing salt plates.
[Courtesy of Aldrich Chemical Company,
Milwaukee, Wisconsin. Used with permis-
sion.]

tissue to remove the sample. Polish the salt plates, if needed, with a crystal-polishing
kit such as the one shown in Figure 7.7. Polishing will remove minor scratches and
cloudiness on the salt plate.

Solid samples must be mixed with either a mulling solvent or mulling oil, as de-
scribed above, or mixed with a solid salt, such as potassium bromide. For best results,
use FT IR quality potassium bromide that has been oven-dried and stored in a dessi-
cator. Prepare a mixture of 1 mg of solid to 100 mg of potassium bromide. Tighten one
of the bolts in the cell (Figure 7.8) or place the bolt in the nut (Figure 7.9). Place a
fine layer of the solid mull into cell. Insert the other bolt (Figures 7.8 and 7.9), keep-
ing the apparatus upright. Tighten the bolts with two wrenches or a vise and a wrench
(Figure 7.8) or with the Handi-Press (Figure 7.9). In either apparatus, remove the bolts
slowly. If a transparent solid salt layer is present, then attempt to obtain the IR spectrum.
If the layer is not transparent or has holes in it, start over again. Clean the apparatus
thoroughly using a nonabrasive tissue. The flat side of each bolt must be smooth so that

a good pellet can be made. Consult your instructor as to the correct way to remove any
rust or corrosive on the bolts.

Figure 7.8 Econo-Press kit. [Courtesy of Figure 7.9 Qwik Handi-Press kit. [Courtesy of Aldrich
Aldrich Chemical Company, Milwaukee, Chemical Company, Milwaukee, Wisconsin. Used with
Wisconsin. Used with permission.] permission. ]
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Obtain directions from the instructor as to the procedure for operating the IR spec-
trometer and manipulating the spectrum.

Improving the IR Spectrum

The IR spectrum can be improved prior to printing a copy. Adjust the peaks until they
almost fill the vertical area. If the peaks are flat on the side opposite from the baseline,
then rerun the spectrum with less sample. If very few peaks are visible, and these can
be identified as mulling medium, or the peaks are very small after adjustment, then re-
run the spectrum with more sample. With a mull or a pellet, a higher ratio of sample
to mulling medium may be required. With an unknown sample, record the wavenumbers
of all peaks. Using only dry equipment and dry chemicals will minimize the appearance
of water absorptions at 3000-3800 em™ 1 (O—H stretching) and 1520-1750 cm™ 1{0—H
bending).

# 7.3 FUNCTIONAL GROUP IDENTIFICATION

The IR spectrum can be broken down into three major regions:

1. The functional group region (1600-4000 cm™") is the region in which most
functional groups absorb. Most of these absorptions are at least of moderate
intensity, and many are quite strong. Organic chemists rarely if ever report ab-
sorbance or transmittance of IR spectra quantitatively. Bands are only identi-
fied as strong (s), moderate (m), or weak (w). Morever, the functional group
region is relatively free from overlap or other interferences.

2. The fingerprint region (1000-1600 cm™') is often quite complex. This region
is often used for band-by-band comparison of the spectrum of a known
compound to the spectrum of an unknown compound in order to identify the
compound. Only strong bands associated with the C—O stretching of alcohols,
esters, and other oxygen-containing molecules are easily assigned.

3. The aromatic region (675-900 cm™") is useful for identifying the number and
relative positions of groups on a benzene ring. The out-of-plane C—H bonds
occur in this region. If polar substituents are substituted on the benzene ring,
this estimation falls.

Figure 7.10 can be used to make a preliminary identification of a compound’s func-
tional group. The Colthup chart (Figure 7.11) provides much more detail. A listing of
the wavenumbers is given in Table 7.1.

The position of a band depends upon a number of characteristics of a bond. The
higher the bond order, the higher the wavenumber for the stretching vibration for a
bond. For example, for carbon—carbon bonds, triple bond stretching occurs at
2100-2260 cm ™, double bond stretching at 1620-1680 cm™ ! and single bonds are lost
in the fingerprint region. Carbonyl groups have bond stretching at 1630-1850 cm ™',
and C—O stretching is usually 10001300 cm™'.

Another factor that is important is band intensity. Fundamental vibrations give more
intense bands when the vibration causing the band results in a significant change of the
dipole moment for the molecule. This accounts for the weakness of absorptions for the
nonpolar carbon—carbon bonds of alkanes. Highlly polar carbonyl groups give rise to a
strong absorption in the area of 1630-1850 cm™".

At this point, IR spectra of common organic compounds will be described.
Important peaks for a particular functional group will be mentioned.



105

WAVELENGTH (MICROMETERS, pm)

25 3 4 5 6 7 8 9 10 12 15
I 2 i ] N N P NI B TSR R T i . Ml AT AT TS BT FETR FTYT] AN EFIUWATY PUTTY FTTRE FERY /7T I BT Y
T - T T ] 1 T W
—  C—H stretch ALKANES (::_'L M M bend M| H
. —C—H stretch .hxéuss M, C—C stretch =C—H bend
= e stretch CmeC il  ALKYNES 1
| || CHLORIDES C—C stretch s
=t M BENZENES w_ C=C siretch M out of plane ==C—H bend; M [SW in plane [ —=C— bend
O—H stretch ALCOHOLS O—H bend > s 'l‘d cilo st:retcw
COY—H stretch= ﬂgﬁéosls CmmQct St stretch 20— bend L -0 stretch
! KETONES C==0 stretch |
S O eh CARBOXVLIC ACIDS S C=0stretch . Zhacte - Sirefch, O band
ESTERS | G stretch| | o |—4 ! stretch (2 bands)
ANHYDRIDES C—0 2 stretch (2 bands) IC(C0)1,—O stretch H |
+ N—H stretch AMINES N—H ==t bend C—N MW stretch f—pth2gl__L M
N—H stretch AMIDES C—0 streich L] A N stretch L)
NITRO COMPOUNDS A R e 8 streten
C==N stretch 2] NITRILES
S—H stretch =] MERCAPTANS
SULFOXIDES =S50 stretch (or S=0 stretch)
> )
SULFONES L st
[ 1o
I - -
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600

WAVE NUMBER (CM™1)

Figure 7.10  Correlation of infrared absorption with organic functional groups. Rows below the first row show only unique bands for the new func-
tional group. For example, the alkene row shows only bands due to the double bond and does not show the C—H absorption bands for the saturated
side chains.
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TABLE 7.1 Characteristic Infrared Absorption Frequencies

Bond Compound Type Frequency Range, cm ™!
Hydrocarbons
C—H stretching Alkanes 2840-3000
—CH; 2872 & 2962 (s)
—CH, 2853 & 2926
—CH (3°) 2890 (w)
~—CH; & —CH (cyclic) 2990-3100
Alkyl 28532962 (m-—s)
Alkenes 3010-3095 (m)
Alkynes (RC=CH) 3267-3333 (s)
Aromatic 3000-3100
C—H bending Alkanes
—CH, 1375 & 1450
—CH, 1465 & 1150-1350
—CH; (straight chain 2 7C) 720

C—H out-of-plane
bending

C—H in-plane bending

C==C stretching

—CH(CHaj).
—C(CH,)s

cyclohexane
cyclopentane
cyclopropane
Alkenes
cis disubstituted, vinyl
Alkynes
(RC=CH, HC=CH)

Alkenes
RCH=CH,
R2C=CH2
RCH=CHR (cis)
RCH=CHR (trans)
R;C=CHR
Allenes =CH,
Aromatic
monosubstituted
o-disubstituted
m-disubstituted
p-disubstituted
Alkenes
=CH2
Aromatic
Alkenes
unconjugated
RCH=CH,
R,C=CH,
RCH=CHR (cis)
RCH=CHR (trans)
R,C=CHR

1365-1370, 1380-1385
(s, d), & 919-922 (w)
1370 (s), 1385-1395 (m),

& 926-932 (w)
1452
1455
1442

1416

610-700 (s, b) &
1220-1370 (w, b)

650-1000 (s)

905915 (s) & 985995 (s)

1416

1000-1300
1620-1680 (v)
1640-1667 (m, w)
1638-1648
1648-1658 (m)
1626-1662 (v)
1668-1678 (v)
1665-1675 (m)

(Continued)
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TABLE 7.1 Characteristic Infrared Absorption Frequencies

Bond Compound Type Frequency Range, cm™!
R,C=CR, 1665-1675 (w)
—CH=CF, 1754
—CF=CF, 1786
cyclopropene 1641
cyclobutene 1566
a-substituted cyclobutene 1641
conjugated 1600 & 1650
conjugated with an
aromatic ring 1625
cumulated 1900-2000
Aromatic 1400-1500 & 1585-1600
C=C stretching Alkynes 2100-2260 (w)
symmetrical no band
RC=CH 2100-2140
RC=CR (unsymmetrical) 2190-2260
Alcohols and phenols
O—H stretching Alcohols, phenols (vapor phase
or very dilute solution) 3584-3650 (s)
Alcohols, phenols 3200-3550 (b, s)
C—O stretching Alcohols 1000-1260 (s)
10
a-unsaturated and/or
a-branched <1050
saturated 1050-1085
20
alicyclic 7- or 8-membered
ring, a-unsaturated and
a-branched, or
di-a-unsaturated <1050
alicylic 5- or 6-membered
ring, a-unsaturated 1050-1085
saturated 1087-1124
highly symmetrical 1124-1205
30
highly a-unsaturated <1050
a-unsaturated or cyclic 1087-1124
saturated 1124-1205
Phenols 1180-1260 & 1330-1390
O—H bending Alcohols 1330-1420
1°, 2° 1330 & 1420
3° 1330-1420 (one band)
Alcohols, phenols
(liquid) 650-769 (b)
Ethers, epoxides, and peroxides
C—O stretching Ethers
aliphatic 1085-1150 (s, usually 1125)
aliphatic, with branching
adjacent to O 1114-1170 (t)
aryl alkyl 1020-1075 & 1200-1275

(Continued)
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TABLE 71 (Continued)
Bond Compound Type Frequency Range, cm ™!
vinyl 1020-1075 & 1200-1225
Peroxides
alkyl, aryl 1176-1198
Epoxides 750-840, 810-950
& 1250 (one band each)
C=C stretching Ethers
vinyl 1610-1660 (d)
C—H stretching Epoxides 2990-3050
C=0 stretching Peroxides
acyl, aroyl 1754-1818 (two bands)
Ketones and aldehydes
C=0 stretching Ketones 1680-1750 (s)
saturated aliphatic (neat) 1715 (s)
aliphatic 1705-1720
aliphatic & aryl 1680-1700
a,B-unsaturated 1665-1680
a,B-unsaturated or aryl 1666-1685 (s)

C==0 stretching
and bending
O—H stretching

C—H stretching

C—H bending

O—H stretching

C=0 stretching

B-diketones 1580-1640 (b, s)
quinones
both C=0 in 1 ring 1655-1690 (s)
C=0 in 2 rings 1635-1655 (s)
acyclic a-chloro 1725 & 1745
cyclohexanone 1715 (s)
cyclopentanone 1751 (s)
cyclobutanone 1775 (s)
Aldehydes 1690-1740 (s)
aliphatic 1720-1740 (s)
a,3-unsaturated 1680-1690 (s)
aryl 1695-1715 (s)
Ketones 1100-1300 (m)
aliphatic 1100-1230
Ketones
enolic 2700-3000 (b, shallow)
Aldehydes 2695-2830 (two m bands,
usually at 2720)
o-substituted aromatic 2900
Aldehydes 1390 (w)
Carboxylic acids and anions
Carboxylic acids 2500-3300 (b, s)
(center at 3000)
Carboxylic acids 1710-1780 (s)
saturated aliphatic monomers 1760 (s)
dimerized saturated aliphatic =~ 1706-1720 (s)
aliphatic 1700-1725 (s)
a,B-unsaturated 1690-1715 (s)
aryl 1680-1700 (s)
a,B-unsaturated, aryl 1680-1710 (s)
Carboxyl anions 1550-1630

(Continued)
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TABLE 7.1 (Continued)
Bond Compound Type Frequency Range, cm ™'
C==0 stretching Carboxylic anions 1550-1650 (s) & 1400 (w)
C—O stretching Carboxylic acids 1210-1320
dimers 1280-1315
O—H bending Carboxylic acids 1395-1440 (m)
Esters and lactones
C==0 stretching Esters
saturated aliphatic 1735-1750 (s)
formates, benzoates,
a,B-unsaturated 1715-1730 (s)
vinyl 1776 (s)
phenyl 1770 (s)
oxalates, a-keto 1740-1755 (s)
B-keto 1650 (s)
aliphatic 1735-1750 (s)
aromatic 1715-1730 (s)
8-Lactones
saturated 1735-1750 (s)
a,B-unsaturated 1750 (s)
B,5-unsaturated 1800 (s)
a-Pyrones 1715-1775 (two bands)
7-Lactones 1760-1795
C—O stretching Esters 1000-1300
saturated, except for acetates ~ 1163-1210 (s)
acetates of saturated alcohols 1240
vinyl acetates, phenyl acetates  1140-1190
of a,B-unsaturated acids 1160-1300
of aromatic acids 1250-1310
of 1° ROH 1031-1064
of 2° ROH 1100
aromatic esters of 1° ROH 1111

=0 stretching

C=0 stretching

methyl esters of fatty acids

Lactones
Acid halides
Unconjugated acid
chlorides

Aromatic acid chlorides

Acid chlorides
Acid bromides
Acid fluorides

Acid anhydrides
Anhydrides
saturated acyclic
conjugated acyclic
aliphatic

aromatic

1175 (s), 1205, & 1250
(3-band pattern)
1111-1250

1785-1815 (s)

1770-1800 (s) &
1735-1750 (w)

1780-1850

1812

1869

1750 & 1818
1720 & 1775
1740-1790 & 1800-1850
1730-1780 & 1780-1860

(Continued)
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TABLE 7.1 (Continued)
Bond Compound Type Frequency Range, cm ™!
C—O stretching Anhydrides
unconjugated straight chain 1047 (s)
cyclic 909-952 & 1176-1299
acetic 1123
Amides
N—H stretching Amides
1°

C=0 stretching

N—H bending

C—N stretching

N—H stretching

(dilute solutions)

3400 (m) & 3520 (m)

(solid samples) 3180 & 3350
20
(dilute solutions) 3400-3500
(concentrated solutions) 3060-3330
Lactams 3200 (s)
Amides 1630-1690 (s)
10
(solid samples) 1650 (s)
(dilute solutions) 1690 (s)
20
(solid samples) 1640
(dilute solutions) 1680
anilides 1700
3° 1630-1680
Lactams (= 6-membered) 1650
7-Lactams 1700-1750
B-Lactams 1730-1760
Amides 1515-1650 & 666-800 (b, m)
10
(mulls and pellets) 1620-1655
(dilute solutions) 1590-1620
2° acyclic
(solid samples) 1515-1570
(dilute solutions) 1510-1550
Lactams 700-800 (b)
1° Amides 1400
Amines and salts of amines
Amines 3300-3500 (m)
1° 3300-3500 (2 bands)
(dilute solutions) 3400 (w) & 3500 (w) (2 bands)
aliphatic (neat) 3250-3330 & 3330--3400
2° 3310-3350 (w) (1 band)
3° 3300-3500 (no bands)
Amine salts
ammonium 3030-3300 (b, s) & 1709-2000
1° 2800-3000 (b, s)
& 2000-2800 (m)
2° 2700-3000 (s) & 2000 (m)
R 2250-2700
4° no bands

(Continued)
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TABLE 7.1 (Continued)
Bond Compound Type Frequency Range, cem™?
N—H bending Amines
1° 1580-1650 (m or s)
20
aliphatic undetected
aromatic 1515
1°, 2° (liquid samples) 666-909
Amine salts
ammonium 1429 (b, s)
1° 1504-1550 & 1575-1600
2° 1560-1620
C—N stretching Amines
1°, 2°, 3° aliphatic 1020-1250 (m, w)
1° aromatic 1250-1340 (s)
2° aromatic 1280-1350 (s)
3° aromatic’ 1310-1360 (s)
Amino acids and salts of amino acids
N—H stretching Free 1° amino acids 26003100 (b, s)
Hydrochloride salts of
amino acids 2380-3333 (s)
Sodium salts of
amino acids 3200-3400
N—H bending Free 1° amino acids 1485-1550 (s),
1610-1660 (w)
& 2000-2222 (m)

C=0 stretching

O—C=0 stretching

C=0 stretching

O—H stretching

Hydrochloride salts of
amino acids

Free 1° amino acid

Sodium salts of
amino acids

Hydrochloride salts of
amino acids

a-Amino acid hydrochlorides

Other amino acid
hydrochlorides

Hydrochloride salts of
amino acids

1481-1550 (s) & 15901610 (w)

1590-1600 (s) & 1400 (w)
15901600 (s) & 1400 (w)

1190-1220 (s)
1730-1755 (s)

1700-1730 (s)

2380-3333 (s)

Compounds with C=N, C=N, —N=C=0, —N=C=S$ groups

C=N stretching

C=N stretching

N--O stretching

Nitriles
aliphatic

aromatic, conjugated

Isocyanides, isocyanates,
thiocyanates, isothiocyanates

Imines, oximes, thiazoles,
iminocarbonates, guanidines

Nitro compounds
nitroalkanes

conjugated aliphatic, aromatic

2220-2260 (m)
22402260
2222-2240
2000-2273

1471-1689

Compounds with nitrogen-oxygen bonds
1259-1389 & 1499-1661(s)

1372 & 1550
1290-1360 & 1500-1550

(Continued)
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TABLE 7.1 (Continued)

Bond Compound Type Frequency Range, em™!
N—O stretching Nitrates 1255-1300 (s) & 1625-1660 (s)
Nitrites 750-850 (s)
N=0 stretching Nitrates 833-870
Nitrites
cis isomer 1610-1625 (s)
trans isomer 1650-1680 (s)
Nitroso compounds
monomeric, tertiary
aliphatic 1539-1585
aromatic 1495-1511
N--O bending Nitrates 690763
C—N stretching Nitroaromatics 870
Organic halogen compounds
C—X stretching Chlorides
aliphatic 550-850 (s)
anyl 1089-1096 (s)
Bromides 515-690 (s)
Todides 500-600 (s)
Fluorides 730-1400 (s)
monofluoroalkanes 10001100 (s)
—CFy—, —CF3 1120-1350 (s)
aryl 1100-1250 (s)

S—H stretching

C—S stretching
S—S stretching
C=S stretching

$=0 stretching

N—H stretching

Si—H stretching
Si—H bending
SiO—H stretching
Si—O stretching

Organic sulfur compounds

Aliphatic mercaptans,
thiophenols

Thioketos

Sulfides

Disulfides

Thiocarbonyls

Thiobenzophenones

25502600 (w)
2415 (b)
600-700 (w)
400-500 (w)
1020-1250
1207-1224

Compounds containing sulfur—oxygen bonds

Organic sulfoxides
Sulfones
Sulfonyl chlorides
Sulfonamides
Covalent sulfonates
Organic sulfates
Sulfonic acids
Sulfonate salts
Sulfonamides

10

20

Silicon compounds

1030-1070 (s
1120-1160 (s

(

(s) & 1300-1350 (s
1177-1204 (s

(

(

(s)
& 1380-1410 (s)
1155-1170 (s) & 1335-1370 (s)
1168-1195 (s) & 1335-1372 (d, s)
1185-1200 (s) & 1380-1415 (s)
1150-1165 (s) & 1342-1350 (s)

1055 (s) & 1175 (s)

Lo 2 D S —

3247-3300 (s) & 3330-3390 (s)
3265 (s)

2200
800-950
32003700
830-1110 (s)

(Continued)
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TABLE 7.1 (Continued)
Bond Compound Type Frequency Range, cm™*
Si—X stretching Si—F 800-1000
Si—Cl below 666
Phosphorus compounds
P=0 stretching Phosphine oxides
aliphatic 1150
aromatic 1190
Phosphate esters 1250-1299
P—O stretching P—OH bonds 910-1040 (s)
P—O—P bonds 700 (w), 870-1000 (s)
P—O—C bonds
aliphatic 770-830 (s), 970-1050 (s)
aromatic 855-994(s), 1160-1260 (s)

C—H stretching

N—H stretching

ring stretching

C—H out-of-plane

bending

Heteroaromatic compounds

Pyridines, pyrazines,

pyrroles, furans, thiophenes

Heteroaromatics

Pyrroles, indoles
(dilute solution)
(conc solution)

Heteroaromatics

Pyridines
2-substituted
3-substituted
4-substituted

Furans
2-substituted

(CHCl,)
(liquid)
(solid)

3-substituted
(liquid)
Thiophenes
2-substituted (CHCl,)
3-substituted (liquid)

Pyrrole
2-acyl

3003-3077
3220-3500

3495
3400
1300-1600

746-752 & 740-781
712-715 & 789-810
709-775 & 794-820

780-835, 884, & 925

725-780, 875-890, & 915-960

723-750 & 793-821,
860-887 & 906-955

741 & 870-885

803-843, 853, & 925
755

755 & 740-774

Abbreviations: s = strong, m = moderate, w = weak, d = doublet, b = broad, v = variable, t = triplet.

Source: Compiled from R. M. Silverstein and F. X. Webster, Spectrometric Identification of Organic Com-
pounds, 6th ed. (Wiley, New York, 1998); T. W. G. Solomons and C. Fryhle, Organic Chemistry, Tth ed. upgrade

(Wiley, New York, 2001).

Nujol, a commercially available compound used to prepare mulls, is a viscous oil
composed of long-chain saturated hydrocarbons. The IR spectrum (Figure 7.12) shows
typical C—H stretching at 2919 cm™* and C—H bending at 1372 and 1461 cm ™" for
a hydrocarbon. In other compounds with substantial hydrocarbon character, the peaks

should be seen.
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Figure 7.12 IR spectrum of Nujol. [Spectrum courtesy of Terra Hosp, Department of Chemistry
and Physics, Radford University, Radford, Virginia. Used with permission.]

Cyclohexene has many of the same features as a hydrocarbon and has the additional
bands due to a carbon—carbon double bond. In Figure 7.13, a C=C stretching for a cis
RCH=CHR at 1648 cm~' and a C—H out-of-plane bending for a cis RCH=CHR at
720 cm ™! confirm the presence of a cis group. To confirm the identity of an alkene,
there are always the same kind of alkene peaks for C=C stretching and C—H out-of-
plane bending for the alkene. The only exception would be for a RoC=CRy, since there
is no C—H bending. For cyclohexene, a band indicative of a double bond is found at
3019 cm™! due to a C—H stretch of an alkene. Other peaks include a C—H stretch
for an alkene at 3019 cm ™! and C—H stretch for an alkene at 2931 cm™".

The IR spectrum of 1-heptyne (Figure 7.14) indicates the presence of a
carbon-carbon triple bond with a C=C stretching at 2120 cm™". At this wavelength, a
terminal alkyne is present. Unsymmetrical alkynes would have a peak for C=C stretch-
ing at 2190-2260 cm ™', and symmetrical alkynes do not show a peak in this range.
Additional peaks indicating the presence of a terminal alkyne include C—H bending at
625 and 1255 cm ™! and C—H stretching at 3307 cm ™. The compound does not have
an isopropyl group or a tert-butyl group due to the lack of a peak in the 1365-1370 cm ™!
range and another peak in the 1380-1395 cm ™! range.

Substituted benzene rings have distinctive patterns at 1667-2000 cm ™! (Figure
7.15). These weak bands are due to overtones of aromatic bands. Such use of this region
to identify substitution patterns can be difficult since these bands are weak, and strong
bands, such as carbonyl bands, can obscure the overtone patterns.

The IR spectrum of a simple aromatic hydrocarbon, 1,3-dimethylbenzene, m-xylene,
is shown in Figure 7.16. The C—H stretch region contains the C—H stretchin§ for
the aromatic at 3013 cm ™' and the C—H stretching for the alkane at 2907 cm™". As
compared with Figure 7.15, the aromatic overtone bands in the 1667-2000 cm ™" range
agree with meta substitution. From Table 7.1, the compound is confirmed with meta
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Figure 213 IR spectrum of cyclohexene. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.14 IR spectrum of 1-heptyne. [Spectrum courtesy of Christine K. F. Hermann,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with
permission.]
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Figure 7.15 Schematic representation of the 1667-2000 cm ™" IR region
Hexa- for benzene substitution. [From J. R. Dyer, Applications of Absorption
Spectroscopy of Organic Compounds (Prentice-Hall, Upper Saddle River,
NJ, 1965) © 1965, p. 52. Reprinted by permission of Prentice-Hall, Inc.,
5.0 6.0u Upper Saddle River, New Jersey]

substitution with two peaks for the C—H out-of-plane bending at 685 and 767 cm ™.
C=C stretching for an aromatic compound occurs at 1490 and 1613 cm™".

The IR spectrum of methanol is shown in Figure 7.17. The O—H stretching of the
alcohol is centered at 3366 cm ™!, A sharp, strong C—O stretching is seen at 1026 cm™
The peak at 1408 cm ™! is due to the O—H bendmg

In the IR spectrum of 3- meth?llphenol m-cresol) (Figure 7.18), a strong O—H
stretching is centered at 3319 cm™ ", a C—O stretching for the ?henol is at 1267 and
1337 em™ !, and an O—H bending for the phenol is at 691 cm™". Meta dlsubstltutlon
on the aromatic ring is indicated by C—H out-of-plane bending at 691 and 773 ecm™
The C=C stretching for the aromatic is at 1484 and 1590 cm™".

In the IR spectrum of diethyl ether (Figure 7.19), there is no O—H stretching or
bending. A strong C—O stretching is seen for the aliphatic ether at 1137 cm™!

Beginning with the IR spectrum of acetone (Figure 7.20), vanous types of carbonyl
compounds will be described. A C=0 stretching at 1713 cm ™" indicates the presence
of an aliphatic ketone. Ring strain in cyclic ketones moves this band to a higher
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Figure 7.16 IR spectrum of m-xylene. [Spectrum courtesy of Christine K. F. Hermann, Depart-
ment of Chemistry and Physics, Radford University, Radford, VA. Used with permission.]
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Figure 7.17 IR spectrum of methanol. [Spectrum courtesy of Terra Hosp, Department of Chem-
istry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.18 IR spectrum of m-cresol. [Spectrum courtesy of Terra Hosp, Department of Chem-
istry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.19 IR spectrum of diethyl ether. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.20 IR spectrum of acetone. [Spectrum courtesy of Terra Hosp, Department of Chem-
istry and Physics, Radford University, Radford, Virginia. Used with permission.]

wavenumber; conjugation with a C==C or aromatic ring unit moves the band to lower
wavenumbers. Also present is C=0 stretching and bending for a ketone at 1213 cm ™.

Acetophenone (Figure 7.21) gives a C=0 stretching for an aliphatic and aryl ketone
at 1684 cm ™, which is a lower wavenumber than for simple aliphatic ketones. Other
peaks are C=0 stretching and bending for a ketone at 1260 cm ™! and C—H out-
of-plane bending for a monosubstituted aromatic at 691 and 756 cm .

Aldehydes are distinguished from ketones by the additional presence of two bands
in the 2695-2830 cm ™' range. This aldehydic C—H stretching appears at 2731 and
2831 cm ™! in benzaldehyde (Figure 7.22). The C==0 stretching for the aryl aldehyde
is indicated by a peak at 1696 cm ~*. A weak C—H bending for the aldehyde is present
at 1390 cm ™.

Carboxylic acids are identified by both a C=0 stretching and an O—H stretching.
For propanoic acid (Figure 7.23), the O—H stretching centered at 3000 cm ™~ and the
C=0 stretching at 1713 cm ™" are both broad because the —OH group is hydrogen
bonded to the hydroxyl group of another molecule. Additional carboxylic acid peaks are
indicated by the C—O stretching at 1237 cm™" and the O—H bending at 1414 cm ™.
The peak around 3000 cm ™! is actually both the very broad O—H stretching and the
sharper C—H stretching for an alkane.

Esters can be identified from a carboxylic acid due to the lack of O—H stretching
around 3000 cm ™, but esters still have a strong C=0 stretching. In the IR spectrum
of ethyl acetate (Figure 7.24), a strong C==0 stretching is observed at 1743 cm™! for
an aliphatic ester as well as C—O stretching for the acetate portion at 1238 cm ™" and
for the alkoxy portion at 1047 cm ™.

The IR spectrum of another carboxylic acid derivative, benzoyl chloride, is shown
in Figure 7.25. Fermi resonance causes the C=0 stretching to appear as two peaks:
one at 1731 cm™" and one at 1778 cm™". A C—Cl stretching band occurs at 873 cm™".
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Figure 7.21 IR spectrum of acetophenone. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 722 IR spectrum of benzaldehyde. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]



7.3 Functional Group ldentification 219

100

%T

O—H stretch 7
| carboxylic acid \\C —H stretch \C——O ctretch

alkane O—H bend carboxylic acid

U carboxylic acid

| CH4CH, OH
\C/
" C==0 stretch aliphatic

carboxylic acid
0 L | | \ | | | |
4000 3500 3000 2500 2000 1500 1000 500

-1

cm

Figure 7.23 IR spectrum of propanoic acid. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.24 IR spectrum of ethyl acetate. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.28 IR spectrum of benzoyl chloride. [Spectrum courtesy of Terra Hosp, Department
of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]

The structure of an anhydride provides a symmetry relationship between the carbonyl
groups that permits asymmetric and symmetric coupling. This results in a pair of bands
for the C=0 stretching, as seen in the IR spectrum of acetic anhydride (Figure 7.26). The
C=O0 stretching appears as both an asymmetric band at 1825 cm ™' and a symmetric band
at 1754 cm ™', The C—O stretching for acetic anhydride appears at 1125 cm™.

An amide C=0O0 stretching appears at lower wavenumbers than the examples al-
ready discussed. In the IR spectrum of N,N-dimethylformamide (Figure 7.27), the C=0
stretching is at 1672 cm™". Because N,N-dimethylformamide is a tertiary amide, no
N—H stretching or N—H bending signals are present. Secondary amides have one
signal for N—H stretching, and primary amides have two signals for N—H stretching.
The C—N stretching for the amide is at 1388 cm™".

Primary and secondary amines are identified by the number of bands in the
3300-3500 cm ! range due to N—H stretching. Primary amines have two bands, sec-
ondary amines have one band, and tertiary amines have no bands. In the IR spectrum
of aniline (Figure 7.28), the coupled N—H stretching appears at 3354 and 3436 cem™L
The N—H bending is at 1613 cm ™', and C—N stretching is at 1272 cm~'. The C—N
stretching of amines is difficult to find and is rarely, if ever, used for structure
determination.

The IR spectrum of diethyl amine (Figure 7.29) illustrates an example of a secondary
amine with only one band for N—H stretching at 3283 cm ™. The C—N stretching for
this aliphatic amine appears at 1138 cm ™.

Nitriles are very distinctive, with a peak for C=N stretching near 2200 cm™". In the
IR spectrum of acetonitrile (Figure 7.30), strong C=N stretching appears at 2249 cm™ !,

Nitrobenzene contains a functional group that shows a coupled pair of IR bands
for the N--O stretching at 1343 and 1519 cem ™~ !in the IR spectrum (Figure 7.31). The
C—N stretching for the nitroaromatic is at 860 cm™!. The remainder of the IR spectrum
is largely due to the benzene ring. Below 800 cm ™", the bands are of little use here for
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Figure 7.26 IR spectrum of acetic anhydride. [Spectrum courtesy of Terra Hosp, Department
of Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.27 IR spectrum of N,N-dimethylformamide. [Spectrum courtesy of Terra Hosp,
Department of Chemistry and Physics, Radford University, Radford, Virginia. Used with per-
mission.]
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Figure 7.28 IR spectrum of aniline. [Spectrum courtesy of Terra Hosp, Department of Chemistry
and Physics, Radford University, Radford, Virginia. Used with permission.]

100 —
—
%T
0 N— H stretch /
| secondary amine
/ C~— N stretch
C—H bend N secondary
CH, aliphatic amine
L CH4CH, CH,CH,4
\N/
C—H stretch |
alkane H
0 l | | | | | | |
4000 3500 3000 2500 2000 1500 1000 500

cm!

Figure 7.29 IR spectrum of diethyl amine. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.30 IR spectrum of acetonitrile. [Spectrum courtesy of Terra Hosp, Department of

Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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Figure 7.31 IR spectrum of nitrobenzene. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]
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determination of the number and the relative positions of the ring substituents. Many
of these bands are due to the interaction of the polar nitro group with the out-of-plane
bending vibrations of the C—H of the aromatic.

The IR spectrum of chloroform (Figure 7.32) shows the presence of chlorine and
can be used for reference when solution spectra are run using this compound as a sol-
vent. The C—Cl stretching is visible at 756 cm™".
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Figure 7.32 IR spectrum of chloroform. [Spectrum courtesy of Terra Hosp, Department of
Chemistry and Physics, Radford University, Radford, Virginia. Used with permission.]

Once an IR spectrum has been taken for an unknown compound, then begin looking
for major stretching and bending peaks. A very large peak in the 3200-3500 cm ™ range
indicates the presence of an alcohol or phenol. Another strong peak is C=O stretching,
which is in the range of 1630-1850 cm™'. Moderate bands in the 3300-3500 cm™'
range could be indicative of N—H stretching. A peak around 2200 cm™" could possibly
be a nitrile. If a compound is aromatic, then aromatic peaks would appear in the NMR
spectra. Multiple techniques can be used in identifying an unknown compound.

In Figure 7.33, there is an indication of an alcohol or phenol with a band at
3506 cm™ . This unknown compound does not have a carbonyl group since there is no
strong peak in the 16301850 cm ™" range. A sharp peak at 3072 cm ™" is probably C—H
stretching for an alkene or aromatic compound. With a formula of C¢HsClO, the un-
saturation number is 4 [U =6 + 1 — 3(6) + 3(0)]. Interpretation of this value gives
a prediction of an aromatic compound. The only possibilities are 2-chlorophenol,
3-chlorophenol, and 4-chlorophenol.

OH OH OH
o Q
Cl
cl

2-chlorophenol 3-chlorophenol 4-chlorophenol
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Figure 7.33 IR spectrum of unknown compound of formula CgH5ClO. [Spectrum courtesy of
Terra Hosp, Department of Chemistry and Physics, Radford University, Radford, Virginia. Used
with permission. ]

These three structures can be distinguished by using C—H out-of-plane bending.
The closest match is an o-disubstituted aromatic with a signal at 743 cm™'. The only
possibility is 2-chlorophenol. Most of the bands are identified as follows:

frequency bond compound type

743 C—H out-of-plane bend o-disubstituted aromatic
3506 O—H stretch phenol

1190 and 1338 C—0O stretch phenol

743 O—H bend phenol

3072 C—H stretch aromatic

1472 and 1578 C==C stretch aromatic

1120 C—Cl stretch aryl chloride

ProBLEMS

For each of the following problems, calculate the unsaturation number and give the in-
terpretation. List the labeled wavenumbers in tabular form and identify the bond and
compound type. Give the name and the structure.

1. Unknown compound of formula C;HgNO (Figure 7.34). Identify wavenumbers 1390,
1649, 1660, 2985, 3201, and 3354 cm ™.

2. Unknown compound of formula C,H O (Figure 7.35). Identify wavenumbers 1102,
1326, 1373, 1455, 2872, 2919, 2955, and 3342 em™L

3. Unknown compound of formula C;H;Br (Figure 7.36). Identify wavenumbers 591,
797, 1484, 1596, 2919, and 3013 cm L.

4. Unknown compound of formula C4HgO (Figure 7.37). Identify wavenumbers 1173,
1375, 1455, 1713, and 2978 cm ™.,
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Figure 7.34 Problem 1 IR spectrum of unknown compound of formula C;HgNO. [Spectrum

courtesy of Terra Hosp, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Figure 7.35 Problem 2 IR spectrum of unknown compound of formula C,H;¢0. [Spectrum
courtesy of Christine K. F. Hermann, Department of Chemistry and Physics, Radford University,
Radford, Virginia. Used with permission.]
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Figure 7.36 Problem 3 IR spectrum of unknown compound of formula C;H;Br. [Spectrum
courtesy of Terra Hosp, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Figure 7.37 Problem 4 IR spectrum of unknown compound of formula C;HgO. [Spectrum
courtesy of Terra Hosp, Department of Chemistry and Physics, Radford University, Radford,
Virginia. Used with permission.]
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Mass spectrometry is of lesser importance than NMR and IR spectroscopy. Many
qualitative organic courses require only IR and NMR spectroscopy for compound
identification. A few will require a mass spectrum of an unknown compound.

Mass spectrometry can analyze a variety of pure samples. Solid samples can be
placed on the tip of a rod, which is then inserted into the vacuum chamber through a
vacuum-tight seal. The solid is sublimed or vaporized in the presence of heat. Gases
and liquids are introduced directly into the vacuum chamber through a syringe.

If a sample is impure, it must be separated into its individual components prior to
analysis by mass spectrometry. Separation is necessary since a mixture will generate
many overlapping peaks and a pure compound may generate many peaks. The most
common method of separating a mixture is gas chromatography. A sample is injected
into the gas chromatograph. A chromatogram is generated that shows the individual
components. An individual component is then selected for analysis with the mass spec-
trometer. Other methods of separation include liquid chromatography, supercritical fluid
chromatography, and capillary electrophoresis. Each of these methods can be interfaced
with a mass spectrometer.

For a compound to be analyzed in a mass spectrometer, it must be in the gaseous
state. Solids and liquids are vaporized with heat. The vapors are then bombarded with
a beam of electrons. In the electron ionization mass spectrometer (Figure 8.1), positive
jons are accelerated through the accelerating plates. The magnet field separates the ions
by their mass-to-charge ratio (m/z). Since the charge (z) is usually +1, a direct mea-
sure of the particle is obtained. By varying the magnetic field, the abundance of each
mass is detected. A detector then records the mass-to-charge ratio and this information
is given as a mass spectrum.

The compound may be ionized in several ways. Besides the electron ionization, de-
scribed above, the compound may be ionized by chemical ionization. A reagent gas such
as methane, isobutane, or ammonia is ionized by electron impact. These ions react with
the sample molecules to produce ions. Electrospray ionization generates ions directly
from solution. A spray of charged droplets is created by the application of a high po-
tential difference. This method can produce multiply charged ions that increase with
increasing molecular weight. The atmospheric pressure chemical ionization contains a
heated vaporizer that aids in the vaporization of the compound. A corona discharge is
used to create ions under atmospheric pressure. In matrix-assisted laser desorption
ionization, the compound is dissolved in a solution containing an excess of the matrix
compound, which absorbs at a laser wavelength. The solution is placed on the laser
target. A pulse UV radiation of this mixture produces a plasma from the vaporization of
both the matrix and the compound. The compound is dissolved in a liquid matrix such
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as glycerol or m-nitrobenzyl alcohol in the fast atom bombardment. The mixture is placed
on a probe and bombarded with a high-energy beam of cesium ions or xenon atoms that
desorb molecular ions and fragments from the compound. In inductively coupled plasma,
the sample is injected into gaseous ions that are produced by the inductive coupling of
high energy to argon. The sample droplets are vaporized and ionized.

Many other types of mass analyzers are available. In a double-focusing mass spec-
trometer, a magnetic field provides directional focusing. The ions are then subjected to
an electrical field that is perpendicular to the magnetic field. A quadrupole mass filter
contains four parallel rods. Ions enter from one end and are subjected to both direct
current and radio frequency voltage on the rods. The only ions that are recorded are
the ions that are able to pass beside the poles without striking the poles. Scanning of
the masses is performed by varying the direct current and the radio frequency voltage
while maintaining their ratios. In quadrupole ion storage, the ions are stored temporarily
in an ion trap. The ions are released to the detector sequentially by scanning the elec-
tric field to eject the ions sequentially in increasing mass-to-charge ratio. A burst of ions
is emitted from a source in a time-of-flight mass analyzer. The ions are separated by
their different flight times over a known distance. A Fourier transform—ion cyclotron
resonance traps the ions in a cubic cell in the presence of a constant magnetic field.
The ions assume a cyclotron motion under the influence of a constant radio frequency
voltage. The electric field is varied and when resonance is reached, a signal is detected.
A tandem mass spectrometer generates additional fragments from a selected ion and
then mass analyzes the fragments.

-~ 8.2 CLEAVAGE REACTIONS

When an electron strikes a neutral molecule, that molecule may be ionized by the loss
of one electron.

+
M+e — M- +2e”
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The molecular ion, MT, is formed when the original molecule loses one electron
and becomes positive. The molecular ion is also a radical cation. A negligible mass
change occurs, but the chemistry of the molecule is very different.

The formation of the molecular ion is illustrated with methane. The molecular ion
can then undergo bond cleavage and a number of fragmentation routes are possible.

H:Q:H+e_ — H:QTH+2e_
H H\_

radical

cation
methane M*
MW = 16 m/z=16

cH,t 25 cHyt 25 cHyt HS et —

miz=16 \ s/ 14 13

_H2

In Figure 8.2, the peaks are seen at 16, 15, 14, and 13, corresponding to the four
species in the above equation.

100
Frrrrprnd miz Intensity
12 2.6
80
13 8.6
14 17.1
60
15 85.6
16 100.0
40
17 1.15
20
L1 I 2l
%0 15 20

Figure 8.2 Mass spectrum of CH, in both bar graph and tabular form.

In a mass spectrum, the tallest peak is the base peak. The base peak is usually not
the same as the molecular ion.

In unit-resolution mass spectrometry (mass to the nearest whole number), the clus-
ter of peaks of successive mass numbers usually observed in the region of the molecular
ion is due to the significant abundance of more than one isotope of one of more of the
elements in a compound (Table 8.1). The molecular ion is composed of atoms of the most
abundant isotopes. For methane, the isotopes would be **C and "H. Contributions are
made to the smaller peaks of higher mass in this cluster by molecules composed of the
less abundant isotopes (for methane, 13C and 2H).

To appreciate the significance of the isotopes of carbon and hydrogen (Table 8.1),
it might be tempting to write the structure of an m/z ratio of 16 as 12C,'Hy, rather than
simply CH,. For the more abundant isotopes, the nuclide does not need to be labeled.
The exception to this rule is for the case of bromine and chlorine; these particular
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TABLE 8.1 Isotope Abundances Based on the Common Isotope Set at 100%

Abundance (%)
Element M+ 1 M+2
Hydrogen 'H 100 *H 00115
Carbon 2c 100 Bc 108
Nitrogen “N 100 5N 0.369
Oxygen %0 100 0 0.0381 B0 0205
Fluorine B 100
Silicon 3si 100 ®s5i  5.08 %0gi 335
Phosphorus 3p 100
Sulfur 325 100 335 0.800 g 452
Chlorine 3¢l 100 371 320
Bromine Br 100 S1gr 973
Iodine 1271 100
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nuclides need to be identified. The greatest contribution to the m/z peak is from
13C,"H,, as seen in Table 8.2. Minor contributions are seen from substituting a deu-
terium atom for any one of the four hydrogen atoms in methane. Peaks from species
containing minor isotopes of more than two elements are usually too weak to make
significant contributions to the mass spectrum.

The M + 1 and M + 2 peaks compared to that of the M peak at 100 can be used
to determine the molecular formula of a compound. This is based on the molecular for-
mula and the known natural abundances of the isotopes. Tables of M + 1 and M + 2
peak intensities for all possible formulas of a given molecular weight can be used to de-
termine the molecular formula for a compound. The following equations give general
guidelines for predicting the intensities of the M + 1 and the M + 2 peaks:

% (M + 1] = [1.08 X nC] + [0.0115 X nH] + [0.369 X nN]
+ [0.0381 X nO] + [5.08 X nSi] + [0.800 X nS]

TABLE 8.2 Isotope Abundance Aspects of Methane (CH,)

Possible Abundance Relative
Molecular Nominal to the Most
Species Mass Nuclide Abundant Isotope
1201y, 16 12¢ 1007
3C'H, 17 B¢ 1.08
12C'H4%H, 17 *H 0.0115
HClH, 18 ue b
12C1H,%H, 18 — —

G H, 18 3y b
12C'H,*H, 19 — —
2C%H, 20 — —
Bc*H, Highly improbable — —

“Arbitrary standard; set at 100%.
Radioactive isotope; abundance varies with time and is negligible for mass spectral con-

siderations.
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(1.08 X nC)?
200
+ [4.52 X nS] + [32.0 X nCl] + [97.3 X nBr]

%[M +2] = [ ] +[0.205 X nO] + [3.35 X nSil

where
n = number of that type of atom

For a molecular ion of 28, C;H,, CO, and N, are possibilities. Using the equations
above, the abundances of the M + 1 and M + 2 peaks can be calculated.

The calculation of M + 1 and M + 2 peaks is shown below for CoH,, with only C
and H shown in the calculations:

% [M + 1] = [1.08 X 2] + [0.0115 X 4] = 2.21
(1.08 x 2)®
200

%[M+2]=[ :|=0.0233

The values for M + 1 and M + 2 peaks are different for CO, again showing only
the C and the O values:

% M + 1] =[1.08 X 1] +[0.0381 X 1] = 1.12

(1.08 X 1)2

%[M+2]=[ 200

] +10.205 x 1] = 0.211

The M + 1 peak for N, is shown below. The M + 2 value for Ny is 0.00, since there
is no value for N in the equation.

% (M + 1] = [0.369 X 2] = 0.738

These values are in good agreement with the observed values shown in Table 8.3.

TABLE 8.3 Masses and Isotope Abundance Ratios for
Combinations of C, H, N, and 0 Corresponding to Mass 28

Formula m/z Ratio M+1 M+2
C:H, 28.0313 2.28 0.01
cO 27.9949 1.15 0.20
N, 28.0062 0.74 0.00

1. Calculate the M + 1 and M + 2 peaks for C3H,0, C4Hg, and CoH4N,.
2. Calculate the M + 1 and M + 2 peaks for C6H12Br2, C5H12BI'C1, and C5H12C12.

High-resolution mass spectrometry is far superior for determining the molecular
formula of a compound. High-resolution mass spectra are obtained when both an elec-
tric field and a magnetic field are used to obtain the spectrum. As shown in Table
8.3, CoH, has an exact mass of 28.0313, from 2 X 12.0000 (the exact mass of '2C) plus
4 X 1.00783 (the exact mass of 'H). Similarly, CO has an exact mass of 27.9949, obtained
from the sum of 12.0000 (the exact mass of the nuclide 2C) plus 15.99491 (the exact
mass of the nuclide '°0). The exact mass of Ny is 28.0062, or 2 X 14.00307 (the exact
mass of MN). If an experimental value of 27.9938 is obtained, this value is in better
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agreement with CO than with CoHy or N,. High-resolution results with at least three
or four significant figures beyond the decimal point are quite common. In using high-
resolution mass spectrometry, the exact mass of the most abundant isotope must be
used, not the elemental mass from the periodic table. Each atomic weight listed on the
periodic table is a weighted average of all the isotopes.

In Table 8.4, the exact masses of the isotopes are listed. These values can be used
in calculating the exact molecular weight of the compound. From Table 8.1, the 37Cl
isotope would be approximately one-third the height of the **Cl isotope. This is based
on Table 8.4, where chlorine atoms consist of 75.78% of 3*Cl and 24.22% of *’Cl, which
is a 3:1 ratio. The "Br isotope is approximately in the same abundance as the *'Br iso-
tope, as seen in both Table 8.1 and Table 8.4. Bromine exists as 50.69% of "°Br and
49.31% of ' Br. Polyhalogen compounds (Br and/or Cl) have more complex patterns,
as seen in the bar graphs in Figure 8.3.

TABLE 8.4 Exact Masses of Isotopes

Atomic ' Isotopic

Element Weight* Nuclide Compositionb Mass®
Hydrogen 1.00794 'H 99.9885 1.00783
D (H) 0.0115 2.01410
Carbon 12.0107 2¢ 98.93 12.00000
3¢ 1.07 13.00336
Nitrogen 14.0067 “N 99.632 14.00307
BN 0.368 15.00010
Oxygen 15.9994 %0 99.757 15.99491
1709 0.038 16.99914
180 0.205 17.99916
Fluorine 18.9984032 g 100 18.99840
Silicon 28.0855 285 92,2297 27.97693
g; 4.6832 28.97649
30gj 3.0872 29.97377
Phosphorus 30973761 sp 100 30.97376
Sulfur 32.065 32g 94.93 31.97207
g 0.76 32.97146
349 429 33.96787
Chlorine 35.453 3¢l 75.78 34.96888
Icl 24.22 36.96590
Bromine 79.904 By 50.69 78.91834
8igr 49.31 80.91629
TIodine 126.90447 127§ 100 126.90447

“From T. B. Coplen, Pure Appl. Chem., 73 (4), 667-683 (2001).
*From K. J. R. Rosman and P. D. P. Taylor, Pure Appl. Chem., 70 (1), 217-235 (1998).

¢ From H. Xiaolong, Z. Chunmei, Z. Youxiang, and Z. Zhixiang (China Nuclear Data Center, Beijing, China);
T. V. Golashvili, H. Lbov, and A. Demidov (Atominform, Moscow, Russia); and V. P. Chechev (V. G. Khlopin
Radium Institute, St. Petersburg, Russia).

Table 8.5 summarizes some distinguishing characteristics of certain elements in a
mass spectrum.

To explain the fragmentation pattern in a mass spectrum, think of the molecule
being hit with the electrons and then either becoming a molecular ion or breaking apart
into fragments. Some of these fragmentation patterns are fairly simple; others involve
additional reactions or rearrangements. Cleavage is favored at branch sites that lead to
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Figure 8.3 Peaks in molecular ion region of bromo and chloro compounds. Contributions
due to C, H, N, and O are usually small compared to those due to Br and Cl.

TABLE 85 Distinguishing Elements in a

Mass Spectrum

Element Distinguishing Characteristic

N Oodd M*

S Large M + 2 (about 4%)

cl M + 2 one-third as large as M ™
Br M + 2aslarge as M™*

I SmalM+1and M + 2

more substituted carbocations and radicals. The best way to explain the m/z charge
ratios is through the use of examples.'

The mass spectrum of hexane (Figure 8.4) shows that the molecular ion (m/z 86)
is split into a pentyl cation (m/z 71) and a methy! radical.

[CH3CH2CH2CH2CH2+CH3:| * — CH3CHoCHoCHoCHy* + - CHj

hexane radical cation pentyl cation methyl radical
Mt m/z 86 m/z71 not detected

'All spectra were obtained on a gas chromatograph-mass spectrometer. The GC is an HP 5890 Series I1
model. The MS is an HP 5971 mass selective detector.
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Figure 8.4 Mass spectrum of hexane. [Spectrum courtesy of Vernon Miller, Department of
Chemistry, Roanoke College, Salem, Virginia. Used with permission.]

A pentyl radical and a methyl cation could also be created from this cleavage:

[CHSCH2CH2CH2CH2+CH3]T — CH3CHoCHyCHyCHy - + *CHj
hexane radical cation pentyl radical methyl cation
M? m/z 86 not detected not detected

Fragmentation can also occur to form a butyl cation (m/z 57) and an ethyl radical
or a butyl radical and an ethyl cation (m/z 29). The butyl cation is the base peak, since
it is the tallest peak in the spectrum.

[ CH3CHCHyCHy 4 CHoCH;3| ¥ — CH3CHCHCHg* + - CHyCHg

hexane radical cation butyl cation ethyl radical
Mt m/z 86 m/z 57 not detected

[CHSCH2CH2CH2+CH2CH3:| * —— CH3CHyCH,CHjy - + *CHoCHjy

hexane radical cation butyl radical ethyl radical
M* m/z 86 not detected m/z 29

Hexane can undergo a symmetrical cleavage to yield a propyl cation (m/z 43) and
a propyl radical:

[CH3CHoCHy +CHoCHoCH, | ¥ — CHCHCHy* + - CHoCH2CHg

hexane radical cation propy| cation propyl radical
M* m/z 86 m/z43 not detected

As seen in Figure 8.5, 1-bromobutane (m/z 136, 138) can be fragmented to the bro-
mide cation (m/z 79, 81) and the butyl radical or the bromide radical and the butyl cation
(m/z 57). As described earlier, peaks containing bromide are very distinctive, since the M
+ 2 peak is approximately the same size as the M peak. The butyl cation is the base peak.
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Figure 8.5 Mass spectrum of 1-bromobutane. [Spectrum courtesy of Vernon Miller,
Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]

[Br+CH,CH,CH;CH3]t —  Br* + - CHoCH,CH,CH;

1-bromobutane radical cation bromide cation butyl radical
M* m/z 136, 138 m/z 79, 81 not detected

[Br4-CHCHyCHyCH3]t —  Br- + *CHCH,CHyCH;
|-bromobutane radical cation bromide radical butyl cation
M* m/z 136,138 not detected m/z 57

Fragmentation can occur between carbon-1 and carbon-2 to produce a bro-
momethyl cation (m/z 93, 95) and a propyl radical. The formation of a bromomethyl
radical and a propyl cation (m/z 43) is not a highly favored reaction, since the peak at
m/z 43 is very small.

[BrCHy+CHoCH,CH3|* —  BrCHy* + - CHoCH,CHj

1-bromobutane radical cation bromomethyl cation propyl radical
M* m/z 136, 138 m/z93,95 not detected

[BrCHy4CH,CHoCH3|* —  BrCHy- + YCH,CH,CHj
|-bromobutane radical cation bromomethyl radical propyl cation
M* m/z 136, 138 not detected m/z 43

The last fragmentation is a cleavage between carbon-2 and carbon-3. This produces
a bromoethy! cation (m/z 107, 109) and an ethyl radical or a bromoethyl radical and an
ethyl cation (m/z 29).

[BrCHoCHy+CH,CH;|* — BrCH,CHy* + - CHoCHg

1-bromobutane radical cation bromoethyl cation  ethyl radical
M* m/z 136, 138 m/z 107, 109 not detected



8.2 Cleavage Reactions - 237

[BrCHyCHy+CHoCH3) ¥ — BrCHoCHp+ + *CH,CHj

1-bromobutane radical cation bromoethyl radical ethyl cation
M+ m/z 136, 138 not detected m/z29

2-Chloro-2-methylpropane (Figure 8.6) also yields a very distinctive pattern in the
mass spectrum. For peaks containing chlorine, the M + 2 peak is approximately
one-third as large as the M peak. The molecular ion is not seen in the spectrum.
2-Chloro-2-methylpropane (m/z 92, 94) can be cleaved at the chlorine to yield the chlo-
ride radical and a tert-butyl cation (m/z 57). The tert-butyl cation is the base peak. The
formation of a chloride cation and a tert-butyl radical is not a very favored reaction,
since there are no peaks for the chloride cation at both m/z 35 and 37.

(|:H3 * (|3H3
HiC—C—CH;| — CI' + H3C—C—CH,
+
Cl
2-chloro-2-methylpropane chloride radical tert-butyl cation
M m/292,94 not seen m/z 57

Fragmentation of a methyl from 2-chloro-2-methylpropane yields a methyl radical
and a 2-chloropropyl cation (m/z 77, 79). The formation of a methyl cation and a
2-chloropropy! radical is not favored.

CH; + c|H3
H3C+(|3—CH3 — -CH; + +(|3—CH3
Cl Cl
2-chloro-2-methylpropane methyl radical ~ 2-chloropropyl cation
Mt m/z92,94 not seen m/z77,79
70000 —
C 57
60000 [~
50000 |- CHs
- HyC—C—CHj
_8 =
g i 4]
2 30000 |-
C 77
20000
10000 |-
L 2729 79
r | 3g| |42 49 > J
OhllllllllJI lllllll'l I Illllll][ll_llll llllllllllllllll]l‘lllllllll
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mZz —»

Figure 8.6 Mass spectrum of 2-chloro-2-methylpropane. [Spectrum courtesy of Vernon Miller,
Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]
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Figure 8.7 Mass spectrum of p-xylene. [Spectrum courtesy of Vernon Miller, Department of
Chemistry, Roanoke College, Salem, Virginia. Used with permission.]

In Figure 8.7, p-xylene (m/z 106) can lose one methyl to yield a benzyl cation (m/z
91) and a methyl radical. The benzyl cation is the base peak.

+ CHj;
+
A— + -CHj

CHj

CH,3
p-xylene benzyl cation  methyl radical
M? m/z 106 m/z91 not detected

Alcohols can undergo dehydration to yield an alkene.

il e

Alcohols can also undergo cleavage to produce a carbocation, which rearranges to

a more stable species:
| ¢ | M | : +I
| t | :| » —C +C—
H OH ]

H OH
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In Figure 8.8, 3-methyl-1-butanol (m/z 88) can dehydrate to form 3-methyl-1-butene
(m/z 70). The molecular ion at m/z 88 is not visible since it dehydrates so easily.

/CH3 +
H3G M HC—CH H
CH—CH—CHy;| — Cc=C + H,O
/4 b /
H3C H OH H H
3-methyl-1-butanol 3-methyl-1-butene
M?* m/z 88 m/z 70

3-Methyl-1-butanol can fragment to lose a methyl, with the remaining fragment
then losing water. The 1-butene cation (m/z 55) is the base peak.

HsC +
+
CH—CHy;—CHoOH| —— CH3—CH—CH—CHg+ -CHj
/ . +
H3C H OH
3-methyl-1-butanol 1-butanol cation methyl radical
M?* m/z 88 not detected not detected
+
CH3C\H H
C=C + H,0
/ \
H H
1-butene cation water
m/z 55 not detected

Fragmentation can also occur between carbon-2 and carbon-3, resulting in the
isopropyl cation (m/z 43) and the ethanol radical or the isopropyl radical and the ethanol
cation (m/z 45). The ethanol cation can lose water to form an ethene cation (m/z 27).
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Figure 8.8 Mass spectrum of 3-methyl-1-butanol. [Spectmxﬁ courtesy of Vernon Miller,
Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]
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H3C\ M H 3c\
/CH-i—CHg-—CHgOH — /CH+ + -CHy—CH0H
HsC HaC
3-methyl- 1-butanol isopropyl cation ethanol radical
M* m/z 88 m/z43 not detected
HsC M H3C
+
/CH+CH2—CH20H — /CH- + CHy—CHZ0H
HsC HiC
3-methyl- |-butanol isopropyl radical ethanol cation
MY m/z 88 not detected m/z 45
H
+ /
H,O + C=C
/ \
H H
water ethene cation
not detected m/z27

Fragmentation occurs between carbon-1 and carbon-2 to produce an isobutyl cation
(m/z 57) and a methanol radical or an isobutyl radical and a methanol cation (m/z 31).

Hj3C + HsC
/CHCH2+CH20H — /CHCH2+ + -CH,OH
H3C H3C
3-methyl- 1-butanol isobutyl cation methanol radical
M* m/z 88 m/z 57 not detected
HsC + HsC
\ \ H___H
/CH +CHy—CH,0OH| — /CHCH2 + ¥C
H3C H3C OH
3-methyl-1-butanol isobutyl radical
M* m/z 88 not detected l
H \ﬁ _ H
*OH
methanol cation
m/z 31

Both amines and ethers undergo a similar type of fragmentation reaction. If the
fragmentation occurs next to a nitrogen or oxygen, then electron rearrangement may
occur to form either an iminium ion or an oxonium jon.

+
[R—CHz—N-i-R} ¥ — R—CH,—NH + R
H

l

+
R—CH=NH,

stabilized cation
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[R—CHy;—0+R]" — R—CH;—0" +'R

l

+
R—CH=0H

stabilized cation

Additional stabilized cations may be formed from a-cleavage.

-+
[R—NH—CH;+R]? — R—NH—CH, + ‘R

l

+
R—NH=CH,

stabilized cation

[R—0—CHy+R]t — R—O—CHy +-R

l

+
R—O=CH 2
stabilized cation

Diethylamine (m/z 73) can fragment between the nitrogen and carbon, as seen in
Figure 8.9. This fragmentation can yield an ethylamine cation (m/z 44) and an ethyl
radical or an ethylamine radical and an ethyl cation (m/z 29).

+
[CH3—CHg—NH+-CH;—CH,] ¥ — CH3—CHy—NH + - CHoCHj
diethylamine ethyl radical

M*t m/z 73 l not detected

+
CH 37— CH =NH2
ethylamine cation
m/z 44

[CH;—CHy—NH+CHy—CH;] T — CH3—CHy—NH - + *CH,CH;
diethylamine ethylamine radical ethyl cation
M?* m/z 73 not detected m/z 29

Alpha cleavage can also occur within the ethyl group to yield an ethyl methylamine
cation (m/z 58) and a methyl radical. The ethyl methylamine cation is the base peak.

+
[CH3—CHy;—NH—CHy+-CH;] 7 — CH3—CH;—NH—CHy+ -CH,
diethylamine methyl radical
Mt mz 73 l not detected

+
CH;—CH,—NH=CHj,
ethyl methylamine cation
m/z 58

Compounds containing carbonyl groups may fragment next to the carbonyl.
Electron delocalization occurs to yield an acylium ion.
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Figure 8.9 Mass spectrum of diethylamine. [Spectrum courtesy of Vernon Miller, Department
of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]

R R|* +
\(”:}f — —C=0+"R
0 |
+
—C=0
acylium ion

McLafferty rearrangement occurs in carbonyl compounds only if the v (gamma) carbon
contains a hydrogen. In the mass spectrum, peaks from the alkene and enol would occur.

H 1t

Y +

f) (“ Lt OH
B T C\ )\
L a - alkene enol
[ _H 1t
Y, O +

D t” S + OH
B T C\ )\
L a - alkene enol

As seen in Figure 8.10, butanal (m/z 72) can fragment to form the methyl radical
and the propanal cation (m/z 57).

H|* H
/ . /
CH3‘§—CH2—CH2—C — CHjs- + "CHe—CHy—C
N\ N\
O
butanal methyl radical propanal cation
Mt m/z 72 not detected m/z 57

Butanal can also fragment to yield an ethyl cation (m/z 29) and an ethanal radical
or an ethyl radical and an ethanal cation (m/z 43).
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Figure 8.10 Mass spectrum of butanal. [Spectrum courtesy of Vernon Miller, Department of
Chemistry, Roanoke College, Salem, Virginia. Used with permission.]

/H + /H
CH3—CH2-§-CH2—C\\ — CH3CH,*" +~CH2—C\\

butanal ethyl cation ethanal radical
Mt m/z72 m/229 not detected
H|* H
/ N /
CH3—CH2+CH2—C\\ —> CH3CHy- + CHz—C\\
@) O
butanal ethyl radical ethanal cation
Mt mz 72 not detected m/z 43

As illustrated below, butanal can fragment to the propyl cation (m/z 43) and the
methanal radical or the propyl radical and the methanal acylium cation (m/z 29).

H|+
/ .
CH3-—CH2—CH2-§—C\\ — CH3CHyCHg* + H—C=0
0]
butanal propyl cation methanal radical
Mt mz 72 m/z43 not detected
H|*
/ +
CH3—CH2—CH2-§-C\\ —— CH3CHs,CHy,-+ H—C=0
0 l
butanal propyl radical
Mt m/z 72 not detected H—C56

methanal acylium cation
m/z29
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. PROBLEMS

Since butanal contains a y hydrogen, McLafferty rearrangement produces two prod-
ucts—the ethene (m/z 28) radical cation and the enol radical cation (m/z 44). The enol
radical cation is the base peak.

H + + OH
Y chj 0 CH, |
I — l + C
BHyC > _C CH, H,C” H
#¥ScH; H 2
a
butanal ethene radical cation enol
M* m/z 72 (m/z 28) not detected
+
_H + OH
Y I{z(]‘) (\() CHy |
H (|: ~ g gH Y e
- 2
B He “CH; NH 2
a
butanal ' alkene enol radical cation
Mt m/z72 not detected (m/z 44)

3. Give the structures for the peaks indicated by the m/z of 27, 29, 31, 41, 43, 45, 56,
57, and 74 for the mass spectrum of 1-butanol (Figure 8.11). Identify the base peak
and the molecular ion. ‘

4. Give the structures for the peaks indicated by the m/z of 28, 43, 58, 71, and 86 for
the mass spectrum of 2-pentanone (Figure 8.12). Identify the base peak and the
molecular ion.

5. Give the structures for the peaks indicated by the m/z of 31, 57, 73, and 88 for the
mass spectrum of methyl t-butyl ether (Figure 8.13). Identify the base peak and the
molecular ion.
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Figure 8.11 Problem 3 Mass spectrum of 1-butanol. [Spectrum courtesy of Vernon Miller,
Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]
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Figure 8.12 Problem 4 Mass spectrum of 2-pentanone. [Spectrum courtesy of Vernon Miller,
Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]
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Figure 8.13 Problem 5 Mass spectrum of methyl t-butyl ether. (Spectrum courtesy of Vernon
Miller, Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]
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6. Give the structures for the peaks indicated by the m/z of 29, 43, 71, 93, 95, 107, 109,
150, and 152 for the mass spectrum of 1-bromopentane (Figure 8.14). Identify the
base peak and the molecular ion.
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Figure 8.14 Problem 6 Mass spectrum of 1-bromopentane. [Spectrum courtesy of Vernon
Miller, Department of Chemistry, Roanoke College, Salem, Virginia. Used with permission.]



CHAPTER -

Chemical Tests for
Functional Groups

As a result of earlier purity (Chapter 3), physical (Chapter 3), spectral (Chapter 6, 7, 8),
and solubility tests (Chapter 5), the student probably has a reasonable idea regarding
the identity of the unknown compound; it is, however, virtually certain that additional,
thorough characterization is in order. A very large proportion of organic compounds
lend themselves to final characterization by the chemical tests described in this chapter.

Despite the tremendous importance and ease of spectral analyses, chemical tests
are indispensable to complete characterization. These “wet” tests are commonly used
as a method of functional group and compound identification.

The classification tests are organized in two tables. Table 9.1 lists the tests alpha-
betically by the name of the functional group. Table 9.2 lists the classification tests
alphabetically by the name of the test.

Each experiment contains a Cleaning Up' procedure. If the same procedure
applies to all parts of the experiment, then it is listed only once—at the end of the
experiment and before the discussion.

If a more microscale approach is desired, users of this book may wish to scale down
some experiments by multiplying the amount of reagent used by 1/2, 1/5, or 1/10.

9.1 ACID ANHYDRIDES

The presence of acid anhydrides in an unknown sample can be demonstrated by several
tests. Many acid anhydrides are rapidly converted by water to the corresponding car-
boxylic acids (Experiment 1, p. 252). Large aliphatic anhydrides and aromatic anhydrides
are not readily hydrolyzed with water. The presence of the carboxylic acid is detected
by the addition of sodium bicarbonate, which results in the evolution of carbon dioxide
gas, the sodium salt of the acid, and water.

1 1 i

C C. +H0—2 _C + heat
R™ Y07 R R” TOH

anhydride carboxylic acid

i i

C + NaHCO; — C + HyO + COylg)
R OH R™ O™Na* 8
carboxylic acid sodium salt of the acid

'The Cleaning Up procedures are based on information found in K. L. Williamson, Macroscale and Microscale
Organic Experiments, 3rd ed. (Houghton Mifflin, Boston, MA, 1999) and Prudent Practices for Disposal of
Chemicals from Laboratories (National Academy Press, Washington, DC, 1983).

247
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TABLE 9.1 Classification Tests, Listed by Functional Group

Functional Group Classification Test Experiment Number ~ Page
Acid anhydrides Hydrolysis 1 252
Hydroxamic acid test 2b 253
Ester formation (Schotten—Baumann reaction) 3a 256
Anilide formation 4 258
Acyl halides Hydrolysis 1 252
Hydroxamic acid test 2b 253
Ester formation (Schotten—-Baumann reaction) 3a 256
Anilide formation 4 258
Silver nitrate (ethanolic) 35 320
Alcohols Sodium detection of active hydrogen 5 262
Detection of active hydrogen with acetyl chloride 6 264
Ceric ammonium nitrate 7 265
Chromic anhydride (chromium trioxide; Jones oxidation) 8 268
Hydrochloric acid/zinc chloride (Lucas test) 9 269
TCICA Test 10 271
Iodoform test 11 273
Aldehydes 2,4-Dinitrophenylhydrazine 12 278
Hydroxylamine hydrochloride 13 280
Sodium bisulfite addition complex 14 281
Chromic anhydride (chromic trioxide, Jones oxidation) 8 268
Tollens test 15 283
TCICA test 10 271
Purpald test 16 284
Fuchsin-aldehyde reagent (Schiff’s reagent) 17 284
Periodic acid oxidation 27 308
Benedict’s solution 28 310
Fehling’s solution 29 311
Amides Hydroxamic acid test 2c, 2d 254
Sodium hydroxide hydrolysis 18 287
Amines Sodium detection of active hydrogen 5 262
Detection of active hydrogen with acetyl chloride 6 264
Benzenesulfonyl chloride (Hinsberg’s method) 19 291
Nitrous acid 20 294
Nickel chloride, carbon disulfide, and ammonium hydroxide 21 300
Nickel chloride and 2-hydroxy-5-nitrobenzaldehyde 22 301
Sodium hydroxide treatment 23 302
Amino acids Ninhydrin test 24 303
Copper complex formation 25 304
Nitrous acid 20e 297
Carbohydrates Sodium detection of active hydrogen 5 262
Detection of hydrogen with acetyl chloride 6 264
Tollens test 15 283
Borax test 26 308
Periodic acid oxidation 27 308
Benedict’s solution 28 310
Fehling’s solution 29 311
Osazones 30 313
TCICA test 10 271

(Continued)



TABLE 9.1 (Continued)
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Functional Group Classification Test Experiment Number  Page
Carboxylic acids Sodium bicarbonate test 31 314
Ester formation 3b 256
Silver nitrate (ethanolic) 35 320
Esters Hydroxamic acid test 2b 253
Hydroiodic acid (Zeisel's alkoxy method) 34 318
Ethers Ferrox test 32 316
Iodine test 33 317
Hydroiodic acid (Zeisel's alkoxy method) 34 318
Halides Silver nitrate (ethanolic) 35 320
Sodium iodide test 36 323
Hydrocarbons—Alkanes 325
Hydrocarbons—Alkenes Todine test 33 325
Bromine solution 37 326
Potassium permanganate solution 38 328
Hydrocarbons—Alkynes Bromine solution 37 326
Potassium permanganate solution 38 328
Sodium detection of active hydrogen 5 262
Hydrocarbons—Aromatic ~ Fuming sulfuric acid 39 334
Azoxybenzene and aluminum chloride 40 336
Chloroform and aluminum chloride 41 337
Ketones 2,4-Dinitrophenylhydrazine 12 278
Hydroxylamine hydrochloride 13 280
Sodium bisulfite addition complex 14 281
Iodoform test 11 273
Periodic acid oxidation 27 308
Benedict’s test 28 310
Fehling’s test 29 311
Nitriles Sodium hydroxide hydrolysis 18 287
Hydroxamic acid test 2¢c 254
Nitro compounds Ferrous hydroxide reduction 42 341
Zinc and ammonium chloride reduction 43 342
Sodium hydroxide treatment 44 342
Phenols Sodium detection of active hydrogen 5 262
Detection of active hydrogen with acetyl chloride 6 264
Ceric ammonium nitrate 7 265
Liebermann’s nitroso reaction 20d 297
Potassium permanganate solution 38 328
Ferric chloride—pyridine reagent 45 345
Bromine water 46 347
TCICA test 10 271
Sulfonamides Sodium hydroxide fusion 47 349
Sulfonic acids Hydroxamic acid test 2e 255
Sulfonyl chlorides Hydroxamic acid test 2e 255
Silver nitrate (ethanolic) 35 320
Sodium iodide test 36 323




TABLE 9.2 Experiments for Classification of Functional Groups

Experiment
Classification Test Number Class Tested for Page
Acetyl chloride 6 Alcohols 264
Amines
Carbohydrates
Phenols
Anilide formation 4 Acid anhydrides 258
Acyl halides
Azoxybenzene and aluminum chloride 40 Hydrocarbons—Aromatic 336
Benedict’s solution 28 Aldehydes 310
Carbohydrates
Ketones
Benzenesulfonyl chloride (Hinsberg’s method) 19 Amines 291
Borax test 26 Carbohydrates 308
Bromine solution 37 Hydrocarbons—Alkenes 326
Hydrocarbons—Alkynes
Bromine water 46 Phenols 347
Ceric ammonium nitrate 7 Alcohols 265
Phenols
Chloroform and aluminum chloride 41 Hydrocarbons—Aromatic 337
Chromic anhydride (chromium trioxide, Jones oxidation) 8 Alcohols 268
Aldehydes
Copper complex formation 25 Amino acids 304
2,4-Dinitrophenylhydrazine 12 Aldehydes 278
Ketones
Ester formation (Schotten~Baumann reaction) 3a Acid anhydrides 256
Acyl halides
3b Carboxylic acids 256
Fehling’s solution 29 Aldehydes 311
Carbohydrates
Ketones
Ferric chloride—pyridine reagent 45 Phenols 345
Ferrous hydroxide reduction 42 Nitro compounds 341
Ferrox test 32 Ethers 316
Fuchsin—aldehyde reagent (Schiff’s reagent) 17 Aldehydes 284
Fuming sulfuric acid 39 Hydrocarbons—Aromatic 334
Hinsberg’s method (benzenesulfonyl chloride) 19 Amines 291
Hydrochloric acid/zinc chloride (Lucas test) 9 Alcohols 269
Hydroiodic acid (Zeisel’s alkoxy method) 34 Esters 318
Ethers
Hydrolysis 1 Acid anhydrides 252
Acyl halides 252
Hydroxamic acid test 2b Acid anhydrides 253
Acyl halides
2¢, 2d Amides 254
2b Esters 253
2¢ Nitriles 254
2e Sulfonic acids 255
2e Sulfonyl chlorides
Hydroxylamine hydrochloride 13 Aldehydes 280
Ketones
Iodine test 33 Ethers 317
Alkenes
250 (Continued)



TABLE 9.2 (Continued)

Experiment
Classification Test Number Class Tested for Page
Iodoform test 11 Alcohols 273
Ketones
Jones oxidation (chromic anhydride, chromium trioxide) 8 Alcohols 268
Aldehydes
Liebermann’s nitroso reaction 20d Phenols 297
Lucas test (hydrochloric acid/zinc chloride) 9 Alcohols 269
Nickel chloride, carbon disulfide, and ammonium hydroxide 21 Amines 300
Nickel chloride and 2-hydroxy-5-nitrobenzaldehyde 22 Amines 301
Ninhydrin test 24 Amino acids 303
Nitrous acid 20 Amines 294
20e Amino acids 297
20d Phenols 297
Osazones 30 Carbohydrates 313
Periodic acid oxidation 27 Carbohydrates 308
Aldehydes
Ketones
Potassium permanganate solution 38 Hydrocarbons—Alkenes 328
Hydrocarbons—Alkynes
Phenols
Purpald test 16 Aldehydes 284
Schiff’s reagent (Fuchsin-aldehyde reagent) 17 Aldehydes 284
Schotten-~Baumann Reaction (Ester formation) 3a Acid anhydrides 256
Acyl halides
Silver nitrate (ethanolic) 35 Acyl halides 320
Carboxylic acids
Halides
Sulfonyl chlorides
Sodium bicarbonate test 31 Carboxylic acids 314
Sodium bisulfite addition complex 14 Aldehydes 281
Ketones
Sodium detection of active hydrogen 5 Alcohols 262
Amines
Carbohydrates
Hydrocarbons—Alkynes
Phenols
Sodium hydroxide fusion 47 Sulfonamides 349
Sodium hydroxide hydrolysis 18 Amides 287
Nitriles
Sodium hydroxide treatment 23 Amines 302
44 Nitro compounds 342
Sodium iodide test 36 Halides 323
Sulfonyl chlorides
TCICA test 10 Alcohols 271
Aldehydes
Carbohydrates
Phenols
Tollens test 15 Aldehydes 283
Carbohydrates
Zeisel's alkoxy method (hydroiodic acid) 34 Esters 318
Ethers
Zine and ammonium chloride reduction 43 Nitro compounds 342

251
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The hydroxamic acid test may be used to analyze for an acid anhydride (Experiment
2b, p. 253). The hydroxamic acid is treated with ferric chloride to form a ferric
hydroxamate complex, which has a burgundy or magenta color.

P i i
C C_ + HNOH — _C + C
R~ 0~ R R~ SOH R~ “NHOH
anhydride hydroxylamine carboxylic acid hydroxamic acid
0 i

3 C + FeCly — C + 3HCI
R~ “NHOH (R NHO)3Fe
hydroxamic acid ferric hydroxamate complex

(burgundy or magenta)

Acid anhydrides react quickly with alcohols to form esters and carboxylic acids
(Experiment 3a, p. 256). The esters form an upper layer in the presence of the basic
aqueous layer.

0]
I I NaOH | I
C C. +CHzCH,OH — _C + C
R~ 07 "R R~ “OH R~ T OCH,CHj
anhydride carboxylic acid ester

Anilides are formed from acid anhydrides and aniline (Experiment 4, p. 258). The
anilides precipitate from the solution.

(I? I | (II)
C C + 2CgHs5NHy — C + C

R~ o7 R R~ "NHCgHs; R~ O~
anhydride aniline anilide CgHsNH;*

Experiment 1 Hydrolysis of Acid Anhydrides and Acyl Halides

The anhydride and acid chloride tests are closely related and Section 9.2 (p. 259) below
discusses the latter.

T i
C C +H0O — 2 C + heat
anhydnide carboxylic acid
i i
C + HyO — C + HX + heat
R X R™ “OH
acyl halide carboxylic acid
i i
C + NaHCO; — C + H0 + COy(g)
R~ “OH R~ O Na* &
carboxylic acid sodium salt of the acid

Cautiously add a few drops or a few crystals of the unknown compound to 1 mL of wa-
ter and touch the test tube to see if heat is evolved. If the test tube is warm, then the
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test is positive for an acid anhydride or an acyl halide, since water will react with these
compounds to form the carboxylic acid with the evolution of heat. Add 1 mL of methanol
to dissolve the sample. Pour the solution into 1 mL of a saturated solution of sodium
bicarbonate. Evolution of carbon dioxide gas is a positive test for the presence of the
product carboxylic acid.

Controls Acetic anhydride and benzoyl chloride will give a positive test. Acetophe-
none will give a negative test.

Cleaning Up Place the reaction mixture in the aqueous solution container.

Discussion
Higher aliphatic anhydrides and aromatic anhydrides are not readily hydrolyzed with
water and thus may not give a positive test.

Experiment 2 Hydroxamic Acid Test

(a) Preliminary Test

Dissolve a drop or a few crystals of the compound to be tested in 1 mL of 95% ethanol
and add 1 mL of 1 M hydrochloric acid. Note the color produced when one drop of
5% ferric chloride solution is added to the solution. If a definite orange, red, blue, or
violet color is produced, the following test for the acyl group is not applicable and should
be omitted. Too much hydrochloric acid prevents the development of colored complexes
of many phenols and all enols.

(b) Hydroxamic Acid Formation from Anhydrides, Acyl Halides, and Esters

. i i
C C_ + HgNOH — C + C
R 07 R R SOH R~ “NHOH
anhydride hydroxylamine carboxylic acid hydroxamic acid
i i
C. + H,NOH — C + HX
R™ X R~ “NHOH
acyl halide  hydroxylamine hydroxamic acid
i i
C + HeNOH — _C +R'OH
R™ TOR’ R” “NHOH
ester hydroxylamine hydroxamic acid
i i
3 _C + FeCly — C + 3HCI
R~ “NHOH (R” “NHO)gFe
hydroxamic acid ferric hydroxamate complex

(burgundy or magenta)

Heat to boiling a mixture of one drop or about 40 mg of the compound, 1 mL of 0.5 M
hydroxylamine hydrochloride in 95% ethanol, and 0.2 mL of 6 M sodium hydroxide.
After the solution has cooled slightly, cautiously add 2 mL of 1 M hydrochloric acid.
Anhydrides, acyl halides, and esters react with hydroxylamine to form the hydroxamic
acid, as indicated in the above equations. If the solution is cloudy, add 2 mL of 95%
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ethanol. Observe the color produced when one drop of 5% ferric chloride solution is
added. If the color caused by the drop of ferric chloride solution does not persist, con-
tinue to add the ferric chloride solution dropwise until the observed color permeates
the entire test solution. Compare the color with that produced in (a). A positive test
will be a distinct burgundy or magenta color of the ferric hydroxamate complex, which
is formed upon the reaction of the hydroxamic acid with the ferric chloride. Compare
the color of this solution with the yellow observed when the original compound is tested
with ferric chloride in the presence of acid.

(c) Hydroxamic Acid Formation from Nitriles and Amides

IﬁJH
RC=N+ H,NOH — _C
R” “NHOH
nitrile hydroxylamine
NH
¢ vHg0 25 ¢ + NH*
oV — 4
R” “NHOH R” “NHOH
hydroxamic acid
i i
C + HoNOH - HCl — C + NH4CI
R~ “NH, R~ “NHOH
amide hydroxylamine hydroxamic acid
hydrochloride
i i
3 _C + FeCl; — C + 3HCI
R” “NHOH (R” TNHO)sFe
hydroxamic acid ferric hydroxamate complex

(burgundy or magenta)

Add one drop or 30 mg of the compound dissolved in a minimum amount of propyl-
ene glycol to 2 mL of a 1 M hydroxylamine hydrochloride solution in propylene glycol.
Add 1 mL of 1 M potassium hydroxide and boil the mixture gently for 2 min. Allow the
mixture to cool to room temperature and add 0.5-1 mL of a solution of 5% alcoholic
ferric chloride. A red to violet color constitutes a positive test. Yellow colors indicate
negative tests, and brown colors or precipitates are indeterminate.

(d) Hydroxamic Acid Formation from Aromatic Primary Amides?

| 0
C + HyOp — C + HyO
Ar” ONH, Ar” NHOH
aromatic amide hydroxamic acid
i i
3 C + FeCl; — C + 3HCI
R~ “NHOH (R~ NHO)sFe
hydroxamic acid ferric hydroxamate complex
(burgundy or magenta)

2N. D. Cheronis and J. B. Entrikin, Semimicro Qualitative Organic Analysis, 3rd ed. (Wiley, New York, 1965),
p- 374.
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This procedure tests for the presence of an aromatic primary amide, which would give
a negative result when analyzed with experiment (c). Place 50 mg of the unknown in
5 mL of water. Add 0.5 mL of 3% hydrogen peroxide and two drops of 5% ferric chloride
solution. Heat the solution to boiling. The hydrogen peroxide reacts with the aromatic
amide to form the hydroxamic acid, which then reacts with the ferric chloride to form
ferric hydroxamate complex. The characteristic magenta color should develop if the
compound is an aromatic primary amide.

(e) Hydroxamic Acid Formation from Sulfonic Acids and Sulfonyl Chlorides®
ArSOsH + SOClg —— ArSOyCl + HCI + SOy

sulfonic thiony! sulfonyl
acid chloride chloride
ArSO4Cl + HgNOH - HCl — ArSOp,NHOH + 2HCl
sulfonyl hydroxylamine
chloride hydrochloride
Il (H)
ArSOoNHOH + C — C + ArSOgH
H,¢~ H HsC~ “NHOH
acetaldehyde hydroxamic acid
i i
3 C + FeCl3 + 3KOH — C + HyO + 3KCl
Hic” “NHOH (HsC~ “NHO)sFe
hydroxamic acid ferric hydroxamate complex

(burgundy or magenta)

To prepare the sulfonyl chloride from the sulfonic acid, combine five drops of thionyl
chloride and 100 mg of the sulfonic acid in a test tube and heat in boiling water for
1 min. Allow the test tube to cool. To the test tube, add 0.5 mL of a saturated solution
of hydroxylamine hydrochloride in methanol. Add a drop of acetaldehyde. The sulfonyl
chloride undergoes the reaction with the hydroxylamine to form an intermediate, which,
when treated with the acetaldehyde, forms the hydroxamate acid. Add dropwise a
solution of 2 M potassium hydroxide in methanol until the solution is slightly basic when
checked with pH paper. Heat the solution to boiling and then allow it to cool. Acidify
the mixture by dropwise adding 0.5 M hydrochloric acid, until blue litmus paper turns
red. Add a drop of 5% ferric chloride solution. Ferric chloride converts the hydroxamic
acids to the ferric hydroxamate complex. The magenta color of the ferric hydroxamate
complex is a positive result.

Sulfonyl chlorides can be treated directly with the hydroxylamine hydrochloride.
Neutralize the salts of sulfonic acids with hydrochloric acid, then evaporate to dryness.
Treat the residue with thionyl chloride as described above.

Controls Acetic anhydride, acetyl chloride, and ethyl acetate will give a positive test
for (b). Acetonitrile and butanamide will give a positive test for (c). Benzamide will give
a positive test for (d). Benzenesulfonyl chloride and benzenesulfonic acid will give a
positive test for (e). Acetophenone and benzaldehyde will give a negative test for all
experiments.

3N. D. Cheronis and J. B. Entrikin, Semimicro Qualitative Organic Analysis (Thomas Y. Cromwell Company,
New York, 1947), p. 143.
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Cleaning Up For all parts of Experiment 2, neutralize the reaction mixture with
sodium carbonate until the foaming no longer occurs and place in the aqueous solution
container.

Discussion

All esters of carboxylic acids, including polyesters and lactones, give definite magenta
colors of varying degrees of intensity. Acid chlorides, acid anhydrides, and trihalo
compounds such as trichloromethylbenzene and chloroform give positive magenta test
results.

Formic acid produces a red color; with all other carboxylic acids the test is negative.
Commercial lactic acid gives a positive test. Phthalic acid usually contains phthalic
anhydride and thus gives a positive test.

Primary or secondary nitro compounds give a positive test.

Most imides give positive tests, aliphatic amides and salicylamide give light magenta
colors, and most nitriles give a negative test with procedure (b). For procedure (c), all
common nitriles and amides give positive tests. Benzanilide, diacetylbenzidine, and cer-
tain sterically hindered amides fail to give a positive test. However, aromatic primary
amides will give a positive result only with hydrogen peroxide in the presence of ferric
chloride, as described in (d).

Aldehydes with no a-hydrogen atoms may give weakly positive tests; with other
aldehydes and ketones the test is negative.

Experiment 3 Ester Formation
(a) The Schotten-Baumann Reaction

(“: ¢ +cm CH,0H 24 d + (”:
3 2 -
“T>N07 R R~ YOH R~  OCH,CHj

anhydride carboxylic acid ester
i i

C + CH3CHoOH — C + HX
R X R~ “OCH,CHj

acyl halide ester

R

~

Place 0.5 mL of ethanol, 1 mL of water, and 0.2 mL or 0.20 g of the unknown compound
in a small flask. To this solution add in portions, with vigorous shaking, 2 mL of 20%
sodium hydroxide solution. Stopper the flask and shake the mixture for several minutes
and then test the solution with litmus paper to make sure that it is still alkaline. The
anhydrides and acyl halides will undergo a reaction with alcohols under basic conditions
to form esters. Esters are both insoluble in water and less dense than water and thus
will form a layer on top of the water.

(b) Esterification of a Carboxylic Acid

i
C + CH3CHOH — C + HpO
R~ “OH R~ “OCH,CHj

carboxylic acid ethanol ester
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Warm a mixture of 0.20 g of the compound, 0.40 mL of absolute ethanol, and 0.20 mL
of concentrated sulfuric acid over a steam bath or hot-water bath for 2 min. Pour the
mixture slowly into an evaporating dish containing 2 mL of saturated sodium
bicarbonate solution. A second layer should be formed. Carefully smell the mixture.
The presence of a sweet, fruity smell in the product, where no such smell existed in
the original unknown, indicates that the original compound was a carboxylic acid and
the acid was esterified. Large-molecular-weight carboxylic acids produce esters that
are odorless.

Controls Acetyl chloride and acetic anhydride will give a positive test for (a). Butanoic
acid will give a positive test for (b). Acetophenone and acetone will give a negative test
for both experiments.

Cleaning Up For both (a) and (b), place the ester layer in the organic solvent
container. Neutralize the aqueous layer with 10% hydrochloric acid, and place in the
aqueous solution container.

Discussion

The Schotten-Baumann reaction in (a) is of particular interest because it might be
expected that the water and hydroxyl ion present could compete with the alcohol to
be acylated and seriously reduce the yield of the product desired. The success of the
reaction is probably due to a combination of circumstances. It generally occurs in a het-
erogeneous medium with the organic reagent and the unknown anhydride or acyl halide
in the same phase. One could speculate that the organic reagents combine in the organic
phase and that only acid-base neutralization takes place in the inorganic layer.

8- —_—
(lé + R'OH R cI: A (ll‘ +7- +BH*
— R—C—7 —>
RT X R OR'
5 0L
R OH

Experiment 3a, Z = O,CR or halogen

The mechanism of the esterification carried out in (b) involves protonation as a
method of enhancing the electrophilicity of the acid substrate toward nucleophilic attack
by ethanol.

R__OH y* R\a _OH  cu,cH,0n
I gt | —CH,CH,0H
OH +
(l)H CHoCHj3 OHg
—H,0
R—C—O" =— R—C—OCH,CH3 —=
\ | H,0
OH H OH
R+ OCHyCH; _y+ R___OCH:CHj
i "
OH O
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Experiment 4 Anilide Formation from Acid Anhydrides and Acyl Halides

o0 i i
C C + 2CgHsNHy — C + C
R~ 07 R R~ "NHCgHs R~ O~
anhydride aniline anilide C6H5NH3+
i i
C. +2C¢HsNHy, — _C + CgHsNH3* X~
R X R™ “NHCgH;
acyl halide aniline anilide

(a)
Add a few drops or a few crystals of the unknown sample to 0.5 mL of aniline. Pour
the mixture into 5 mL of water. A positive test is the precipitation of the solid anilide.

(b) .

In a small flask, place 0.2 mL of aniline, 1 mL of water, and 0.2 mL or 0.2 g of the
unknown. Add in portions, with vigorous shaking, 10 mL of 20% sodium hydroxide
solution. Shake the mixture in a stoppered flask for several minutes, and then test the so-
lution with litmus paper to make sure that it is still alkaline. A positive test is the
formation of a precipitate.

Controls Acetic anhydride and acetyl chloride will give a positive test. Acetone and
acetophenone will give a negative test.

Cleaning Up For both (a) and (b), filter off the solid and place in the organic non-
hazardous solid waste container. Place the filtrate in the aqueous solution container.

Discussion
Anhydrides and acyl halides react with aniline to form anilides, which precipitate out
of the solution. The mechanism involves the direct attack of the free amine (aniline) on

the anhydride or acyl halide.

0 0~
R/g\x + CHsNHy —> ReGox X,
*NHyCgHs
0
I gt I
R™ NH,CgHs TR SNHCgH;5

1. What is the role of the sodium hydroxide in Experiment 4b? (Hint: Note that the
two equivalents of aniline have been used in the equations at the start of the
experiment.)

2. Give the equations for the reaction of propanoyl chloride and propanoic acid with hy-
droxamic acid. Give another method of distinguishing between these two compounds.
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* 9.2 ACYL HALIDES

The same experiments that are used to the detect the presence of acid anhydrides can
be used for acyl halides. Theory predicts that the acyl halides are more reactive. Acid
halides can be hydrolyzed to carboxylic acids (Experiment 1, p. 252). Addition of sodiumn
bicarbonate to the solution produces the observable evolution of carbon dioxide gas,
the sodium salt of the acid, and water.

0]

Il I
C + HO — C + HX + heat
R™ X R~ “OH

acyl halide carboxylic acid

| C”)

C + NaHCO3 — C + HoO + COy(g)
R~ “OH R™ O Na' &

carboxylic acid ‘ sodium salt of the acid

The hydroxamic acid test also will give a positive result for acid halides (Experiment
2b, p. 253). The acyl halide undergoes reaction with the hydroxylamine to form a
hydroxamic acid, which is then treated with ferric chloride to form the magenta-colored
ferric hydroxamate complex.

i i
C._ + HNOH — C + HX
RT X R” “NHOH
acyl halide hydroxylamine hydroxamic acid
i i
3 C + FeCl; — C + 3HCI
R~ “NHOH (R~ NHO)sFe
hydroxamic acid ferric hydroxamate complex
(burgundy or magenta)

Acid halides undergo reaction with alcohols to form esters (Experiment 3a, p. 256).
The esters form an upper layer with the basic aqueous layer.

i i

C + CH3CHyOH — C + HX
R~ X R~ “OCH,CH;
acyl halide ester

Aniline undergoes reaction with acid halides to form anilides, which precipitate
from the solution (Experiment 4, p. 258).

g l.
C. +2CgHsNHy — _C + CgHsNH3" X~
R X R” “NHCgHs
acyl halide aniline anilide

To distinguish between the acid anhydride and the acyl halide, the silver nitrate
test for halides (Experiment 35, p. 320) is used. The acyl halide is hydrolyzed to form
the carboxylic acid and hydrogen halide. The hydrogen halide undergoes reaction with
silver nitrate to give an immediate precipitation of silver halide.
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7 9.3 ALCOHOLS

] I
_C C + HX + heat
R OH

acyl halide carboxylic acid
HX + AgNO3 — AgX(s) + HNO;3

+ HgO —

The more volatile acid halides can be detected merely by their obnoxious, lachrymatory
odor. Do not smell compounds directly; however, some compounds such as volatile acid
halides have distinctive odors that permeate the surroundings when the sample vial is opened.

3. Why are the acyl halides generally more reactive than the anhydrides? (Hint: Write
the mechanisms for the reaction of hydroxylamine with acetic anhydride and with
acetyl chloride and discuss the leaving group ability of chloride vs. carboxylate.)

Several methods are available for the analysis of the hydroxyl group, the functional group
present in alcohols. Sodium metal undergoes reaction with hydroxyl groups of many
alcohols to liberate hydrogen gas and form the salt of the alcohol (Experiment 5, p. 262).
The rate is highly variable and depends upon the alcohol structure.

2ROH + 2Na — 2RO Na* + Hy(g)

alcohol

Another method of detecting such an active hydrogen is by adding acetyl chloride
to the alcohol to form the ester (Experiment 6, p. 264), which is less dense than the
aqueous layer.

Il Il
ROH + c. — C + HCl(g)
Hyc” >l HiC~ T OR &

alcohol acetyl chloride ester

Another method of testing for the presence of the alcoholic hydrogen involves ceric
ammonium nitrate (Experiment 7, p. 265). The yellow ceric ammonium nitrate forms
a red organometallic compound with alcohols. Positive results are obtained from alcohols
of 10 or fewer carbons.

(l)R
(NH4)9Ce(NO3)g + ROH —— (NH,)9Ce(NO3)s + HNO3
ceric ammonium nitrate  alcohol (red)

(yellow)

The Jones oxidation, in conjunction with the sodium metal test and the Lucas test,
may be used to differentiate among primary (1°), secondary (2°), and tertiary (3°) alco-
hols. The Jones oxidation (Experiment 8, p. 268) only detects the presence of a hydroxyl
substituent that is on a carbon bearing at least one hydrogen. Thus, only primary and
secondary alcohols are oxidized to the corresponding carboxylic acids and ketones.
Tertiary alcohols are not oxidized under these conditions. As the alcohol is oxidized, the
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solution chan§es from an orange-red color from the Cr*® ion, to a blue to green color
from the Cr*> ion.

I
3RCH9oOH + 4CrO3 +6H3S04 —> 3 /C\(_) + 9HoO +  2Crg(SO4)3
R H

1° alcohol (orange-red) carboxylic acid (intense blue to green)
i
3RgCHOH + 2CrO3 + 3HpSO, —> 3 _C.__ +6Hp0 +  Crg(SOy)3
R R
ketone (intense blue to green)

Substrates that easily give rise to cationic character at the carbon bearing the
hydroxyl group undergo the Lucas test (Experiment 9, p. 269) readily. Therefore, only
secondary (2°) and tertiary (3°) alcohols form the alkyl halide, which appears as a second
liquid layer, tertiary alcohols being the most reactive. Primary (1°) alcohols undergo
reaction with the zinc chloride and hydrochloric acid either negligibly slowly or not at all.

2
RoCHOH + HCl 252, R,CHCI + HyO
2° alcohol ‘ alky! halide

ZnCl
RsCOH + HCl —2> RsCCl + H,0
3° alcohol alkyl halide

To distinguish between primary, secondary, and tertiary alcohols, the TCICA test
(Experiment 10, p. 271) can be utilized. The trichloroisocyanuric acid is reduced to
cyanuric acid, a white solid. Primary alcohols react in 1 to 15 min; secondary alcohols
react in 0.1 to 1 min; tertiary alcohols do not react within 5 h.

Cl\ ~ C\ -~ Cl N N H
ROH N N
et et
o~ \ITJ/ 0 o~ \ITI/ o0
Cl H
trichloroisocyanuric acid cyanuric acid
(white solid)

The iodoform test (Experiment 11, p. 273) gives positive results for secondary al-
cohols in which a methyl group is attached to the carbon bearing the hydroxyl group.
This type of alcohol is oxidized to a methyl ketone and under these basic conditions it
forms a triiodo intermediate, which is then oxidized to the sodium salt of the acid and
iodoform. Iodoform is a foul-smelling yellow precipitate.

o ﬁ?

CH + I + 2NaOH — C + 2Nal + 2H,0
R~ “CH,4 R” CH;

2° alcohol methyl ketone

O 0]

I I
C + 3Ig + 3NaOH — C
R”  CHj R™ I,
methyl ketone

+ 3Nal + 3H,0



262 -+ Chapter 9. Chemical Tests for Functional Groups

I I
C +NaOH — _C + CHIg(s)
~CI3 R” “O"Nat
sodium salt of iodoform
the carboxylic acid (yellow solid)

R/

Experiment 5 Sodium Detection of Active Hydrogen
2ROH + 2Na — 2RO Na™ + Hy(g)

alcohol
2RNHj + 2Na — 2RNH Na™ + Hy(g)

1° amine
2RyNH + 2Na —> 2RgN"Na* + Hy(g)

2° amine

H—C=C—H + 2Na —> Na*“"C—C=C"Na* + Hy(g)
terminal alkyne :
9R—C=C—H + 2Na —> 2R—C=C"Na* + Hy(g)

terminal alkyne
To 0.25 mL or 0.25 g of the sample, add small thin slices of freshly cut sodium until no
more will dissolve. Evolution of hydrogen gas indicates the presence of an acidic
hydrogen, such as a hydroxyl group in an alcohol, a hydrogen attached to the nitrogen
in a primary or secondary amine, or a hydrogen in a terminal alkyne. Cool the solution,
and observe. Add an equal volume of ether. Another positive test is the formation of
the solid salt. Prior to testing, dry liquid samples with calcium sulfate. Any residual wa-
ter will undergo reaction with the sodium. This test may be applied to solid compounds
or very viscous liquids by dissolving them in an inert solvent such as anhydrous ligroin
or toluene.

The order of reactivity of alcohols with sodium is known to decrease with increasing

size of the alkyl portion of the molecule. This test is subject to many limitations, and
the results should be interpreted with caution.

Controls Methanol and diethyl amine will give a positive test. Acetophenone and
hexane will give a negative test.

Cleaning Up Add enough ethanol dropwise to the solution until all of the sodium
has reacted. Allow to stand for 1 h. Dilute the reaction mixture with 10 mL of water,
neutralize with 10% hydrochloric acid, and place in the aqueous solution container.

Discussion

This reagent is used in testing neutral compounds for the presence of groups that con-
tain easily replaceable hydrogen atoms. Functional groups containing a hydrogen atom
attached to oxygen, nitrogen, or sulfur may react with sodium to liberate hydrogen.

2ROH + 2Na —> 2RO"Na™ + Hy(g)

alcohol
2RNHj + 2Na — 2RNH Na® + Hy(g)
1° amine
2RyNH + 2Na — 2RoN " Na* + Hy(g)
2° amine

2RSH + 2Na —> 2RS"Na™ + Hy(g)
sulfide
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This test is most useful with alcohols of intermediate molecular weight, such as those
containing from three to eight carbon atoms. Lower alcohols are difficult to obtain in
anhydrous condition. The presence of traces of moisture causes the test to be positive.
Alcohols of high molecular weight undergo reaction slowly with sodium, and the evo-
lution of hydrogen gas is often so slow as to make the test of little value. Metallic sodium,
when cut in moist air, adsorbs water on its surface so that, when placed in a perfectly
dry solvent such as benzene, it gives off hydrogen gas produced by the interaction of
the metal with the adsorbed moisture.

Hydrogen atoms attached to the carbon are not displaced by metals unless there
are adjacent functional groups that activate the hydrogen atoms. Compounds with active
methine groups, such as acetylene or monosubstituted acetylenes, undergo reaction with
sodium.

H—C=C—H + 2Na — Na" "C—C=C"Na" + H(g)
terminal alkyne
2R—C=C—H + 2Na — 2R—C=C"Na" + Hy(g)
terminal alkyne '

Frequently the hydrogen produced is not observed, as this hydrogen undergoes reaction
with unsaturated functional groups as rapidly as it is produced.

A methylene group, adjacent to an activating group or between two activating
groups, possesses hydrogen atoms that may be displaced by sodium. This hydrogen may
also be difficult to observe due to its subsequent reaction with unsaturation in the
original organic compound.

0 0
| |
C

2
“SCH; “OCH,CHj

H,C

P + 2Na —

o) 0
g I
HsC~ >CH” “OCH,CH,3

2 2Na™ + Hy(g)

Reactive methyl groups are present in certain compounds, especially methyl ketones
such as acetone and acetophenone. These react with sodium to give the sodium deriv-
ative of the ketone and a mixture of products formed by reducing and condensation.
For example, acetone yields sodium acetonide, sodium isopropoxide, sodium pinacolate,
mesityl oxide, and phorone.

Metallic sodium is thus a useful reagent for detecting the types of reactive hydrogen
compounds that are not sufficiently active to produce hydrogen ions in an ionizing sol-
vent. It is obviously unnecessary and dangerous to try the action of sodium on com-
pounds known to be acids.

Structural effects upon acidity are complex. It is well known that liquid samples of
alcohols follow this order of reactivity:

CH,;0H > CH3CH,OH > (CH;3);CHOH > (CH3);COH

In the gas phase, the reverse order applies. It has been suggested that larger alkyl groups
stabilize the alkoxide ion by polarization, while bulky groups about the oxygen destabilize
solvation.
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4. Predict the action of sodium on phenol, benzoic acid, oximes, nitromethane, and
benzenesulfonamide. Why is this test never used with these compounds? What effect
would the presence of moisture have on this test?

5. What is the principal defect of metallic sodium as a classification reagent?

The “active” hydrogen of the hydroxyl group can often be detected by another
procedure, involving the use of acid halides, described in Experiment 6.

Experiment 6 Detection of Active Hydrogen with Acetyl Chloride

i i
ROH + C — C + HCl(g)
Hyc” ¢l HsC~ “OR &
alcohol acety! chloride ester
i i
ArOH + C — C + HCl(g)
Hc” >l HsC~ OAr &
phenol acetyl chloride ester
i i
RNH, + C — C + HCl(g)
H;C™ >l H,C~ “NHR &
1° amine acetyl chloride amide
(”) 0O
RoNH + C —_— C + HCl(g)
Hyc” >l HsC~ “NR, &
2° amine acetyl chloride amide

Perform this test in the hood. Add drop by drop 0.2 mL of acetyl chloride to 0.2 mL or
0.2 g of the unknown. Evolution of heat and hydrogen chloride gas is a positive test. To
destroy any unreacted acetyl chloride, allow the mixture to stand for a minute or two
and the pour it cautiously into 1 mL of water. Alcohols and phenols react with acetyl
chloride to form esters, which is indicated by the formation of a top layer in the flask.
Primary and secondary amines react with acetyl chloride to form amides, which pre-
cipitate from the solution.

Controls Methanol and diethyl amine will give a positive test. Acetophenone and
hexane will give a negative test.

Cleaning Up Separate the organic layer and place in the organic solvent container.
Neutralize the aqueous layer with sodium carbonate and place in the aqueous solution
container.

Discussion

Primary and secondary alcohols form esters, while tertiary alcohols form primarily the
alkyl chloride, due to the reaction of the liberated hydrogen chloride on another mol-
ecule of the alcohol.
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Only primary and secondary amines will react with acetyl chloride to form amides.
However, some low-molecular-weight amides are water soluble. Many substituted
anilines, especially those with nitro groups in the ortho and para position relative to the
amino group, do not react with acetyl chloride. Tertiary amines do not have an active
hydrogen and, therefore, give a negative result with acetyl chloride.

6. Explain the difference in reactivity of the primary, secondary, and tertiary alcohols
with the acetyl chloride.

Experiment 7 Ceric Ammonium Nitrate

?R
(NHy4)9Ce(NO3)g + ROH —— (NH,4)9Ce(NOj3)5 + HNO;4
ceric ammonium nitrate  alcohol (red)

(yellow)

(a) For Water-Soluble Compounds

Add four to five drops of a liquid unknown or 0.1-0.2 g of a solid to 1 mL of the ceric
ammonium nitrate reagent. Mix thoroughly and note whether the yellow color of the
reagent changes to red. Alcohols react with the reagent to form a red alkoxy cerium(IV)
compound. If a red color develops, watch the solution carefully and note the time for
the mixture to become colorless. If no change is noted in 15 min, stopper the test tube
and allow to stand several hours or overnight. Also note whether bubbles of carbon
dioxide are liberated.

(b) For Water-Insoluble Compounds

Add 2 mL of dioxane* to 1 mL of the ceric ammonium nitrate reagent. If a red color
develops or if the solution becomes colorless, purify the dioxane. If the mixture remains
yellow or is only a light orange-yellow, it may be used to test water-insoluble compounds.
Divide the 6 mL of the solution in half, reserving 3 mL for observation as a control. To
the other 3 mL of the dioxane containing reagent, add four to five drops of a liquid
unknown or 0.1-0.2 g of a solid. Mix thoroughly and make the same observations as
in (a).

Controls Methanol, 2-propanol, glycerol, and glucose will give a positive test for (a).
1-Heptanol, benzyl alcohol, and (*)-mandelic acid will give a positive test for (b).
Acetophenone and hexane will give a negative test.

Ceric Ammonium Nitrate Reagent

Add 1.3 mL of concentrated nitric acid to 40 mL of distilled water and then dissolve
10.96 g of yellow ceric ammonium nitrate in the dilute nitric acid solution. After the solid
has dissolved, dilute to 50 mL. The test is carried out at room temperature (20-25°C).

“The dioxane should be checked with ceric nitrate solution to be sure that it does not give a positive test.
The dioxane sold as “histological grade” is usually pure enough so that it may be used. Pure dioxane does not
give a red complex. Commercial dioxane sometimes contains glycols or antioxidants as preservatives and must
be purified.
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Hot solutions (50-100°C) of Ce(IV) oxidize many types of organic compounds. This
reagent is usable for about a month.

Cleaning Up For (a) and (b), place the reaction mixture in the aqueous solution
container.

(c) Alternate Experiment for Water Insoluble Compounds

To prepare the reagent, dissolve 0.43 g of ceric ammonium nitrate in 2 mL of acetonitrile.
Add about 0.1 g of the unknown compound to the reagent in a test tube. Stir the mix-
ture with a glass rod and heat just to boiling. In 1-6 min the color will change from
yellow to red. Even cholesterol, Co7HysOH, gives a red to orange color. The red color
disappears as oxidation of the alcohol group takes place.

Cleaning Up Treat the reaction mixture from (c) with 1 mL of 10% sodium hydroxide.
Neutralize the solution with 10% hydrochloric acid and place in the aqueous solution
container.

Discussion

The ceric ammonium nitrate reagent forms red complexes with primary, secondary, and
tertiary alcohols of up to 10 carbons. Also, all types of glycols, polyols, carbohydrates,
hydroxy acids, hydroxy aldehydes, and hydroxy ketones give red solutions. Phenols give

a brown color or precipitate.

|OAr
(NH4)2Ce(NO3)g + ArOH — (NH,)9Ce(NQOj3)5 + HNO3
ceric ammonium nitrate  phenol (brown or black)

(yellow)

The red cerium(IV) compound has been shown to be the intermediate for the ox-
idation of alcohols by Ce(IV) solutions. Hence, a second phase of this test involves the
disappearance of the red color due to oxidation of the coordinated alcohol and reduction
of the colored Ce(IV) complex to the colorless Ce(III) complex. Thus a positive test
includes successively the formation, and then the disappearance of the red color, as-
suming the oxidation step occurs within a reasonable time (see Table 9.3).

The overall sequence of reactions for a primary alcohol is as follows:

(a) (NH4)2C6(N03)6 + RCHoOH — (NH4)2C€(N03)5 + HNOj

OCH,R
(yellow) (red)
(b) (NH4)2C|6(NO3)5 —— RCH30 - + (NH4)9Ce(NO3)s + HNO3
OCH,R
(red) (colorless)

|
C

(c) RCH0- + (NH4)oCe(NO3)g —> e

+ (NHy4)9Ce(NO3)s + HNO3

(yellow) (colorless)

The rates of the oxidation steps (b and ¢) depend upon the structure of the hydroxy
compound.
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TABLE 9.3 Approximate Times for Reduction of Red Ce{IV) Complexes at 20°C to Colorless
Ce(lil) Nitrato Anion with Oxidation of Alcohols to Aldehydes or Ketones

Compound Time® Compound Time"
Primary alcohols Diols, triols, . . . , polyols
Allyl alcohol 6 min Pinacol 5 sec
Methyl cellosolve 1.2 hr Mannitol 38 sec
1-Propanol 3.6 hr 2,3-Butanediol 1 min
Benzyl alcohol 4.0 hr Glycerol 10 min
1-Butanol 4.1 hr Propylene glycol 15 min
2-Methyl-1-propanol 4.1 hr Diethylene glycol 3hr
1-Heptanol 5.0 hr Ethylene glycol 5hr
Ethanol 5.5 hr 1,4-Butanediol 1hr
Methanol 7.0 hr 1,4-Butynediol 36 min
2-Methyl-1-butanol 70 hr 1,4-Butenediol (mostly cis) 3 min
1-Decanol 12.0 hr
Secondary alcohols Carbohydrates
Cyclohexanol 3.7 hr Glucose 1 min
2-Propanol 6.0 hr Fructose 30 sec
2-Butanol 9.0 hr Galactose 1 min
2-Pentanol 17.0 hr Lactose 5 min
2-Octanol 16.0 hr Maltose 8 min
Diphenylcarbinol 12.0 hr Sucrose 12 min
Cellulose—insoluble—no red
Starch—insoluble—no red
Tertiary alcohols Hydroxy acids
tert-Butyl alcohol >48 hr Lactic acid 15 sec + CO,
tert-Pentyl alcohol >48 hr Malic acid 30 sec + CO,
3-Methyl-3-hydroxy- Tartaric acid 1 min + CO,
1-butyne 36 hr Mandelic acid 1 min + CO,
Citric acid 1 min + CO,
Hydroxy ketones
3-Hydroxy-2-butanone 15 sec

3-Methyl-3-hydroxy-2-butanone 10 sec

“Variations in time of cons
age of the reagent.

ideration can be expected due to variable size of reagent drops and to the

The products from other hydroxylic compounds are listed below:

i I
R—C’J—-R — R/c\R + H,0
OH
T i
R—C—C—R —> 2 _C_ +Hy0
R H
OH OH
i I
R—C—C—R — 2 _C._ +H0
R~ R

267
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H
I |

R—C—C—OH — __C.__+Hy0+COy
| R H
OHO

Among simple hydroxy compounds, methanol gives the deepest red color. As the
molecular weight of the alcohols increases, the color becomes less intense and somewhat
brownish red.

A red color is produced by aqueous 40% formaldehyde (formalin). This is due to
methanol present in the solution. Acetaldehyde frequently gives a red color due to the
presence of 3-hydroxybutanal, acetaldol. Alternatively, these aldehydes may hydrate in
aqueous solution to form gem diols, RCH(OH);, which may be the species that are
oxidized.

Negative tests are indicated by the absence of the red complex with retention of
the yellow color of the reagent. All pure aldehydes, ketones, saturated and unsaturated
acids, ethers, esters, and dibasic and tribasic acids produce a negative test. The dibasic
acids, oxalic and malonic, do not givé a red color but do reduce the yellow Ce(IV) to
colorless Ce(III) solutions.

Basic aliphatic amines cause precipitation of white ceric hydroxide. If the amines
are dissolved in dilute nitric acid, thus forming the amine nitrate, and this solution is
treated with the ceric reagent, no red color develops provided that there are no alcoholic
hydroxyl groups present in addition to the amino groups. If alcoholic groups are pres-
ent, then dilute nitric acid solutions of such compounds do give red colors. For exam-
ple, dilute nitric acid solutions of these compounds

HOCH,CH,NH,  (HOCH,CH,),NH  (HOCH,CH,);N

all give positive tests.

Alcohols containing halogens give positive tests. For example, CICH;CH,OH,
BrCH,CH,OH, CICH,CH;CH;OH, and CH;CHOHCH_Cl form red complexes.

Very insoluble alcohols of high molecular weight such as 1-hexadecanol, triphenyl-
methanol, or benzipinacol fail to react even in the dioxane solutions and do not give a
red color.

Long-chain alcohols, C, through C,s, will give a positive test when added to an
acetonitrile solution of ammonium hexanitratocerate at the boiling point, 82°C. Note that

(c), listed above for water-insoluble compounds, is especially useful for such long-chain
alcohols.

Experiment 8 Chromic Anhydride (Chromium Trioxide, Jones Oxidation)
0]

Il
3RCH,OH + 4CrO; + 6HyS0, — 3 C +9Hy0 +  2Cre(SO4)a

“OH
1° alcohol (orange-red) carboxylic acid (intense blue to green)
i
3RCHOH + 2CrO3 + 3Hp504 — BR/C\R + 6Ho0 + Cry(SOy)3
2° alcohol (orange-red) ketone (intense blue to green)
i i
3 C._ + 2CrO3 +3Hy80, — 3 _C + 3Ho0 + Cro(SO4)3
R™ H R” “OH

aldehyde (orange-red) carboxylic acid (blue to green)
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To 1 mL of acetone in a small test tube, add one drop of the liquid or about 10 mg of
a solid compound. Then add one drop of the Jones reagent and note the result within
2 sec. Run a control test on the acetone and compare the result. A positive test for
primary or secondary alcohols consists in the production of an opaque suspension with
a green to blue color. Tertiary alcohols give no visible reaction within 2 sec, the solution
remaining orange in color. Disregard any changes after 2 sec.

Controls 1-Butanol, 2-propanol, and benzaldehyde will give a positive test. 2- Methyl
2-propanol, acetone, and acetophenone will give a negative test.

Jones Reagent

Pour a suspension of 25 g of chromic anhydride (CrO;) in 25 mL of concentrated sulfuric
acid, slowly with stirring into 75 mL of water. Cool the deep orange-red solution to
room temperature before use.

Use a good grade of acetone. Some samples of acetone may become cloudy in
appearance in 20 sec, but this does not interfere, providing the test solution becomes
yellow. If the acetone gives a positive test, purify the acetone by adding a small amount
of potassium permanganate and distill the mixture.

Cleaning Up Place the reaction mixture in the hazardous waste container.

Discussion

This test is a rapid method for distinguishing primary and secondary alcohols from
tertiary alcohols. Positive tests are given by primary and secondary alcohols without
restriction as to molecular weight. Even cholesterol (Co7H460) gives a positive test.
Aldehydes give a positive test but would be detected by other classification experiments.
Aldehydes produce the green color in 5-15 sec, with aliphatic aldehydes reacting more
quickly than aromatic aldehydes. Ketones do not react. Olefins, acetylenes, amines,
ethers, and ketones give negative tests within 2 sec provided that they are not contam-
inated with small amounts of alcohols. Enols may give a positive test, and phenols
produce a dark-colored solution entirely unlike the characteristic green-blue color of a
positive test.

Experiment 9 Hydrochloric Acid/Zinc Chloride (Lucas Test)

RoCHOH + HCl 2222, R,CHCI + H,0
2° alcohol alky! halide
1
RsCOH + HCl 2% RycCl + Hy0
3° alcohol alkyl halide

(a)

To 0.2 mL or 0.2 g of the sample in a test tube add 2 mL of the Lucas reagent at
26-27°C. Stopper the tube and shake; then allow the mixture to stand. Note the time
required for the formation of the alkyl chloride, which appears as an insoluble layer or
emulsion.

Lucas Reagent
Dissolve 13.6 g (0.1 mole) of anhydrous zinc chloride in 10.5 g (0.1 mole) of concentrated
hydrochloric acid, with cooling,
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(b)
To 0.2 mL or 0.2 g of the alcohol in a test tube add 1.2 mL of concentrated hydrochloric
acid. Shake the mixture, and allow it to stand. Observe carefully during the first 2 min.

Controls Note the time required for both (a) and (b) to take place with 1-butanol,
2-methyl-2-propanol, 2-pentanol, 1-propanol, 1-pentanol, allyl alcohol, and benzyl
alcohol.

Cleaning Up Add sodium carbonate to the test solution until foaming no longer occurs
and place the mixture in the aqueous solution container.

Discussion
The mechanism of the Lucas test is an Sy1-type process as follows:
o . g
H* . _—H0 H3C CH; a-
H3C—$—OH —— H3C—(|3—OH2'+ — \?f = H3C—(|3—Cl
CH, CHj CHs CHj
The role of the ZnCl, is to enhance the reactivity of the HCI by polar coordination:
8~ &t
ClpZn---H—Cl

Since the Lucas test depends on the appearance of the alkyl chloride as a second
liquid phase, it is normally applicable only to alcohols that are soluble in the reagent.
This limits the test in general to monofunctional alcohols lower than hexyl and certain
polyfunctional molecules.

The reaction of alcohols with halogen acids is a displacement reaction in which the
reactive species is the conjugate acid of the alcohol, R—OH,", and is analogous to the
replacement reactions of organic halides and related compounds with silver nitrate and
iodide ion (Experiment 35, p. 320, and Experiment 36, pp. 323). The effects of struc-
ture on reactivity in these reactions are closely related. Thus primary alcohols do not
react perceptibly with hydrochloric acid even in the presence of zinc chloride at ordi-
nary temperatures. Chloride ion is too poor a nucleophilic agent to effect a concerted
displacement reaction, and, additionally, the primary carbonium ion is too unstable to
serve as an intermediate in the carbonium ion mechanism. Hydrogen bromide and
hydrogen iodide, which have a greater nucleophilic reactivity, are also more reactive
toward primary alcohols.

Tertiary alcohols react with concentrated hydrochloric acid so rapidly that the alkyl
halide is visible within a few minutes at room temperature, first as a milky suspension
and then as an oily layer. The acidity of the medium is increased by the addition of
anhydrous zinc chloride, which is a strong Lewis acid, and, as a result, the reaction rate
is increased. The high reactivity of tertiary alcohols is a consequence of the relatively
great stability of the intermediate carbocation. Allyl alcohol, although a primary alco-
hol, yields a carbocation that is relatively stable because its charge is distributed equally
on the two terminal carbon atoms.

H H H H H H
\ H* \ / \ /
C=C—C—OH —ho C=C—C+ «— +C—C=C
/] 2 /T N\ /T N\

H H H H H H H H H
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As a result, allyl alcohol reacts rapidly with the Lucas reagent and the reaction is
accompanied by the evolution of heat. Addition of ice water to the reaction results in
the formation of the allyl chloride as a separate layer.

Secondary alcohols are intermediate in reactivity between primary and tertiary
alcohols. Although they are not appreciably affected by concentrated hydrochloric acid
alone, they react with it fairly rapidly in the presence of anhydrous zinc chloride. A
cloudy appearance of the mixture is observed within 5 min, and in 10 min a distinct
layer is usually visible.

For a more extended discussion of the effect of structure on reactivity in replace-
ment reactions of this type, see the discussion of the silver nitrate test (Experiment 35,
p. 320).

7. Write the structural formulas and names of the isomeric five-carbon saturated
alcohols that were not used in this experiment. How would they react with this
reagent?

8. How would you account for the difference in the behavior of allyl alcohol and
1-propanol? Benzyl alcohol and 1-pentanol?

9. List two tests, with the equations, that will give a positive test for butanal and
1-butanol.

10. List two tests, with the equations, that will distinguish between butanal and
1-butanol.

Experiment 10 TCICA Test

(II) |
Cl C Cl H C H
N N N N
ITI IT ROH or T IT
C_ _C ? C._ _C
&
o N"TSo b 0TS0
a ot
trichloroisocyanuric acid cyanuric acid
(white solid)

This procedure is a modification of existing published procedures.>® Add 0.5 mL of
TCICA solution in acetonitrile, one drop of 1 M hydrochloric acid, and three drops or
0.04 g of sample to a small test tube. Some solid samples may need to be dissolved in
five drops of methanol. Note the time that the sample was added. Flick the test tube
until a precipitate forms and record the time. TCICA solution is a strong oxidizing
agent. Clean up any spills immediately with a dilute solution of sodium hydrogen
sulfite.

Controls Note the time of a positive reaction with ethanol, 2-propanol, 2-methyl-
2-propanol, 3-pentanone, butanal, benzaldehyde, phenol, and cholesterol.

5G. A. Hiegel, C. Juska, and M. Kim, J. Chem. Educ., 78, 1105 (2001).
5G. A. Hiegel and A. K. Chaharmohal, J. Chem. Educ., 74, 423 (1997).
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TCICA Reagent

Dissolve 0.30 g of trichloroisocyanuric acid (TCICA) in 10 mL of acetonitrile. Other
names for TCICA include 1,3,5-trichloro-1,3,5-triazine-2,4,6-(1H, 3H, 5H)-trione and
trichloro-sec-triazinetrione. The TCICA can be obtained from a swimming pool store
and ground up for use. The solution is stable for years when stored in a brown bottle.

Cleaning Up Add a few drops of 2-propanol or a few crystals of sodium hydrogen
sulfite to the reaction flask to destroy any TCICA. Place in the aqueous waste container.

Discussion
The existing published procedures (see footnotes 5 and 6) were modified to increase
the amount of sample in order to speed up the reaction time. With the increased amount
of sample,7 primary alcohols react in 1-15 min; secondary alcohols react in 0.1-1 min;
tertiary alcohols do not react within 5 h; ketones do not react within 4 h; aliphatic alde-
hydes react in 1-1.5 min; aromatic aldehydes react in 2-3 h; phenols react in 1-15 sec;
sugars react in 1-5 min; and cholesterol reacts in 10-40 sec.

Trichloroisocyanuric acid has been used to prepare ketones from secondary

alcohols.®
O
Cl (”3 Cl H ” H
R /R N \N/ = R\ R \N/ \N/ AN
3 ~cH” o+ | |+ — 3 ¢7 o+ L+
S e N : P NN NG
|
& & H a®
trichloroisocyanuric acid cyanuric acid

The reaction of the aldehyde, in the presence of methanol, with TCICA is believed
to form an intermediate hemiacetal, which is then rapidly oxidized to the methyl ester.®

i
Cl C Cl
” \N/ \N/
Gy * CHIOH + é (l; —
o” \ITI/ o
Cl
aldehyde trichloroisocyanuric acid
i
OH H C H
—
~ ~ PN
R OCHj RT70CH; - O\ €,
|
H
hemiacetal cyanuric acid

"Courtesy of Terra Hosp, Department of Chemistry and Physics, Radford University, Radford, Virginia.
“G. A. Hiegel and M. Nalbandy, Synth. Commun., 22, 1589 (1992).
%G. A. Hiegel, C. D. Bayne, Y. Donde, G. S. Tamashiro, and L. A. Hiberath, Synth Comm., 26, 2633 (1996).
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Experiment 11 lodoform Test

The iodoform is a test for methyl ketones and secondary alcohols that have a methyl
group adjacent to the carbon bearing the hydroxyl group.

O
(llj
R™ “CHj C“)
or _— C + CHIx(s)
AN~
OH R O"Na®
| iodoform
CH (yellow solid)
R CHy)
The alcohols are oxidized to the methyl ketones by the “iodine bleach.”
(l)H I
CH +1Ip+2NaOH — __C + 2Nal + 2H,0
R CH; R™ “CH,
2° alcohol methyl ketone

Iodination occurs preferentially and completely on the methyl groups.
i i
C + 3Ip + 3NaOH — C
R CHj

methyl ketone

+ 3Nal + 3H0

Clg

R/

Cleavage produces the carboxylate salt and iodoform.

i 1
_C.___ +NaOH— _C .+ CHIgs)

R Cl; R” SO Na

sodium salt of iodoform
the carboxylic acid  (yellow solid)

Place four drops of the liquid or 0.1 g of the solid to be tested in a test tube. Add
5 mL of dioxane'® and shake until all the sample has gone into solution. Add 1 mL of
10% sodium hydroxide solution, and then slowly add the iodine—potassium iodide so-
lution, with shaking, until a slight excess yields a definite dark color of iodine. If less
than 2 mL of the iodine solution is decolorized, place the test tube in a water bath at
a temperature of 60°C. If the slight excess of iodine already present is decolorized,
continue the addition of the iodine solution (keep the iodine solution at 60°C), with
shaking, until a slight excess of iodine solution again yields a definite dark color. Continue
the addition of iodine until the dark color is not discharged by 2 min of heating at 60°C.
Remove the excess of iodine by the addition of a few drops of 10% sodium hydroxide
solution, with shaking. Now fill the test tube with water and allow to stand for 15 min.
A positive test is indicated by the formation of a foul-smelling yellow precipitate
(iodoform). Collect the precipitate by filtration and dry. Obtain the melting point.
Iodoform (CHI3) melts at 119-121°C (d) and has a distinctive foul odor. If the iodoform
is reddish, dissolve in 34 mL of dioxane, add 1 mL of 10% sodium hydroxide solution,
and shake until only a light lemon color remains. Dilute with water and filter.

YDjoxane is appropriate for water insoluble compounds; water soluble compounds may be treated by sub-
stituting 2 mL of water for the dioxane solvent.
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Controls 2-Propanol, acetophenone, and acetone will give a positive test. Ethyl
acetate and methanol will give a negative test. (Note that some lower commercial grades
of methanol give misleading positive results due to impurities.)

Iodine-Potassium Iodide Solution
Add 20.0 g of potassium iodide and 10.0 g of iodine to 80.0 mL of water and stir until
the reaction is complete.

Ip + KI 22, x4

The solution is deep brown due to the triiodide anion (I5™).

Cleaning Up Add a few drops of acetone to the reaction mixture to destroy any un-
reacted iodine in potassium iodide solution. Remove the iodoform by suction filtration
and place in the halogenated organic waste container. Place the filtrate in the aqueous
solution container.

Discussion
This test is positive for compounds that contain the grouping CH;C—,

ICH,C—, I,CHC— when joined to a hydrogen atom or to a carbon atom that does

not have highly active hydrogens or groups that provide an excessive amount of steric
hindrance. The test will, of course, also be positive for any compound that reacts
with the reagent to give a derivative containing one of the requisite groupings.
Conversely, compounds that contain one of the requisite groupings will not give
iodoform if that grouping is destroyed by the hydrolytic action of the reagent before
iodination is complete.

Following are the principal types of compounds that give a positive test:

I I ™
C CH,CH,0OH C CH
H,C~ H H,¢~ SR H, ¢~ R
P 0 o
C C CH CH
R ScH; R Hc”  CHs R

R = any alkyl or aryl radical except an ortho-disubstituted ary! radical

R, however, if large, will sterically inhibit this reaction. The test is negative for
compounds of the following types:

0 0 0 0
I I I I

C etc.
Hc” SCH; “OR HzC~ “CHCN  HsC~ “CHNOp

In such compounds the reagent removes the acetyl group and converts it to acetic acid,
which resists iodination."*

UFor a general discussion of this test, see R. C. Fuson and B. A. Bull, Chem. Rev., 15, 275 (1934).



9.3 Alcohols - 275

A modified reagent'? has been suggested for distinguishing methyl ketones from
methyl carbinols. It consists of a solution of 1 g of potassium cyanide, 4 g of iodine, and
6 mL of concentrated ammonium hydroxide in 50 mL of water. Potassium cyanide is
extremely toxic; use only with the instructor’s permission. Do not mix with acid.

CHI,
R/ \CH KCN/NH,OH
O|H
L
_CH NR.

—_—i
“cH, KCNNHOH

This reagent produces iodoform from methyl ketones but not from methyl carbinols.

The cleavage of trihalo ketones with base, exemplified by the second step of the
iodoform test, is related to the reversal of the Claisen condensation. In each case the
reaction can proceed because of the stability of the final anionic fragment:

I i 0
C +OH” — |[R—C—CI3| — _C +Cl3
R Cly | R~ “OH
OH
o-
g g +OH™ R é CH |c| R I I
— |[R—C—CH;—C—R|—> + C
R” CH; R o R” DOH “HoC~ R

Secondary alcohols and ketones of the structures

o i
CH and C
RCH;  “CHsR RCH; “CHoR

do not produce iodoform, although they may undergo some halogenation on the meth-
ylene group adjacent to the carbonyl group. Occasionally commerical samples of diethyl
ketone give a weak iodoform test. This is due to the presence of such impurities as
2-pentanone.

Bifunctional alcohols and ketones of the following types give positive iodoform tests:

HO OH 0 OH
\ / N\ /
CH—CH C—CH
/ \ / \
H5C CH; HiC CHj
0 0 0
Yeed (”: CH CH
- 2 3
\ Hy,c” cH; @ ¢”
H3C CHj I

12F. Rothlin, Arch. Escuela Farm. Fac. Ci. Med. Cordoba [R. A.] Secc. ci., 10, 1 (1939); C. A., 35, 5091 (1941).
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B-Keto esters do not produce iodoform by the test method, but their alkaline
solutions do react with sodium hypoiodite.

Acetoacetic acid is unstable; acidic aqueous solutions decompose to give CO, and
acetone.

0 0 0
I | H* I

+ COg
~cH; “OH H,c™ O

HsiC CH;

The acetone will give a positive iodoform test. This behavior is generally useful if a
B-keto ester is one of the possibilities being considered, since these esters are hydrolyzed
by boiling with 5% sulfuric acid (acid-induced retro condensation):

O O O
I ” H*

I
C C +Hg0 — _C +R'OH + COy
R~ “CH; “OR' . R” “CH,3

-~

The reaction of aldehydes and ketones with 2 4-dinitrophenylhydrazine (Experiment
12, p. 278) to form the 2,4-dinitrophenylhydrazone probably represents the most studied
and most successful of all qualitative tests and derivatizing procedures. In addition, the
general details of the reaction serve as a model for a number of other chemical reactions
(osazone, semicarbazone, oxime, and other arylhydrazone preparations). The 2,4-
dinitrophenylhydrazone precipitates from the solution.

NO NO

0 2 2
g + O,N NHNH, 4259, o N NHN——C/
N 2 2 alcohol 2 \

aldehyde 2,4-dinitrophenylhydrazine 2,4-dinitrophenylhydrazone
or ketone

In the reaction of hydroxylamine hydrochloride with aldehydes (Experiment 13,
p- 280), the formation of the oximes results in the liberation of hydrogen chloride, which
can be detected by the change in color from orange to red of a pH indicator.

A
+ — : =N—OH + HCl +
/C\ /N OH -HCl — C=N—OH + HCl + Hy0
H
aldehyde hydroxylamine oxime
or ketone hydrochloride

The precipitation of a bisulfite addition complex (Experiment 14, p. 281) is
indicative of a variety of carbonyl compounds reacting with sodium bisulfite. This
reaction is greatly inhibited by the steric constraints about the carbonyl group.

i
+ — —C—
G+ NaHS0; C—OH
SO3 Na™*
aldehyde sodium bisulfite sodium bisulfite

or ketone addition complex
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A simple chemical test for aldehydes involves the use of CrOj in Jones oxidation
(Experiment 8, p. 268). As the aldehyde is oxidized to the carboxylic acid, the chromium
is oxidized from a +3 oxidation state, which is an orange-red color, to a +6 oxidation
state, which is a deep-blue-green color.

| |
3 _C___+ 2Cr03 +3HyS04 — 3 /C\OH +3Hg0 + Crg(SO4)3

R H R
aldehyde (orange-red) carboxylic acid (blue to green)

Aldehydes produce a silver mirror when mixed with Tollens reagent (Experiment 15,
p- 283). As the aldehyde is oxidized to an acid, the silver is reduced from a +1 oxidation
state to elemental silver and is deposited as a silver mirror or colloidal silver inside the
reaction flask.

i | i
C.  +2Ag(NH3);0H —> 2Ag(s)+ _C + Hy0 + 3NHj
R g & T R o NH,
aldehyde Tollens reagent salt of the

carboxylic acid

To distinguish between aliphatic and aromatic aldehydes, the TCICA test
(Experiment 10, p. 271) can be utilized. The trichloroisocyanuric acid is reduced to cya-
nuric acid, a white solid. Aliphatic aldehydes react in 1-1.5 min and aromatic aldehydes
react in 2-3 h.

0]

Cl ("3 Cl H ” H
\N/ \N/ \N/ \N/
LA L
0" NN L o TN S0
I R/ \H |
Cl H
trichloroisocyanuric acid cyanuric acid

(white solid)

The Purpald test (Experiment 16, p. 284) is a rapid test for the detection of
aldehydes. Aldehydes react with Purpald to yield a purple or rust-colored solution

of 6-mercapto-s-triazolo-[4,3,b]-s-tetrazine.

H R R

NH2 o e )\

|| HN N ITI NH

HS\( YNHNHz R/ ~H H air N
aldehyde HS\< Y - HS\< Y

Purpald 6-mercapto-s-mazolo-
[4,3,b]-s-tetrazine
(rust to purple)

Schiff’s reagent (Experiment 17, p. 284) undergoes reaction with aldehydes to form
a violet-purple solution.
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2 _
N +H3N-®— @—NHSOQH] cl

HO;;S
aldehyde Schiff’s reagent
(colorless)

H2N=<:>= @NH S— C H| CI™ + HsSO4
2

(violet-purple solution)

a-Hydroxy aldehydes are oxidized with periodic acid (Experiment 27, p. 308).

R OH 0]
\?ﬁ HIO; - ¢ ¢ HIO
+ g + + 3
_Cs H~ SoH R™ TH
H @)
a-hydroxy periodic acid carboxylic acid aldehyde iodic acid
aldehyde

The iodic acid produced above is detected with 5% silver nitrate solution. An
immediate precipitation of silver iodate occurs.

HIO; + AgNOg; —— HNOj;+ AglOg(s)
iodic acid  silver nitrate silver iodate
(white)

Benedict’s solution (Experiment 28, p. 310) and Fehling’s solution (Experiment 29,
p- 311) will undergo reactions with aliphatic aldehydes but not with aromatic alde-
hydes. These reagents oxidize the aliphatic aldehyde to a carboxylic acid, and the cop-
per in the reagent is reduced from +2 to +1. The copper(I) oxide precipitates as a red,
yellow, or yellowish-green solid.

O O
(ll, +2Cu*? g +  CugO(s)
u — uo(s
R~ H R~ OH
aldehyde (blue) carboxylic acid (red, yellow, or

yellowish green)

Experiment 12 2.4-Dinitrophenylhydrazine

NO
ﬁ 2
_H;80,
_C _*ON NHNHp —Z25> OpN NHN—C

aldehyde 2,4-dinitrophenylhydrazine 2.4- dlmtrophenylhydrazone
or ketone

Add a solution of one or two drops or about 50 mg of the compound to be tested in
2 mL of 95% ethanol to 3 mL of 2,4-dinitrophenylhydrazine reagent. Shake vigorously
and, if no precipitate forms immediately, allow the solution to stand for 15 min. If
needed, the precipitate can be recrystallized from ethanol.
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Controls Butanal, acetophenone, and acetone will give a positive test. Ethyl acetate
and methanol will give a negative test.
2,4-Dinitrophenylhydrazine Reagent'®

Dissolve 3 g of 2,4-dinitrophenylhydrazine in 15 mL of concentrated sulfuric acid. Add
the solution, with stirring, to 20 mL of water and 70 mL of 95% ethanol. Mix thoroughly
and filter.

Cleaning Up Place the test solution in the hazardous waste container.

Discussion

Most aldehydes and ketones yield dinitrophenylhydrazones that are insoluble solids.
The precipitate may be oily at first and become crystalline on standing. A number of
ketones, however, give dinitrophenylhydrazones that are oils. For example, 2-decanone,
6-undecanone, and similar substances fail to form solid dinitrophenylhydrazones.

A further difficulty with the test is that certain allyl alcohol derivatives may be
oxidized by the reagent to aldehydes or ketones, which then give a positive test. For
example, the 2,4-dinitrophenylhydrazones of the corresponding carbonyl compounds
have been obtained in yields of 10-25% from cinnamyl alcohol, 4-phenyl-3-buten-2-ol,
and vitamin A,. Benzhydryl alcohol was also found to be converted to benzophenone
dinitrophenylhydrazone in low yield. Needless to say, there is always the further dan-
ger that an alcohol sample may be contaminated by enough of its aldehyde or ketone,
formed by air oxidation, to give a positive test. If the dinitrophenylhydrazone appears
to be formed in a very small amount, it may be desirable to carry out the reaction on
the scale employed for the preparation of the derivative (Procedure 13, p. 372). The
melting point of the solid should be checked to be sure it is different from that of
2,4-dinitrophenylhydrazine, mp 198°C.

If necessary, this hydrazone derivative can be recrystallized from a solvent such as
ethanol. Recrystallization solvents containing reactive carbonyl groups, such as acetone,
should not be used as they may result in the formation of another hydrazone.

The color of a 2,4-dinitrophenylhydrazone may give an indication as to the structure
of the aldehyde or ketone from which it is derived. The dinitrophenylhydrazones of
aldehydes and ketones in which the carbonyl group is not conjugated with another func-
tional group are yellow. Conjugation with a carbon—carbon double bond or with a ben-
zene ring shifts the absorption maximum toward the visible and is easily detected by an
examination of the ultraviolet spectrum.'* However, this shift is also responsible for a
change in color from yellow to orange-red. In general, a yellow dinitrophenylhydrazone
may be assumed to be unconjugated. However, an orange or red color should be
interpreted with caution, since it may be due to contamination by an impurity.

In difficult cases, it may be desirable to try the preparation of a dinitrophenylhy-
drazone in diethylene glycol dimethyl ether (diglyme), ethylene glycol monomethyl
ether (glyme), DMF, or DMSO. Difficulty in the workup, due to removal of a nonvolatile
solvent, can be encountered in these cases. Methanol can be used as an alternative to
ethyl alcohol; the more volatile alcohol may, however, result in mixtures that are difficult

to purify.

13This reagent is sometimes called “Brady’s reagent.”

Mz Rappoport, and T. Sheradsky, J. Chem. Soc. B, 277 (1968); L. A. Jones, J. C. Holmes, and R. B. Seligman,
Anal. Chem., 28, 191 (1956).
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Experiment 13 Hydroxylamine Hydrochloride

ﬁ H
\
+ J— . = —
/C\ /N OH-HCl — C=N—OH + HCI] + H,0
H
aldehyde hydroxylamine oxime
or ketone hydrochloride

(a) For Neutral Aldehydes

Add a drop or a few crystals of the compound to 1 mL of the Bogen or Grammercy
indicator-hydroxylamine hydrochloride reagent. Note the color change. If no pronounced
change occurs at room temperature, heat the mixture to boiling. A change in color from
orange to red constitutes a positive test.

(b) For Acidic or Basic Aldehydes

Add about 0.2 g of the compound to 1'mL of the indicator solution. Adjust the color of the
mixture so that it matches 1 mL of the Bogen or Grammercy indicator-hydroxylamine
hydrochloride reagent in a separate test tube of the same size. This is done by adding a
few drops of 1% sodium hydroxide or 1% hydrochloric acid solution. Then add the re-
sulting solution to 1 mL of the Bogen or Grammercy indicator-hydroxylamine hy-
drochloride reagent and note whether a red color is produced.

Controls Butanal, benzophenone, and acetone will give a positive test for (a). 4-(N,N-
Dimethylamino)benzaldehyde and salicylaldehyde will give a positive test for (b).
Hexane and tartaric acid will give a negative test for both (a) and (b).

Bogen or Grammercy Universal Indicator-Hydroxylamine

Hydrochloride Reagent

Add 0.3 mL of Bogen or Grammercy universal indicator to a solution of 500 mg of hy-
droxylamine hydrochloride in 100 mL of 95% ethanol. Grammercy indicator is getting
increasingly difficult to find. Adjust the color of the solution to a bright-orange shade
(pH 3.7-3.9) by adding 5% ethanolic sodium hydroxide or 5% ethanolic hydrochloric
acid dropwise. The reagent is stable for several months.

Indicator Solution
Add 0.3 mL of either of the above solutions to 100 mL of 95% ethanol to make a solution
of the indicator.

Cleaning Up Place the test solutions in the aqueous solution container.

Discussion
The change in color of the indicator is due to the hydrochloric acid liberated in the
reaction of the carbonyl compound with hydroxylamine hydrochloride, with the oxime
not being sufficiently basic to form a hydrochloride. All aldehydes and most ketones
give an immediate change in color. Some higher-molecular-weight ketones such as
benzophenone, benzil, benzoin, and camphor require heating. Sugars, quinones, and
hindered ketones, such as 2-benzoylbenzoic acid, give a negative test.

Many aldehydes undergo autoxidation in the air and contain appreciable amounts
of acids; hence the action of an aqueous solution or suspension on litmus must always
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be determined. If the solution is acidic, (b) must be used; this is also true of compounds
whose solubility behavior shows them to be acids or bases.

I 0
air
O, GO

R H R OH

The mechanism of the reaction of carbonyl compounds with hydroxylamine is ap-
parently very closely related to the mechanisms of the reaction with phenylhydrazine,
dinitrophenylhydrazine, and semicarbazide. Semicarbazone formation is the reaction of
this group that has been most thoroughly studied. The mechanism in aqueous solution,
as catalyzed by the acid HA, is shown belo