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Preface to the Fifth Edition

THE DEMAND for Purification of Laboratory Chemicals has not abated since the publication
of the fourth edition as evidenced by the number of printings and the sales. The request by the
Editor for a fifth edition offered an opportunity to increase the usefulness of this book for
laboratory purposes. It is with deep regret that mention should be made that Dr Douglas D.
Perrin had passed away soon after the fourth edition was published. His input in the first three
editions was considerable and his presence has been greatly missed. A fresh, new and young
outlook was required in order to increase the utility of this book and it is with great pleasure that
Dr Christina L.L. Chai, a Reader in Chemistry and leader of a research group in organic and bio-
organic chemistry, has agreed to coauthor this edition. The new features of the fifth edition have
been detailed below.

Chapters 1 and 2 have been reorganised and updated in line with recent developments. A new
chapter on the 'Future of Purification' has been added. It outlines developments in syntheses on
solid supports, combinatorial chemistry as well as the use of ionic liquids for chemical reactions
and reactions in fluorous media. These technologies are becoming increasingly useful and
popular so much so that many future commercially available substances will most probably be
prepared using these procedures. Consequently, a knowledge of their basic principles will be
helpful in many purification methods of the future.

Chapters 4, 5 and 6 (3, 4 and 5 in the 4th edn) form the bulk of the book. The number of entries
has been increased to include the purification of many recent commercially available reagents
that have become more and more popular in the syntheses of organic, inorganic and bio-organic
compounds. Several purification procedures for commonly used liquids, e.g. solvents, had been
entered with excessive thoroughness, but in many cases the laboratory worker only requires a
simple, rapid but effective purification procedure for immediate use. In such cases a Rapid
purification procedure has been inserted at the end of the respective entry, and should be
satisfactory for most purposes. With the increased use of solid phase synthesis, even for small
molecules, and the use of reagents on solid support (e.g. on polystyrene) for reactions in liquid
media, compounds on solid support have become increasingly commercially available. These
have been inserted at the end of the respective entry and have been listed in the General Index
together with the above rapid purification entries.

A large number of substances are ionisable in aqueous solutions and a knowledge of their
ionisation constants, stated as pK (pKa) values, can be of importance not only in their
purification but also in their reactivity. Literature values of the pK's have been inserted for
ionisable substances, and where values could not be found they were estimated (pKgg). The
estimates are usually so close to the true values as not to affect the purification process or the
reactivity seriously. The book will thus be a good compilation of pK values for ionisable
substances.

Almost all the entries in Chapters 4, 5 and 6 have CAS (Chemical Abstract Service) Registry
Numbers to identify them, and these have been entered for each substance. Unlike chemical
names which may have more than one synonymous name, there is only one CAS Registry
Number for each substance (with only a few exceptions, e.g. where a substance may have
another number before purification, or before determination of absolute configuration). To
simplify the method for locating the purification of a substance, a CAS Registry Number Index
with the respective page numbers has been included after the General Index at the end of the
book. This will also provide the reader with a rapid way to see if the purification of a particular
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substance has been reported in the book. The brief General Index includes page references to
procedures and equipment, page references to abbreviations of compounds, e.g. TRIS, as well as
the names of substances for which a Registry Number was not found.

Website references for distributors of substances or/and of equipment have been included in the
text. However, since these may be changed in the future we must rely on the suppliers to inform
users of their change in website references.

We wish to thank readers who have provided advice, constructive criticism and new information
for inclusion in this book. We should be grateful to our readers for any further comments,
suggestions, amendments and criticisms which could, perhaps, be inserted in a second printing of
this edition. In particular, we thank Professor Ken-chi Sugiura (Graduate School of Science,
Tokyo Metropolitan University, Japan) who has provided us with information on the purification
of several organic compounds from his own experiences, and Joe Papa BS MS (EXAXOL in
Clearwater, Florida, USA) who has provided us not only with his experiences in the purification
of many inorganic substances in this book, but also gave us his analytical results on the amounts
of other metal impurities at various stages of purification of several salts. We thank them
graciously for permission to include their reports in this work. We express our gratitude to Dr
William B. Cowden for his generous advice on computer hardware and software over many
years and for providing an Apple LaserWriter (16/600PS) which we used to produce the master
copy of this book. We also extend our sincere thanks to Dr Bart Eschler for advice on computer
hardware and software and for assistance in setting up the computers (iMac and eMac) used to
produce this book.

We thank Dr Pauline M. Armarego for assistance in the painstaking task of entering data into
respective files, for many hours of proofreading, correcting typographical errors and checking
CAS Registry Numbers against their respective entries.

One of us (W.L.F.A) owes a debt of gratitude to Dr Desmond (Des) J. Brown of the Research
School of Chemistry, ANU, for unfailing support and advice over several decades and for
providing data that was difficult to acquire not only for this edition but also for the previous four
editions of this book.

One of us (C.L.L.C) would specially like to thank her many research students (past and present)
for their unwavering support, friendship and loyalty, which enabled her to achieve what she now
has. She wishes also to thank her family for their love, and would particularly like to dedicate
her contribution towards this book to the memory of her brother Andrew who had said that he
should have been a scientist.

We thank Mrs Joan Smith, librarian of the Research School of Chemistry, ANU, for her

generous help in many library matters which have made the tedious task of checking references
more enduring.

W.L.F. Armarego & C.L.L. Chai
November 2002
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Preface to the First Edition

WE BELIEVE that a need exists for a book to help the chemist or biochemist who wishes to purify the reagents she or he uses.
This need is emphasised by the previous lack of any satisfactory central source of references dealing with individual substances.
Such a lack must undoubtedly have been a great deterrent to many busy research workers who have been left to decide whether
to purify at all, to improvise possible methods, or to take a chance on finding, somewhere in the chemical literature, methods
used by some previous investigators.

Although commercially available laboratory chemicals are usually satisfactory, as supplied, for most purposes in scientific and
technological work, it is also true that for many applications further purification is essential.

With this thought in mind, the present volume sets out, firstly, to tabulate methods, taken from the literature, for purifying some
thousands of individual commercially available chemicals. To help in applying this information, two chapters describe the more
common processes currently used for purification in chemical laboratories and give fuller details of new methods which appear
likely to find increasing application for the same purpose. Finally, for dealing with substances not separately listed, a chapter is
included setting out the usual methods for purifying specific classes of compounds.

To keep this book to a convenient size, and bearing in mind that its most likely users will be laboratory-trained, we have omitted
manipulative details with which they can be assumed to be familiar, and also.detailed theoretical discussion. Both are readily
available elsewhere, for example in Vogel's very useful book Practical Organic Chemistry (Longmans, London, 3rd ed., 1956),
or Fieser's Experiments in Organic Chemistry (Heath, Boston, 3rd ed, 1957).

For the same reason, only limited mention is made of the kinds of impurities likely to be present, and of the tests for detecting
them. In many cases, this information can be obtained readily from existing monographs.

By its nature, the present treatment is not exhaustive, nor do we claim that any of the methods taken from the literature are the
best possible. Nevertheless, we feel that the information contained in this book is likely to be helpful to a wide range of
laboratory workers, including physical and inorganic chemists, research students, biochemists, and biologists. We hope that it
will also be of use, although perhaps to only a limited extent, to experienced organic chemists.

We are grateful to Professor A. Albert and Dr D.J. Brown for helpful comments on the manuscript.

D.D.P,WLFA &DRP.
1966

Preface to the Second Edition

SINCE the publication of the first edition of this book there have been major advances in purification procedures. Sensitive
methods have been developed for the detection and elimination of progressively lower levels of impurities. Increasingly
stringent requirements for reagent purity have gone hand-in-hand with developments in semiconductor technology, in the
preparation of special alloys and in the isolation of highly biologically active substances. The need to eliminate trace impurities
at the micro- and nanogram levels has placed greater emphasis on ultrapurification technique. To meet these demands the range
of purities of laboratory chemicals has become correspondingly extended. Purification of individual chemicals thus depends
more and more critically on the answers to two questions - Purification from what, and to what permissible level of
contamination. Where these questions can be specifically answered, suitable methods of purification can usually be devised.

Several periodicals devoted to ultrapurification and separations have been started. These include "Progress in Separation and
Purification" Ed. (vol. 1) E.S. Perry, Wiley-Interscience, New York, vols. 1-4, 1968-1971, and Separation and Purification
Methods Ed. E.S.Perry and C.J.van Oss, Marcel Dekker, New York, vol. 1-, 1973-, Nevertheless, there still remains a broad
area in which a general improvement in the level of purity of many compounds can be achieved by applying more or less
conventional procedures. The need for a convenient source of information on methods of purifying available laboratory
chemicals was indicated by the continuing demand for copies of this book even though it had been out of print for several years.

We have sought to revise and update this volume, deleting sections that have become more familiar or less important, and

incorporating more topical material. The number of compounds in Chapters 3 and 4 have been increased appreciably. Also,
further details in purification and physical constants are given for many compounds that were listed in the first edition.
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We take this opportunity to thank users of the first edition who pointed out errors and omissions, or otherwise suggested
improvements or additional material that should be included. We are indebted to Mrs S.Schenk who emerged from retirement to
type this manuscript.
DDP,WLFA &DRP.
1980
Preface to the Third Edition

THE CONTINUING demand for this monograph and the publisher's request that we prepare a new edition, are an indication that
Purification of Laberatory Chemicals fills a gap in many chemists' reference libraries and laboratory shelves. The present
volume is an updated edition which contains significantly more detail than the previous editions, as well as an increase in the
number of individual entries and a new chapter.

Additions have been made to Chapters 1 and 2 in order to include more recent developments in techniques (e.g. Schlenk-type, cf
p- 10), and chromatographic methods and materials. Chapter 3 still remains the core of the book, and lists in alphabetical order
relevant information on ca 4000 organic compounds. Chapter 4 gives a smaller listing of ca 750 inorganic and metal-organic
substances, and makes a total increase of ca 13% of individual entries in these two chapters. Some additions have also been
made to Chapter 5.

We are currently witnessing a major development in the use of physical methods for purifying large molecules and
macromolecules, especially of biological origin. Considerable developments in molecular biology are apparent in techniques for
the isolation and purification of key biochemicals and substances of high molecular weight. In many cases something
approaching homogeneity has been achieved, as evidenced by electrophoresis, immunological and other independent criteria.
We have consequently included a new section, Chapter 6, where we list upwards of 100 biological substances to illustrate their
current methods of purification. In this chapter the details have been kept to a minimum, but the relevant references have been
included.

The lists of individual entries in Chapters 3 and 4 range in length from single line entries to ca one page or more for solvents
such as acetonitrile, benzene, ethanol and methanol. Some entries include information such as likely contaminants and storage
conditions. More data referring to physical properties have been inserted for most entries [i.e. melting and boiling points,
refractive indexes, densities, specific optical rotations (where applicable) and UV absorption data]. Inclusion of molecular
weights should be useful when deciding on the quantities of reagents needed to carry out relevant synthetic reactions, or
preparing analytical solutions. The Chemical Abstracts registry numbers have also been inserted for almost all entries, and
should assist in the precise identification of the substances.

In the past ten years laboratory workers have become increasingly conscious of safety in the laboratory environment. We have
therefore in three places in Chapter 1 (pp. 3 and 33, and bibliography p. 52) stressed more strongly the importance of safety in the
laboratory. Also, where possible, in Chapters 3 and 4 we draw attention to the dangers involved with the manipulation of some
hazardous substances.

The world wide facilities for retrieving chemical information provided by the Chemical Abstract Service (CAS on-line) have
made it a relatively easy matter to obtain CAS registry numbers of substances, and most of the numbers in this monograph were
obtained via CAS on-line. We should point out that two other available useful files are CSCHEM and CSCORP which provide,
respectively, information on chemicals (and chemical products) and addresses and telephone numbers of the main branch offices
of chemical suppliers.

The present edition has been produced on an IBM PC and a Laser Jet printer using the Microsoft Word (4.0) word-processing
program with a set stylesheet. This has allowed the use of a variety of fonts and font sizes which has made the presentation more
attractive than in the previous edition. Also, by altering the format and increasing slightly the sizes of the pages, the length of
the monograph has been reduced from 568 to 391 pages. The reduction in the number of pages has been achieved in spite of the
increase of ca 15% of total text.

We extend our gratitude to the readers whose suggestions have helped to improve the monograph, and to those who have told us
of their experiences with some of the purifications stated in the previous editions, and in particular with the hazards that they
have encountered. We are deeply indebted to Dr M.D. Fenn for the several hours that he has spent on the terminal to provide us
with a large number of CAS registry numbers.

This monograph could not have been produced without the expert assistance of Mr David Clarke who has spent many hours to
load the necessary fonts in the computer, and for advising one of the authors (W.L.F.A.) on how to use them together with the
idiosyncrasies of Microsoft Word.
D.D.P. & WLF.A.
1988
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Preface to the Fourth Edition

THE AIMS of the first three editions, to provide purification procedures of commercially available chemicals and biochemicals
from published literature data, are continued in this fourth edition. Since the third edition in 1988 the number of new chemicals
and biochemicals which have been added to most chemical and biochemical catalogues have increased enormously. Accordingly
there is a need to increase the number of entries with more recent useful reagents and chemical and biochemical intermediates.
With this in mind, together with the need to reorganise and update general purification procedures, particularly in the area of
biological macromolecules, as well as the time lapse since the previous publication, this fourth edition of Purification of
Laboratory Chemicals has been produced. Chapter 1 has been reorganised with some updating, and by using a smaller font it
was kept to a reasonable number of pages. Chapters 2 and 5 were similarly altered and have been combined into one chapter.
Eight hundred and three hundred and fifty entries have been added to Chapters 3 (25% increase) and 4 (44% increase)
respectively, and four hundred entries (310% increase) were added to Chapter 5 (Chapter 6 in the Third Edition), making a total
of 5700 entries; all resulting in an increase from 391 to 529 pages, i.e. by ca 35%.

Many references to the original literature have been included remembering that some of the best references happened to be in the
older literature. Every effort has been made to provide the best references but this may not have been achieved in all cases.
Standard abbreviations, listed on page 1, have been used throughout this edition to optimise space, except where no space
advantage was achieved, in which cases the complete words have been written down to improve the flow of the sentences.

With the increasing facilities for information exchange, chemical, biochemical and equipment suppliers are making their
catalogue information available on the Internet , e.g. Aldrich-Fluka-Sigma catalogue information is available on the World Wide
Web by using the address http://www.sigma.sial.com, and GIBCO BRL catalogue information from http://www lifetech.com, as
well as on CD-ROMS which are regularly updated. Facility for enquiring about, ordering and paying for items is available via
the Internet. CAS on-line can be accessed on the Internet, and CAS data is available now on CD-ROM. Also biosafety bill
boards can similarly be obtained by sending SUBSCRIBE SAFETY John Doe at the address "listserv@uvmvm.uvm.edu”,
SUBSCRIBE BIOSAFETY at the address "listserv@mitvma.mit.edu”, and SUBSCRIBE RADSAF at the address
"listserv@romulus.ehs.uiuc.edu”; and the Occupational, Health and Safety information (Australia) is available at the address
"http://www.worksafe.gov.au/~wsal”. Sigma-Aldrich provide Material Safety data sheets on CD-ROMs.

It is with much sadness that Dr Douglas D. Perrin was unable to participate in the preparation of the present edition due to illness.
His contributions towards the previous editions have been substantial, and his drive and tenacity have been greatly missed.

The Third Edition was prepared on an IBM-PC and the previous IBM files were converted into Macintosh files. These have now
been reformatted on a Macintosh LC575 computer and all further data to complete the Fourth Edition were added to these files.
The text was printed with a Hewlett-Packard 4MV -600dpi Laser Jet printer which gives a clearer resolution.

1 thank my wife Dr Pauline M. Armarego, also an organic chemist, for the arduous and painstaking task of entering the new data
into the respective files, and for the numerous hours of proofreading as well as the corrections of typographic errors in the files. I
should be grateful to my readers for any comments, suggestions, amendments and criticisms which could, perhaps, be inserted in
the second printing of this edition.

W.L.F. Armarego
30 June 1996
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CHAPTER 1

COMMON PHYSICAL TECHNIQUES
USED IN PURIFICATION

INTRODUCTION

Purity is a matter of degree. Other than adventitious contaminants such as dust, paper fibres, wax, cork, etc., that
may have been incorporated into the sample during manufacture, all commercially available chemical substances
are in some measure impure. Any amounts of unreacted starting material, intermediates, by-products, isomers and
related compounds may be present depending on the synthetic or isolation procedures used for preparing the
substances. Inorganic reagents may deteriorate because of defective packaging (glued liners affected by sulfuric
acid, zinc extracted from white rubber stoppers by ammonia), corrosion or prolonged storage. Organic molecules
may undergo changes on storage. In extreme cases the container may be incorrectly labelled or, where
compositions are given, they may be misleading or inaccurate for the proposed use. Where any doubt exists it is
usual to check for impurities by appropriate spot tests, or by recourse to tables of physical or spectral properties
such as the extensive infrared and NMR libraries published by the Sigma Aldrich Chemical Co.

The important question, then, is not whether a substance is pure but whether a given sample is sufficiently pure
for some intended purpose. That is, are the contaminants likely to interfere in the process or measurement that is
to be studied. By suitable manipulation it is often possible to reduce levels of impurities to acceptable limits, but
absolute purity is an ideal which, no matter how closely approached, can never be attained. A negative physical or
chemical test indicates only that the amount of an impurity in a substance lies below a certain sensitivity level; no
test can demonstrate that a specified impurity is entirely absent.

When setting out to purify a laboratory chemical, it is desirable that the starting material is of the best grade
commercially available. Particularly among organic solvents there is a range of qualities varying from laboratory
chemical to spectroscopic and chromatographic grades. Many of these are suitable for use as received. With many
of the more common reagents it is possible to obtain from the current literature some indications of likely
impurities, their probable concentrations and methods for detecting them. However, in many cases complete
analyses are not given so that significant concentrations of unspecified impurities may be present.

THE QUESTION OF PURITY

Solvents and substances that are specified as pure for a particular purpose may, in fact, be quite impure for other
uses. Absolute ethanol may contain traces of benzene, which makes it unsuitable for ultraviolet spectroscopy, or
plasticizers which make it unsuitable for use in solvent extraction.

Irrespective of the grade of material to be purified, it is essential that some criteria exist for assessing the degree of
purity of the final product. The more common of these include:

1. Examination of physical properties such as:
(a) Melting point, freezing point, boiling point, and the freezing curve (i.e. the variation, with time, in the
freezing point of a substance that is being slowly and continuously frozen).
(b) Density.
(c) Refractive index at a specified temperature and wavelength. The sodium D line at 589.26 nm (weighted
mean of Dy and D, lines) is the usual standard of wavelength but results from other wavelengths can
often be interpolated from a plot of refractive index versus 1/(wavelength)?.

1



2 Common Physical Techniques in Purification

(d) Specific conductivity. (This can be used to detect, for example, water, salts, inorganic and organic acids
and bases, in non-electrolytes).
(e) Optical rotation, optical rotatory dispersion and circular dichroism.

2. Empirical analysis, for C, H, N, ash, etc.

3. Chemical tests for particular types of impurities, e.g. for peroxides in aliphatic ethers (with acidified KI), or for
water in solvents (quantitatively by the Karl Fischer method, see Fieser and Fieser, Reagents for Organic
Synthesis J. Wiley & Sons, NY, Vol 1 pp. 353, 528, 1967, Library of Congress Catalog Card No 66-27894).

4. Physical tests for particular types of impurities:

(a) Emission and atomic absorption spectroscopy for detecting organic impurities and determining metal
ions.

(b) Chromatography, including paper, thin layer, liquid (high, medium and normal pressure) and vapour
phase.

(c) Electron spin resonance for detecting free radicals.

(d) X-ray spectroscopy.

(e) Mass spectroscopy.

(f) Fluorimetry.

5. Examination of spectroscopic properties
(a) Nuclear Magnetic Resonance (lH, 13C, 31p, 19r NMR etc)
(b) Infrared spectroscopy (IR)
(¢) Ultraviolet spectroscopy (UV)
(d Mass spectroscopy [electron ionisation (EI), electron ionisation (CI), electrospray ionisation (ESI), fast
atom bombardment (FAB), matrix-associated laser desorption ionisation (MALDI), etc]

6. Electrochemical methods (see Chapter 6 for macromolecules).
7. Nuclear methods which include a variety of radioactive elements as in organic reagents, complexes or salts.

A substance is usually taken to be of an acceptable purity when the measured property is unchanged by further
treatment (especially if it agrees with a recorded value). In general, at least two different methods, such as
recrystallisation and distillation, should be used in order to ensure maximum purity. Crystallisation may be
repeated (from the same solvent or better from different solvents) until the substance has a constant melting point
or absorption spectrum, and until it distils repeatedly within a narrow, specified temperature range.

With liquids, the refractive index at a specified temperature and wavelength is a sensitive test of purity. Note
however that this is sensitive to dissolved gases such as Oy, Ny or CO,. Under favourable conditions, freezing
curve studies are sensitive to impurity levels of as little as 0.001 moles per cent. Analogous fusion curves or heat
capacity measurements can be up to ten times as sensitive as this. With these exceptions, most of the above
methods are rather insensitive, especially if the impurities and the substances in which they occur are chemically
similar. In some cases, even an impurity comprising many parts per million of a sample may escape detection.

The common methods of purification, discussed below, comprise distillation (including fractional distillation,
distillation under reduced pressure, sublimation and steam distillation), crystallisation, extraction, chromatographic
and other methods. In some cases, volatile and other impurities can be removed simply by heating. Impurities
can also sometimes be eliminated by the formation of derivatives from which the purified material is regenerated
(see Chapter 2).

SOURCES OF IMPURITIES
Some of the more obvious sources of contamination of solvents arise from storage in metal drums and plastic
containers, and from contact with grease and screw caps. Many solvents contain water. Others have traces of
acidic materials such as hydrochloric acid in chloroform. In both cases this leads to corrosion of the drum and
contamination of the solvent by traces of metal ions, especially Fe3*. Grease, for example on stopcocks of
separating funnels and other apparatus, e.g. greased ground joints, is also likely to contaminate solvents during
extractions and chemical manipulation.
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A much more general source of contamination that has not received the consideration it merits comes from the use
of plastics for tubing and containers. Plasticisers can readily be extracted by organic solvents from PVC and other
plastics, so that most solvents, irrespective of their grade (including spectrograde and ultrapure) have been reported
to contain 0.1 to Sppm of plasticiser [de Zeeuw, Jonkman and van Mansvelt Anal Biochem 67 339 1975]. Where
large quantities of solvent are used for extraction (particularly of small amounts of compounds), followed by
evaporation, this can introduce significant amounts of impurity, even exceeding the weight of the genuine extract
and giving rise to spurious peaks in gas chromatography (for example of fatty acid methyl esters [Pascaud, Anal
Biochem 18 570 1967]. Likely contaminants are di(2-ethylhexyl)phthalate and dibutyl phthalate, but upwards of
20 different phthalate esters are listed as plasticisers as well as adipates, azelates, phosphates, epoxides, polyesters
and various heterocyclic compounds. These plasticisers would enter the solvent during passage through plastic
tubing or from storage in containers or from plastic coatings used in cap liners for bottles. Such contamination
could arise at any point in the manufacture or distribution of a solvent. The problem with cap liners is avoidable
by using corks wrapped in aluminium foil, although even in this case care should be taken because aluminium foil
can dissolve in some liquids e.g. benzylamine and propionic acid.

Solutions in contact with polyvinyl chloride can become contaminated with trace amounts of lead, titanium, tin,
zing, iron, magnesium or cadmium from additives used in the manufacture and moulding of PVC.
N-Phenyl-2-naphthylamine is a contaminant of solvents and biological materials that have been in contact with
black rubber or neoprene (in which it is used as an antioxidant). Although it was only an artefact of the separation
procedure it has been isolated as an apparent component of vitamin K preparations, extracts of plant lipids, algae,
livers, butter, eye tissue and kidney tissue {Brown Chem Br 3 524 1967].

Most of the above impurities can be removed by prior distillation of the solvent, but care should be taken to avoid
plastic or black rubber as much as possible.

PRACTICES TO AVOID IMPURITIES
Cleaning practices

Laboratory glassware and Teflon equipment can be cleaned satisfactorily for most purposes by careful immersion
into a solution of sodium dichromate in concentrated sulfuric acid, followed by draining, and rinsing copiously
with distilled water. This is an exothermic reaction and should be carried out very cautiously in an efficient fume
cupboard. [To prepare the chromic acid bath, dissolve 5 g of sodium dichromate (CARE: cancer suspect agent) in
S mL of water.The dichromate solution is then cooled and stirred while 100 mL of concentrated sulfuric acid is
added slowly. Store in a glass bottle.] Where traces of chromium (adsorbed on the glass) must be avoided, a 1:1
mixture of concentrated sulfuric and nitric acid is a useful alternative. (Use in a fumehood to remove vapour and
with adequate face protection.) Acid washing is also suitable for polyethylene ware but prolonged contact (some
weeks) leads to severe deterioration of the plastic. Alternatively an alcoholic solution of sodium hydroxide
(alkaline base bath) can be used. This strongly corrosive solution (CAUTION: Alkali causes serious burns) can be
made by dissolving 120g of NaOH in 120 mL water, followed by dilution to 1 L with 95% ethanol. This
solution is conveniently stored in suitable alkali resistant containers (e.g. Nalgene heavy duty rectangular tanks)
with lids. Glassware can be soaked overnight in the base bath and rinsed thoroughly after soaking. For much
glassware, washing with hot detergent solution, using tap water, followed by rinsing with distilled water and
acetone, and heating to 200-300° overnight, is adequate. (Volumetric apparatus should not be heated: after washing
it is rinsed with acetone, then hexane, and air-dried. Prior to use, equipment can be rinsed with acetone, then with
petroleum ether or hexane, to remove the last traces of contaminants.) Teflon equipment should be soaked, first in
acetone, then in petroleum ether or hexane for ten minutes prior to use.
For trace metal analyses, prolonged soaking of equipment in 1M nitric acid may be needed to remove adsorbed
metal ions.
Soxhlet thimbles and filter papers may contain traces of lipid-like materials. For manipulations with highly pure
materials, as in trace-pesticide analysis, thimbles and filter papers should be thoroughly extracted with hexane
before use.
Trace impurities in silica gel for TLC can be removed by heating at 300° for 16h or by Soxhlet extraction for 3h
with distilled chloroform, followed by 4h extraction with distilled hexane.

Silylation of glassware and plasticware
Silylation of apparatus makes it repellant to water and hydrophilic materials. It minimises loss of solute by
adsorption onto the walls of the container. The glassware is placed in a desiccator containing dichloromethyl
silane (1ImL) in a small beaker and evacuated for Smin. The vacuum is turned off and air is introduced into the
desiccator which allows the silylating agent to coat the glassware uniformly. The desiccator is then evacuated,
closed and set aside for 2h. The glassware is removed from the desiccator and baked at 180° for 2h before use.
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Plasticware is treated similarly except that it is rinsed well with water before use instead of baking. Note that
dichloromethy! silane is highly TOXIC and VOLATILE, and the whole operation should be carried out in an
efficient fume cupboard.

An alternative procedure used for large apparatus is to rinse the apparatus with a 5% solution of dichloromethyl
silane in chloroform, followed by several rinses with water before baking the apparatus at 180°/2h (for glass) or
drying in air (for plasticware).

Plus One REPEL-SILANE ES (a solution of 2% w/v of dichloromethyl silane in octamethyl cyclooctasilane) is
used to inhibit the sticking of polyacrylamide gels, agarose gels and nucleic acids to glass surfaces and is available
commercially (Amersham Biosciences).

SAFETY PRECAUTIONS ASSOCIATED WITH THE PURIFICATION OF
LABORATORY CHEMICALS

Although most of the manipulations involved in purifying laboratory chemicals are inherently safe, care is
necessary if hazards are to be avoided in the chemical laboratory. In particular there are dangers inherent in the
inhalation of vapours and absorption of liquids and low melting solids through the skin. In addition to the toxicity
of solvents there is also the risk of their flammability and the possibility of eye damage. Chemicals, particularly
in admixture, may be explosive. Compounds may be carcinogenic or otherwise deleterious to health. Present day
chemical catalogues specifically indicate the particular dangerous properties of the individual chemicals they list
and these should be consulted whenever the use of commercially available chemicals is contemplated.
Radioisotopic labelled compounds pose special problems of human exposure and of disposal of laboratory waste.
Hazardous purchased chemicals are accompanied by detailed MSDS (Material Safety Data Sheets), which contain
information regarding their toxicity, safety handling procedures and the necessary precautions to be taken. These
should be read carefully and filed for future reference. In addition, chemical management systems such as
ChemWatch which include information on hazards, handling and storage are commercially available. There are a
number of websites which provide selected safety information: they include the Sigma-Aldrich website
(www.sigmaaldrich.com) and other chemical websites e.g. www.ilpi.com/msds).

The most common hazards are:
(1) Explosions due to the presence of peroxides formed by aerial oxidation of ethers and tetrahydrofuran,
decahydronaphthalene, acrylonitrile, styrene and related compounds.
(2) Compounds with low flash points (below room temperature). Examples are acetaldehyde, acetone,
acetonitrile, benzene, carbon disulfide, cyclohexane, diethy! ether, ethyl acetate and n-hexane.
(3) Contact of oxidising agents (KMnOy, HCIOy4, chromic acid) with organic liquids.
(4) Toxic reactions with tissues.

The laboratory should at least be well ventilated and safety glasses should be worn, particularly during distillation
and manipulations carried out under reduced pressure or elevated temperatures. With this in mind we have
endeavoured to warn users of this book whenever greater than usual care is needed in handling chemicals. As a
general rule, however, all chemicals which users are unfamiliar with should be treated with
extreme care and assumed to be highly flammable and toxic. The safety of others in a laboratory
should always be foremost in mind, with ample warning whenever a potentially hazardous operation is in progress.
Also, unwanted solutions or solvents should never be disposed of via the laboratory sink. The operator should be
aware of the usual means for disposal of chemicals in her/his laboratories and she/he should remove unwanted
chemicals accordingly. Organic liquids for disposal should be temporarily stored, as is
practically possible, in respective containers. Avoid placing all organic liquids in the same
container particularly if they contain small amounts of reagents which could react with each
other. Halogenated waste solvents should be kept separate from other organmic liquids.

SOME HAZARDS OF CHEMICAL MANIPULATION IN PURIFICATION AND
RECOVERY OF RESIDUES
Performing chemical manipulations calls for some practical knowledge if danger is to be avoided. However, with
care, hazards can be kept to an acceptable minimum. A good general approach is to consider every operation as
potentially perilous and then to adjust one's attitude as the operation proceeds. A few of the most common dangers
are set out below. For a larger coverage of the following sections, and of the literature, the bibliography at the end
of this chapter should be consulted.
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Perchlorates and perchloric acid. At 160° perchloric acid is an exceedingly strong oxidising acid

and a strong dehydrating agent. Organic perchlorates, such as methyl and ethyl perchlorates, are unstable and are
violently explosive compounds. A number of heavy-metal perchlorates are extremely prone to explode. The use
of anhydrous magnesium perchlorate, Anhydrone, Dehydrite, as a drying agent for organic vapours is not
recommended. Desiccators which contain this drying agent should be adequately shielded at all times and kept in a
cool place, i.e. never on a window sill where sunlight can fall on it.
No attempt should be made to purify perchlorates, except for ammonium, alkali metal and alkaline earth salts
which, in water or aqueous alcoholic solutions are insensitive to heat or shock. Note that perchlorates react
relatively slowly in aqueous organic solvents, but as the water is removed there is an increased possibility of an
explosion. Perchlorates, often used in non-aqueous solvents, are explosive in the presence of even small amounts
of organic compounds when heated. Hence stringent care should be taken when purifying perchlorates, and direct
flame and infrared lamps should be avoided. Tetra-alkylammonium perchlorates should be dried below 50° under
vacuum (and protection). Only very small amounts of such materials should be prepared, and stored, at any one
time.

Peroxides. These are formed by aerial oxidation or by autoxidation of a wide range of organic
compounds, including diethyl ether, allyl ethyl ether, allyl phenyl ether, dibenzyl ether, benzyl buty! ether, n-butyl
ether, iso-butyl ether, t-butyl ether, dioxane, tetrahydrofuran, olefins, and aromatic and saturated aliphatic
hydrocarbons. They accumulate during distillation and can detonate violently on evaporation or distillation when
their concentration becomes high. If peroxides are likely to be present materials should be tested for peroxides
before distillation (for tests see entry under "Ethers”, in Chapter 2). Also, distillation should be discontinued when
at least one quarter of the residue is left in the distilling flask.

Heavy-metal-containing-explosives. Ammoniacal silver nitrate, on storage or treatment, will
eventually deposit the highly explosive silver nitride "fulminating silver”. Silver nitrate and ethanol may give
silver fulminate (see Chapter 5), and in contact with azides or hydrazine and hydrazides may form silver azide.
Mercury can also form such compounds. Similarly, ammonia or ammonium ions can react with gold salts to
form “fulminating gold". Metal fulminates of cadmium, copper, mercury and thallium are powerfully explosive,
and some are detonators [Luchs, Photog Sci Eng 10 334 1966]. Heavy metal containing solutions, particularly
when organic material is present should be treated with great respect and precautions towards possible explosion
should be taken.

Strong acids. In addition to perchloric acid (see above), extra care should be taken when using strong
mineral acids. Although the effects of concentrated sulfuric acid are well known these cannot be stressed strongly
enough. Contact with tissues will leave irreparable damage. Always dilute the concentrated acid by
carefully adding the acid down the side of the flask which contains water, and the process
should be carried out under cooling. This solution is not safe to handle until the acid has
been thoroughly mixed with the water. Protective face, and body coverage should be used at
all times. Fuming sulfuric acid and chlorosulfonic acid are even more dangerous than concentrated sulfuric acid
and adequate precautions should be taken. Chromic acid cleaning mixture contains strong sulfuric acid and should
be treated in the same way; and in addition the mixture is potentially carcinogenic.

Concentrated and fuming nitric acids are also dangerous because of their severe deleterious effects on tissues.

Reactive halides and anhydrides. Substances like acid chlorides, low molecular weight
anhydrides and some inorganic halides (e.g. PCl3) can be highly toxic and lachrymatory affecting
mucous membranes and lung tissues. Utmost care should be taken when working with these
materials. Work should be carried out in a very efficient fume cupboard.

Solvents. The flammability of low-boiling organic liquids cannot be emphasised strongly enough.
These invariably have very low flash points and can ignite spontaneously. Special precautions against explosive
flammability should be taken when recovering such liquids. Care should be taken with small volumes (ca 250mL)
as well as large volumes (> 1L), and the location of all the fire extinguishers, and fire blankets, in the immediate
vicinity of the apparatus should be checked. The fire extinguisher should be operational. The following
flammable liquids (in alphabetical order) are common fire hazards in the laboratory: acetaldehyde, acetone,
acrylonitrile, acetonitrile, benzene, carbon disulfide, cyclohexane, diethyl ether, ethyl acetate, hexane, low-boiling
petroleum ether, tetrahydrofuran and toluene. Toluene should always be used in place of benzene wherever possible
due to the potential carcinogenic effects of the liquid and vapour of the latter.
The drying of flammable solvents with sodium or potassium metal and metal hydrides poses serious potential fire
hazards and adequate precautions should be stressed.
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Salts. In addition to the dangers of perchlorate salts, other salts such as nitrates, azides and
diazo salts can be hazardous and due care should be taken when these are dried. Large quantities should never be
prepared or stored for long periods.

SAFETY DISCLAIMER
Experimental chemistry is a very dangerous occupation and extreme care and adequate safety precautions should be
taken at all times. Although we have stated the safety measures that have to be taken under specific entries these
are by no means exhaustive and some may have been unknowingly or accidentally omitted. The experimenter
without prior knowledge or experience must seek further safety advice on reagents and procedures from experts in
the field before undertaking the purification of any material, We take no responsibility whatsoever if any mishaps
occur when using any of the procedures described in this book.

METHODS OF PURIFICATION OF REAGENTS AND SOLVENTS

Many methods exist for the purification of reagents and solvents. A number of these methods are routinely used in
synthetic as well as analytical chemistry and biochemistry. These techniques, outlined below, will be discussed in
greater detail in the respective sections in this Chapter. It is important to note that more than one method of
purification may need to be implemented in order to obtain compounds of highest purity.

Common methods of purification are:

(@ Solvent Extraction and Distribution

(b) Distillation

() Recrystallisation

(d) Sublimation

(e) Chromatography

For substances contaminated with water or solvents, drying with appropriate absorbents and desiccants may be
sufficient.

SOLVENT EXTRACTION AND DISTRIBUTION

Extraction of a substance from suspension or solution into another solvent can sometimes be used as a purification
process. Thus, organic substances can often be separated from inorganic impurities by shaking an aqueous
solution or suspension with suitable immiscible solvents such as benzene, carbon tetrachloride, chloroform,
diethyl ether, diisopropyl ether or petroleumn ether. After several such extractions the combined organic phase is
dried and the solvent is evaporated. Grease from the glass taps of conventional separating funnels is invariably
soluble in the solvents used. Contamination with grease can be very troublesome particularly when the amounts
of material to be extracted are very small. Instead, the glass taps should be lubricated with the extraction solvent;
or better, the taps of the extraction funnels should be made of the more expensive material Teflon. Immiscible
solvents suitable for extractions are given in Table 1. Addition of electrolytes (such as ammonium sulfate,
calcium chloride or sodium chloride) to the aqueous phase helps to ensure that the organic layer separates cleanly
and also decreases the extent of extraction into the latter. Emulsions can also be broken up by filtration (with
suction) through Celite, or by adding a little octyl alcohol or some other paraffinic alcohol. The main factor in
selecting a suitable immiscible solvent is to find one in which the material to be extracted is readily soluble,
whereas the substance from which it is being extracted is not. The same considerations apply irrespective of
whether it is the substance being purified, or one of its contaminants, that is taken into the new phase. (The
second of these processes is described as washing.)

Common examples of washing with aqueous solutions include the following:
Removal of acids from water-immiscible solvents by washing with aqueous alkali, sodium carbonate or sodium
bicarbonate.
Removal of phenols from similar solutions by washing with aqueous alkali.
Removal of organic bases by washing with dilute hydrochloric or sulfuric acids.
Removal of unsaturated hydrocarbons, of alcohols and of ethers from saturated hydrocarbons or alkyl halides by
washing with cold concentrated sulfuric acid.
This process can also be applied to purification of the substance if it is an acid, a phenol or a base, by extracting
into the appropriate aqueous solution to form the salt which, after washing with pure solvent, is again converted to
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the free species and re-extracted. Paraffin hydrocarbons can be purified by extracting them with phenol (in which
aromatic hydrocarbons are highly soluble) prior to fractional distillation.

For extraction of solid materials with a solvent, a Soxhlet extractor is commonly used. This technique is applied,
for example, in the alcohol extraction of dyes to free them from insoluble contaminants such as sodium chloride or
sodium sulfate.

Acids, bases and amphoteric substances can be purified by taking advantage of their ionisation constants.

Ionisation constants and pK.
When substances ionise their neutral species produce positive and negative species. The ionisation constants are
those constant values (equilibrium constants) for the equilibria between the charged species and the neutral species,
or species with a larger number of charges (e.g. between mono and dications). These ionisation constants are
given as pK values where pK = -log K and K is the dissociation constant for the equilibrium between the
species [Albert and Serjeant The Determination of lonisation Constants, A Laboratory Manual, 3rd Edition,
Chapman & Hall, New York, London, 1984, ISBN 0412242907].

The advantage of using pK values (instead of K values) is that theory (and practice) states that the pK values of
ionisable substances are numerically equal to the pH of the solution at which the concentrations of ionised and
neutral species are equal. For example acetic acid has a pK2® value of 4.76 at 25° in H,O, then at pH 4.76 the

aqueous solution contains equal amounts of acetic acid [AcOH] and acetate anion [AcO7], i.e. [AcOH}/[AcO"] of
50/50. At pH 5.76 (pK + 1) the solution contains [AcOH]/[AcO] of 10/90, at pH 6.76 (pK + 2) the solution
contains [AcOH]/[AcO"] of 1/99 etc; conversely at pH 3.76 (pK - 1) the solution contains [AcOH]/[AcO-] of
90/10, and at pH 2.76 (pK - 2) the solution contains [AcOH])/[AcO-] of 99/1.

One can readily appreciate the usefulness of pK value in purification procedures, e.g. as when purifying acetic acid.
If acetic acid is placed in aqueous solution and the pH adjusted to 7.76 {[AcOH)/[AcO-] with a ratio of 0.1/99.9},
and extracted with say diethyl ether, neutral impurities will be extracted into diethyl ether leaving almost all the
acetic acid in the form of AcO- in the aqueous solution. If then the pH of the solution is adjusted to 1.67 where
the acid is almost all in the form AcOH, almost all of it will be extracted into diethyl ether.

Aniline will be used as a second example. It has a pK?* of 4.60 at 25° in H,O. If it is placed in aqueous solution
at pH 1.60 it will exist almost completely (99.9%) as the anilinium cation. This solution can then be extracted
with solvents e.g. diethyl ether to remove neutral impurities. The pH of the solution is then adjusted to 7.60
whereby aniline will exist as the free base (99.9%) and can be extracted into diethyl ether in order to give purer
aniline.

See Table 2 for the pH values of selected buffers.

A knowledge of the pK allows the adjustment of the pH without the need of large excesses of acids or base. In the
case of inorganic compounds a knowledge of the pK is useful for adjusting the ionic species for making metal
complexes which could be masked or extracted into organic solvents [Perrin and Dempsey Buffers for pH and Metal
ion Control, Chapman & Hall, New York, London, 1974, ISBN 0412117002], or for obtaining specific anionic

species in solution e.g. H,PO,", HPO,Z" or PO,3".

The pK values that have been entered in Chapters 4, 5 and 6 have been collected directly from the literature or
from compilations of literature values for organic bases [Perrin Dissociation Constants of Organic Bases in
Aqueous Solution, Butterworths, London, 1965, Supplement 1972, ISBN 040870408X; Albert and Serjeant The
Determination of lonisation Constants, A Laboratory Manual, 3rd Edition, Chapman & Hall, London, New York,
1984, ISBN 0412242907]; organic acids [Kortum, Vogel and Andrussow, Dissociation Constants of Organic
Acids in Aqueous Solution, Butterworth, London, 1961; Serjeant and Dempsey, Dissociation Constants of
Organic Acids in Aqueous Solution, Pergamon Press, Oxford, New York, 1979, ISBN 0080223397; and inorganic
acids and bases [Perrin, lonisation Constants of Inorganic Acids and Bases in Aqueous Solution, Second Edition,
Pergamon Press, Oxford, New York, 1982, ISBN 0080292143]. Where literature values were not available, values
have been predicted and assigned pKgg ~. Most predictions should be so close to true values as to make very
small difference for the purposes intended in this book. The success of the predictions, i.e. how close to the true
value, depends on the availability of pK values for closely related compounds because the effect of substituents or
changes in structures are generally additive [Perrin, Dempsey and Serjeant, pKa Prediction for Organic Acids and
Bases, Chapman & Hall, London, New York, 1981, ISBN 041222190X].
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All the pK values in this book are pKa values, the acidic pK, i.e. dissociation of H* from
an acid (AH) or from a conjugate base (BH*). Occasionally pKb values are reported in the literature but
these can be converted using the equation pKa + pKb = 14. For strong acids e.g. sulfuric acid, and strong
bases, e.g. sodium hydroxide, the pK values lie beyond the 1 to 11 scale and have to be measured in strong acidic
and basic media. In these cases appropriate scales e.g. the H, (for acids) and H. (for bases) have been used [see
Katritzky and Waring J Chem Soc 1540 1962]. These values will be less than 1 (and negative) for acids and >11
for bases. They are a rough guides to the strengths of acids and bases. Errors in the stated pK and pKg, ~ values
can be judged from the numerical values given. Thus pK values of 4.55, 4.5 and 4 mean that the respective errors
are better than + 0.05, + 0.3 and + 0.5. Values taken from the literature are written as pK, and all the values that
were estimated because they were not found in the literature are written as pKgg.

pK and Temperature.
The temperatures at which the literature measurements were made are given as superscripts, e.g. pK2. Where no
temperature is given, it is assumed that the measurements were carried out at room temperature, e.g. 15—25°. No
temperature is given for estimated values (pKgg ~) and these have been calculated from data at room temperature.
The variation of pK with temperature is given by the equation:
- d(pKYdT = (pK + 0.052AS%)/T

where T is in degrees Kelvin and AS© is in Joules deg'! mol"!. The -d(pK)/dT in the range of temperatures
between 5 to 70° is generally small (e.g. between ~0.0024 and ~0.04), and for chemical purification purposes is
not a seriously deterring factor. It does however, vary with the compound under study because AS? varies from
compound to compound. The following are examples of the effect of temperature on pK values: for imidazole the
pK values are 7.57 (0°), 7.33 (10°), 7.10 (20°), 6.99 (25°), 6.89 (30°), 6.58 (40°) and 6.49 (50°), and for 3,5-
dinitrobenzoic acid they are 2.60 (10°), 2.73 (20°), 2.85 (30°), 2.96 (40°) and 3.07 (40°), and for N-acetyl-B-
alanine they are 4.4788 (5°), 4.4652 (10°), 4.4564 (15°), 4.4488 (20°), 4.4452 (25°), 4.4444 (30°), 4.4434 (35°)
and 4.4412 (40°).

pK and solvent.

All stated pK values in this book are for data in dilute aqueous solutions unless otherwise stated, although the
dielectric constants, ionic strengths of the solutions and the method of measurement, e.g. potentiometric,
spectrophotometric etc, are not given. Estimated values are also for dilute aqueous solutions whether or not the
material is soluble enough in water. Generally the more dilute the solution the closer is the pK to the real
thermodynamic value. The pK in mixed aqueous solvents can vary considerably with the relative concentrations
and with the nature of the solvents. For example the pK23 values for N-benzylpenicillin are 2.76 and 4.84 in H,0
and H,O/EtOH (20:80) respectively; the pK2> values for (-)-ephedrine are 9.58 and 8.84 in H,O and
H,0/MeOCH,CH,0H (20:80) respectively; and for cyclopentylamine the pK?S values are 10.65 and 4.05 in H,O
and H,O/EtOH (50:50) respectively. pK values in acetic acid or aqueous acetic acid are generally lower than in
H,0.

The dielectric constant of the medium affects the equilibria where charges are generated in the dissociations e.g.
AH =E=A" + H* and therefore affects the pK values. However, its effect on dissociations where there are no

changes in total charge such as BH* == B +H"is considerably less, with a slight decrease in pK with
decreasing dielectric constant.

DISTILLATION

One of the most widely applicable and most commonly used methods of purification of liquids or low melting
solids (especially of organic chemicals) is fractional distillation at atmospheric, or some lower, pressure. Almost
without exception, this method can be assumed to be suitable for all organic liquids and most of the low-melting
organic solids. For this reason it has been possible in Chapter 4 to omit many procedures for purification of
organic chemicals when only a simple fractional distillation is involved - the suitability of such a procedure is
implied from the boiling point.

The boiling point of a liquid varies with the 'atmospheric’ pressure to which it is exposed. A liquid boils when its
vapour pressure is the same as the external pressure on its surface, its normal boiling point being the temperature
at which its vapour pressure is equal to that of a standard atmosphere (760mm Hg). Lowering the external pressure
lowers the boiling point. For most substances, boiling point and vapour pressure are related by an equation of the
form,

logp = A+ B/(t+273),
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where p is the pressure, ¢ is in °C, and A and B are constants. Hence, if the boiling points at two different
pressures are known the boiling point at another pressure can be calculated from a simple plot of log p versus
1/(¢ + 273). For organic molecules that are not strongly associated, this equation can be written in the form,

log p = 8.586 - 5.703 (T + 273)/(t + 273)

where T is the boiling point in °C at 760mm Hg. Tables 3A and 3B give computed boiling points over a range of
pressures. Some examples illustrate its application. Ethyl acetoacetate, b 180° (with decomposition) at 760mm
Hg has a predicted b of 79° at 16mm; the experimental value is 78°. Similarly 2,4-diaminotoluene, b 292° at
760mm, has a predicted b of 147° at 8mm; the experimental value is 148-150°. For self-associated molecules the
predicted b are lower than the experimental values. Thus, glycerol, b 290° at 760mm, has a predicted b of 146°
at 8mm: the experimental value is 182°.

Similarly an estimate of the boiling points of liquids at reduced pressure can be obtained using a nomogram (see
Figure 1).

For pressures near 760mm, the change in boiling point is given approximately by,
ir = a(760 - p)t + 273)

where a = 0.00012 for most substances, but a = 0.00010 for water, alcohols, carboxylic acids and other associated
liquids, and a = 0.00014 for very low-boiling substances such as nitrogen or ammonia [Crafts Chem Ber 20 709
1887 1. When all the impurities are non-volatile, simple distillation is adequate purification. The observed boiling
point remains almost constant and approximately equal to that of the pure material. Usually, however, some of
the impurities are appreciably volatile, so that the boiling point progressively rises during the distillation because
of the progressive enrichment of the higher-boiling components in the distillation flask. In such cases, separation
is effected by fractional distillation using an efficient column.

Techniques.

The distillation apparatus consists basically of a distillation flask, usually fitted with a vertical fractionating
column (which may be empty or packed with suitable materials such as glass helices or stainless-steel wool) to
which is attached a condenser leading to a receiving flask. The bulb of a thermometer projects into the vapour
phase just below the region where the condenser joins the column. The distilling flask is heated so that its
contents are steadily vaporised by boiling. The vapour passes up into the column where, initially, it condenses
and runs back into the flask. The resulting heat transfer gradually warms the column so that there is a progressive
movement of the vapour phase-liquid boundary up the column, with increasing enrichment of the more volatile
component. Because of this fractionation, the vapour finally passing into the condenser (where it condenses and
flows into the receiver) is commonly that of the lowest-boiling components in the system. The conditions apply
until all of the low-boiling material has been distilled, whereupon distillation ceases until the column temperature
is high enough to permit the next component to distil. This usually results in a temporary fall in the temperature
indicated by the thermometer.

Distillation of liguid mixtures.

The principles involved in fractional distillation of liquid mixtures are complex but can be seen by considering a
system which approximately.obeys Raoult's law. (This law states that the vapour pressure of a solution at any
given temperature is the sum of the vapour pressures of each component multiplied by its mole fraction in the
solution.) If two substances, A and B, having vapour pressures of 600mm Hg and 360mm Hg, respectively, were
mixed in a molar ratio of 2:1 (i.e. 0.666:0.333 mole ratio), the mixture would have (ideally) a vapour pressure of
520mm Hg (i.e. 600 x 0.666 + 360 x 0.333, or 399.6 + 119.88 mm Hg) and the vapour phase would contain
77% (399.6 x 100/520) of A and 23% (119.88 x 100/520) of B. If this phase was now condensed, the new liquid
phase would, therefore, be richer in the volatile component A. Similarly, the vapour in equilibrium with this
phase is still further enriched in A. Each such liquid-vapour equilibrium constitutes a "theoretical plate”. The
efficiency of a fractionating column is commonly expressed as the number of such plates to which it corresponds
in operation. Alternatively, this information may be given in the form of the height equivalent to a theoretical
plate, or HETP. The number of theoretical plates and equilibria between liquids and vapours are affected by the
factors listed to achieve maximum separation by fractional distillation in the section below on techniques.

In most cases, systems deviate to a greater or lesser extent from Raoult's law, and vapour pressures may be greater
or less than the values calculated. In extreme cases (e.g. azeotropes), vapour pressure-composition curves pass
through maxima or minima, so that attempts at fractional distillation lead finally to the separation of a constant-
boiling (azeotropic) mixture and one (but not both) of the pure species if either of the latter is present in excess.
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Elevation of the boiling point by dissolved solids. Organic substances dissolved in organic solvents cause a rise in
boiling point which is proportional to the concentration of the substance, and the extent of rise in temperature is
characteristic of the solvent. The following equation applies for dilute solutions and non-associating substances:

MDt = K
¢
Where M is the molecular weight of the solute, Dt is the elevation of boiling point in °C, ¢ is the concentration
of solute in grams for 1000gm of solvent, and K is the Ebullioscopic Constant (molecular elevation of the boiling
point) for the solvent. K is a fixed property (constant) for the particular solvent. This has been very useful for the
determination of the molecular weights of organic substances in solution.

The efficiency of a distillation apparatus used for purification of liquids depends on the difference in boiling points
of the pure material and its impurities. For example, if two components of an ideal mixture have vapour pressures
in the ratio 2:1, it would be necessary to have a still with an efficiency of at least seven plates (giving an
enrichment of 27 = 128) if the concentration of the higher-boiling component in the distillate was to be reduced to
less than 1% of its initial value. For a vapour pressure ratio of 5:1, three plates would achieve as much
separation.

In a fractional distillation, it is usual to reject the initial and final fractions, which are likely to be richer in the
lower-boiling and higher-boiling impurities respectively. The centre fraction can be further purified by repeated
fractional distillation.

To achieve maximum separation by fractional distillation:

1. The column must be flooded initially to wet the packing. For this reason it is customary to operate a
still at reflux for some time before beginning the distillation.

2. The reflux ratio should be high (i.e. the ratio of drops of liquid which return to the distilling flask and
the drops which distil over), so that the distillation proceeds slowly and with minimum disturbance of
the equilibria in the column.

3. The hold-up of the column should not exceed one-tenth of the volume of any one component to be
separated.

4. Heat loss from the column should be prevented but, if the column is heated to offset this, its
temperature must not exceed that of the distillate in the column.

5. Heat input to the still-pot should remain constant.

6. For distillation under reduced pressure there must be careful control of the pressure to avoid flooding or
cessation of reflux.

Types of distillation
The distilling flask. To minimise superheating of the liquid (due to the absence of minute air
bubbles or other suitable nuclei for forming bubbles of vapour), and to prevent bumping, one or more of the
following precautions should be taken:

(a) The flask is heated uniformly over a large part of its surface, either by using an electrical heating
mantle or, by partial immersion in a bath above the boiling point of the liquid to be distilled.

(b) Before heating begins, small pieces of unglazed fireclay or porcelain (porous pot, boiling chips),
pumice, diatomaceous earth, or platinum wire are added to the flask. These act as sources of air bubbles.

(c) The flask may contain glass siphons or boiling tubes. The former are inverted J-shaped tubes, the end
of the shorter arm being just above the surface of the liquid. The latter comprise long capillary tubes sealed above
the lower end.

(d) A steady slow stream of inert gas (e.g. Ny, Ar or He) is passed through the liquid.

(e) The liquid in the flask is stirred mechanically. This is especially necessary when suspended insoluble
material is present.

For simple distillations a Claisen flask is often used. This flask is, essentially, a round-bottomed flask to the neck
of which is joined another neck carrying a side arm. This second neck is sometimes extended so as to form a
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Vigreux column [a glass tube in which have been made a number of pairs of indentations which almost touch each other
and which slope slightly downwards. The pairs of indentations are arranged to form a spiral of glass inside the tube].

For heating baths, see Table 4. For distillation apparatus on a micro or semi-micro scale see Aldrich and other
glassware catalogues. Alternatively, some useful websites for suppliers of laboratory glassware are
www.wheatonsci.com, www.sigmaaldrich.com and www kimble-kontes.com.

Types of columns and packings. A slow distillation rate is necessary to ensure that
equilibrium conditions operate and also that the vapour does not become superheated so that the temperature rises
above the boiling point. Efficiency is improved if the column is heat insulated (either by vacuum jacketing or by
lagging) and, if necessary, heated to just below the boiling point of the most volatile component. Efficiency of
separation also improves with increase in the heat of vaporisation of the liquids concerned (because fractionation
depends on heat equilibration at multiple liquid-gas boundaries). Water and alcohols are more easily purified by
distillation for this reason.

Columns used in distillation vary in their shapes and types of packing. Packed columns are intended to give
efficient separation by maintaining a large surface of contact between liquid and vapour. Efficiency of separation is
further increased by operation under conditions approaching total reflux, i.e. under a high reflux ratio. However,
great care must be taken to avoid flooding of the column during distillation. The minimum number of theoretical
plates for satisfactory separation of two liquids differing in boiling point by It is approximately (273 + £)/31z,
where ¢ is the average boiling point in °C.

The packing of a column greatly increases the surface of liquid films in contact with the vapour phase, thereby
increasing the efficiency of the column, but reducing its capacity (the quantities of vapour and liquid able to flow
in opposite directions in a column without causing flooding). Material for packing should be of uniform size,
symmetrical shape, and have a unit diameter less than one eighth that of the column. (Rectification efficiency
increases sharply as the size of the packing is reduced but so, also, does the hold-up in the column.) It should also
be capable of uniform, reproducible packing.

The usual packings are:

(a) Rings. These may be hollow glass or porcelain (Raschig rings), of stainless steel gauze
(Dixon rings), or hollow rings with a central partition (Lessing rings) which may be of porcelain, aluminium,
copper or nickel.

(b) Helices. These may be of metal or glass (Fenske rings), the latter being used where
resistance to chemical attack is important (e.g. in distilling acids, organic halides, some sulfur compounds, and
phenols). Metal single-turn helices are available in aluminium, nickel or stainless steel. Glass helices are less
efficient, because they cannot be tamped to ensure uniform packing.

(c) Balls or beads. These are usually made of glass.

Condensers. Some of the more commonly used condensers are:

Air condenser. A glass tube such as the inner part of a Liebig condenser (see below). Used for
liquids with boiling points above 90°. Can be of any length.

Coil condenser. An open tube, into which is sealed a glass coil or spiral through which water
circulates. The tube is sometimes also surrounded by an outer cooling jacket. A double coil condenser has two
inner coils with circulating water.

Double surface condenser. A tube in which the vapour is condensed between an outer and inner
water-cooled jacket after impinging on the latter. Very useful for liquids boiling below 40°.

Friedrichs condenser. A "cold-finger" type of condenser sealed into a glass jacket open at the
bottom and near the top. The cold finger is formed into glass screw threads.

Liebig condenser. An inner glass tube surrounded by a glass jacket through which water is
circulated.

Vacuum distillation. This expression is commonly used to denote a distillation under reduced
pressure lower than that of the normal atmosphere. Because the boiling point of a substance depends on the
pressure, it is often possible by sufficiently lowering the pressure to distil materials at a temperature low enough
to avoid partial or complete decomposition, even if they are unstable when boiled at atmospheric pressure.

Sensitive or high-boiling liquids should invariably be distilled or fractionally distilled under reduced pressure. The
apparatus is essentially as described for distillation except that ground joints connecting the different parts of the
apparatus should be air tight by using grease, or better Teflon sleaves. For low, moderately high, and very high
temperatures Apiezon L, M and T greases respectively, are very satisfactory. Alternatively, it is often preferable to
avoid grease and to use thin Teflon sleeves in the joints. The distilling flask, must be supplied with a capillary
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bleed (which allows a fine stream of air, nitrogen or argon into the flask), and the receiver should be of the fraction
collector type. When distilling under vacuum it is very important to place a loose packing of glass wool above
the liquid to buffer sudden boiling of the liquid. The flask should be not more than two-thirds full of liquid. The
vacuum must have attained a steady state, i.e. the liquid has been completely degassed, before the heat source is
applied, and the temperature of the heat source must be raised very slowly until boiling is achieved.

If the pump is a filter pump off a high-pressure water supply, its performance will be limited by the temperature
of the water because the vapour pressure of water at 10°, 15°, 20° and 25° is 9.2, 12.8, 17.5 and 23.8 mm Hg
respectively. The pressure can be measured with an ordinary manometer. For vacuums in the range 102 mm Hg
to 10 mm Hg, rotary mechanical pumps (oil pumps) are used and the pressure can be measured with a Vacustat
McLeod type gauge. If still higher vacuums are required, for example for high vacuum sublimations, a mercury
diffusion pump is suitable. Such a pump can provide a vacuum up to 106 mm Hg. For better efficiencies, the
pump can be backed up by a mechanical pump. In all cases, the mercury pump is connected to the distillation
apparatus through several traps to remove mercury vapours. These traps may operate by chemical action, for
example the use of sodium hydroxide pellets to react with acids, or by condensation, in which case empty tubes
cooled in solid carbon dioxide-ethanol or liquid nitrogen (contained in wide-mouthed Dewar flasks) are used.
Special oil or mercury traps are available commercially and a liquid-nitrogen (b -209.9°C) trap is the most
satisfactory one to use between these and the apparatus. It has an advantage over liquid air or oxygen in that it is
non-explosive if it becomes contaminated with organic matter. Air should not be sucked through the apparatus
before starting a distillation because this will cause liquid oxygen (b —183°C) to condense in the liquid nitrogen
trap and this is potentially explosive (especially in mixtures with organic materials). Due to the potential lethal
consequences of liquid oxygen/organic material mixtures, care must be exercised when handling liquid nitrogen.
Hence, it is advisable to degas the system for a short period before the trap is immersed into the liquid nitrogen
(which is kept in a Dewar flask).

Spinning-band distillation. Factors which limit the performance of distillation columns
include the tendency to flood (which occurs when the returning liquid blocks the pathway taken by the vapour
through the column) and the increased hold-up (which decreases the attainable efficiency) in the column that
should, theoretically, be highly efficient. To overcome these difficulties, especially for distillation under high
vacuum of heat sensitive or high-boiling highly viscous fluids, spinning band columns are commercially
available. In such units, the distillation columns contain a rapidly rotating, motor-driven, spiral band, which may
be of polymer-coated metal, stainless steel or platinum. The rapid rotation of the band in contact with the walls of
the still gives intimate mixing of descending liquid and ascending vapour while the screw-like motion of the band
drives the liquid towards the still-pot, helping to reduce hold-up. There is very little pressure drop in such a
system, and very high throughputs are possible, with high efficiency. For example, a 765-mm long 10-mm
diameter commercial spinning-band column is reported to have an efficiency of 28 plates and a pressure drop of 0.2
mm Hg for a throughput of 330mL/h. The columns may be either vacuum jacketed or heated externally. The
stills can be operated down to 10> mm Hg. The principle, which was first used commercially in the Podbielniak
Centrifugal Superfractionator, has also been embodied in descending-film molecular distillation apparatus.

Steam distillation. When two immmiscible liquids distil, the sum of their (independent) partial
pressures is equal to the atmospheric pressure. Hence in steam distillation, the distillate has the composition

Moles of substance P substance 760 —P water

Moles of water P water P water
where the P's are vapour pressures (in mm Hg) in the boiling mixture.

The customary technique consists of heating the substance and water in a flask (to boiling), usually with the
passage of steam, followed by condensation and separation of the aqueous and non-aqueous phases in the distillate.
Its advantages are those of selectivity (because only some water-insoluble substances, such as naphthalene,
nitrobenzene, phenol and aniline are volatile in steam) and of ability to distil certain high-boiling substances well
below their boiling point. It also facilitates the recovery of a non-steam-volatile solid at a relatively low
temperature from a high-boiling solvent such as nitrobenzene. The efficiency of steam distillation is increased if
superheated steam is used (because the vapour pressure of the organic component is increased relative to water). In
this case the flask containing the material is heated (without water) in an oil bath and the steam passing through it
is superheated by prior passage through a suitable heating device (such as a copper coil heated electrically or an oil
bath).
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Azeotropic distillation. In some cases two or more liquids form constant-boiling mixtures, or
azeotropes. Azeotropic mixtures are most likely to be found with components which readily form hydrogen bonds
or are otherwise highly associated, especially when the components are dissimilar, for example an alcohol and an
aromatic hydrocarbon, but have similar boiling points.

Examples where the boiling point of the distillate is a minimum (less than either pure component) include:

Water with ethanol, n-propanol and isopropanol, tert-butanol, propionic acid, butyric acid, pyridine,

methanol with methyl iodide, methyl acetate, chloroform,

ethanol with ethyl iodide, ethyl acetate, chloroform, benzene, toluene, methyl ethyl ketone,

benzene with cyclohexane,

acetic acid with toluene.

Although less common, azeotropic mixtures are known which have higher boiling points than their components.
These include water with most of the mineral acids (hydrofluoric, hydrochloric, hydrobromic, perchloric, nitric and
sulfuric) and formic acid. Other examples are acetic acid-pyridine, acetone-chloroform, aniline-phenol, and
chloroform-methyl acetate.

The following azeotropes are important commercially for drying ethanol:

ethanol 95.5% (by weight) - water 4.5% b 78.1°
ethanol 32.4% - benzene 67.6% b 68.2°
ethanol 18.5% - benzene 74.1% - water 7.4% b 64.9°

Materials are sometimes added to form an azeotropic mixture with the substance to be purified. Because the
azeotrope boils at a different temperature, this facilitates separation from substances distilling in the same range as
the pure material. (Conversely, the impurity might form the azeotrope and be removed in this way). This method
is often convenient, especially where the impurities are isomers or are otherwise closely related to the desired
substance. Formation of low-boiling azeotropes also facilitates distillation.

One or more of the following methods can generally be used for separating the components of an azeotropic
mixture:

1. By using a chemical method to remove most of one species prior to distillation. (For example, water
can be removed by suitable drying agents; aromatic and unsaturated hydrocarbons can be removed by
sulfonation).

2. By redistillation with an additional substance which can form a ternary azeotropic mixture (as in ethanol-
water-benzene example given above).

3. By selective adsorption of one of the components. (For example, of water on to silica gel or molecular
sieves, or of unsaturated hydrocarbons onto alumina).

4. By fractional crystallisation of the mixture, either by direct freezing or by dissolving in a suitable
solvent.

Kiigelrohr distillation. The apparatus (Biichi, see www.buchi.com) is made up of small glass
bulbs (ca 4-5cm diameter) which are joined together via Quickfit joints at each pole of the bulbs. The liquid (or
low melting solid) to be purified is placed in the first bulb of a series of bulbs joined end to end, and the system
can be evacuated. The first bulb is heated in a furnace at a high temperature whereby most of the material distils
into the second bulb (which is outside of the furnace). The second bulb is then moved into the furnace and the
furnace temperature is reduced by ca 5° whereby the liquid in the second bulb distils into the third bulb (at this
stage the first bulb is now out at the back of the furnace and the third and subsequent bulbs are outside the front of
the furnace). The furnace temperature is lowered by a further ca 5° and the third bulb is moved into the furnace.
The lower boiling material will distil into the fourth bulb. The process is continued until no more material distils
into the subsequent bulb. The vacuum (if applied) and the furnace are removed, the bulbs are separated and the
various fractions of distillates are collected from the individual bulbs. For volatile liquids, it may be necessary to
cool the receiving bulb with solid CO, held in a suitable container (Kiigelrohr distillation apparatus with an
integrated cooling system is available). This procedure is used for preliminary purification and the distillates are
then redistilled or recrystallised.

Isopiestic or isothermal distillation. This technique can be useful for the preparation of
metal-free solutions of volatile acids and bases for use in trace metal studies. The procedure involves placing two
beakers, one of distilled water and the other of a solution of the material to be purified, in a desiccator. The
desiccator is sealed and left to stand at room temperature for several days. The volatile components distribute
themselves between the two beakers whereas the non-volatile contaminants remain in the original beaker. This
technique has afforded metal-free pure solutions of ammonia, hydrochloric acid and hydrogen fluoride.
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RECRYSTALLISATION
Techniques
The most commonly used procedure for the purification of a solid material by recrystallisation from a solution
involves the following steps:

(a) The impure material is dissolved in a suitable solvent, by shaking or vigorous stirring, at or near the
boiling point, to form a near-saturated solution.

(b) The hot solution is filtered to remove any insoluble particles. To prevent crystallisation during this
filtration, a heated filter funnel can be used or the solution can be diluted with more of the solvent.

(¢c) The solution is then allowed to cool so that the dissolved substance crystallises out.

(d) The crystals are separated from the mother liquor, either by centrifuging or by filtering, under suction,
through a sintered glass, a Hirsch or a Biichner, funnel. Usually, centrifugation is preferred because of
the greater ease and efficiency of separating crystals and mother liquor, and also because of the saving of
time and effort, particularly when very small crystals are formed or when there is entrainment of
solvent.

(e) The crystals are washed free from mother liquor with a little fresh cold solvent, then dried.

If the solution contains extraneous coloured material likely to contaminate the crystals, this can often be removed
by adding some activated charcoal (decolorising carbon) to the hot, but not boiling, solution which is then shaken
frequently for several minutes before being filtered. (The large active surface of the carbon makes it a good
adsorbent for this purpose.) In general, the cooling and crystallisation steps should be rapid so as to give small
crystals which occlude less of the mother liquor. This is usually satisfactory with inorganic material, so that
commonly the filtrate is cooled in an ice-water bath while being vigorously stirred. In many cases, however,
organic molecules crystallise much more slowly, so that the filtrate must be set aside to cool to room temperature
or left in the refrigerator. It is often desirable to subject material that is very impure to preliminary purification,
such as steam distillation, Soxhlet extraction, or sublimation, before recrystallising it. A greater degree of purity
is also to be expected if the crystallisation process is repeated several times, especially if different solvents are
used. The advantage of several crystallisations from different solvents lies in the fact that the material sought, and
its impurities, are unlikely to have similar solubilities as solvents and temperatures are varied.

For the final separation of solid material, sintered-glass discs are preferable to filter paper. Sintered glass is
unaffected by strongly acid solutions or by oxidising agents. Also, with filter paper, cellulose fibres are likely to
become included in the sample. The sintered-glass discs or funnels can be readily cleaned by washing in freshly
prepared chromic acid cleaning mixture. This mixture is made by adding 100mL of concentrated sulfuric acid
slowly with stirring to a solution of 5g of sodium dichromate (CARE: cancer suspect) in SmL of water. (The
mixture warms to about 70°, see p 3).

For materials with very low melting points it is sometimes convenient to use dilute solutions in acetone,
methanol, pentane, diethyl ether or CHCl3-CCly. The solutions are cooled to -78° in a dry-ice/acetone bath, to
give a slurry which is filtered off through a precooled Biichner funnel. Experimental details, as applied to the
purification of nitromethane, are given by Parrett and Sun [J Chem Educ 54 448 1977].

Where substances vary little in solubility with temperature, isothermal crystallisation may sometimes be
employed. This usually takes the form of a partial evaporation of a saturated solution at room temperature by
leaving it under reduced pressure in a desiccator.

However, in rare cases, crystallisation is not a satisfactory method of purification, especially if the impurity forms
crystals that are isomorphous with the material being purified. In fact, the impurity content may even be greater
in such recrystallised material. For this reason, it still remains necessary to test for impurities and to remove or
adequately lower their concentrations by suitable chemical manipulation prior to recrystallisation.

Filtration. Filtration removes particulate impurities rapidly from liquids and is also used to
collect insoluble or crystalline solids which separate or crystallise from solution. The usual technique is to pass
the solution, cold or hot, through a fluted filter paper in a conical glass funnel.

If a solution is hot and needs to be filtered rapidly a Biichner funnel and flask are used and filtration is performed
under a slight vacuum (water pump), the filter medium being a circular cellulose filter paper wet with solvent. If
filtration is slow, even under high vacuum, a pile of about twenty filter papers, wet as before, are placed in the
Biichner funnel and, as the flow of solution slows down, the upper layers of the filter paper are progressively
removed. Alternatively, a filter aid, e.g. Celite, Florisil or Hyflo-supercel, is placed on top of a filter paper in the
funnel. When the flow of the solution (under suction) slows down, the upper surface of the filter aid is scratched
gently. Filter papers with various pore sizes are available covering a range of filtration rates. Hardened filter
papers are slow filtering but they can withstand acidic and alkaline solutions without appreciable hydrolysis of the
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cellulose (see Table S). When using strong acids it is preferable to use glass micro fibre filters which are
commercially available (see Table 5 and 6).

Freeing a solution from extremely small particles [e.g. for optical rotatory dispersion (ORD) or circular dichroism
(CD) measurements] requires filters with very small pore size. Commercially available (Millipore, Gelman,
Nucleopore) filters other than cellulose or glass include nylon, Teflon, and polyvinyl chloride, and the pore
diameter may be as small as 0.01micron (see Table 6). Special containers are used to hold the filters, through
which the solution is pressed by applying pressure, e.g. from a syringe. Some of these filters can be used to clear
strong sulfuric acid solutions.

As an alternative to the Biichner funnel for collecting crystalline solids, a funnel with a sintered glass-plate under
suction may be used. Sintered-glass funnels with various porosities are commercially available and can be easily
cleaned with warm chromic or nitric acid (see above).

When the solid particles are too fine to be collected on a filter funnel because filtration is extremely slow,
separation by centrifugation should be used. Bench type centrifuges are most convenient for this purpose. The
solid is placed in the centrifuge tube, the tubes containing the solutions on opposite sides of the rotor should be
balanced accurately (at least within 0.05 to 0.1g), and the solutions are spun at maximum speed for as long as it
takes to settle the solid (usually ca 3-5 minutes). The solid is washed with cold solvent by centrifugation, and
finally twice with a pure volatile solvent in which the solid is insoluble, also by centrifugation. After decanting
the supernatant, the residue is dried in a vacuum, at elevated temperatures if necessary. In order to avoid "spitting"
and contamination with dust while the solid in the centrifuge tube is dried, the mouth of the tube is covered with
aluminium foil and held fast with a tight rubber band near the lip. The flat surface of the aluminium foil is then
perforated in several places with a pin and the tube and contents are dried in a vacuum desiccator over a desiccant.

Choice of solvents. The best solvents for recrystallisation have the following properties:
(a) The material is much more soluble at higher temperatures than it is at room temperature or
below.
(b) Well-formed (but not large) crystals are produced.
(c) Impurities are either very soluble or only sparingly soluble.
(d) The solvent must be readily removed from the purified material.
(e) There must be no reaction between the solvent and the substance being purified.
(f) The solvent must not be inconveniently volatile or too highly flammable. (These are reasons
why diethyl ether and carbon disulfide are not commonly used in this way.)

The following generalisations provide a rough guide to the selection of a suitable solvent:
(a) Substances usually dissolve best in solvents to which they are most closely related in
chemical and physical characteristics. Thus, hydroxylic compounds are likely to be most soluble
in water, methanol, ethanol, acetic acid or acetone. Similarly, petroleum ether might be used
with water-insoluble substances. However, if the resemblance is too close, solubilities may
become excessive.
(b) Higher members of homologous series approximate more and more closely to their parent
hydrocarbon.
(c) Polar substances are more soluble in polar, than in non-polar, solvents.

Although Chapters 4, 5 and 6 provide details of the solvents used for recrystallising a large portion of
commercially available laboratory chemicals, they cannot hope to be exhaustive, nor need they necessarily be the
best choice. In other cases where it is desirable to use this process, it is necessary to establish whether a given
solvent is suitable. This is usually done by taking only a small amount of material in a small test-tube and adding
enough solvent to cover it. If it dissolves readily in the cold or on gentle warming, the solvent is unsuitable.
Conversely, if it remains insoluble when the solvent is heated to boiling (adding more solvent if necessary), the
solvent is again unsuitable. If the material dissolves in the hot solvent but does not crystallise readily within
several minutes of cooling in an ice-salt mixture, another solvent should be tried.

Petroleum ethers are commercially available fractions of refined petroleum and are sold in
fractions with about 20° boiling ranges. This ensures that little of the hydrocarbon ingredients boiling below the
range is lost during standing or boiling when recrystallising a substance. Petroleum ethers with boiling ranges (at
760mm pressure) of 35—60°, 40—60°, 60—80°, 80—100°, and 100—120° are generally free from unsaturated
and aromatic hydrocarbons. The lowest boiling petroleum ether commercially available has b 30-40°/760mm and
is mostly n-pentane. The purer spectroscopic grades are almost completely free from olefinic and aromatic
hydrocarbons. Petroleum spirit (which is sometimes used synonymously with petroleum ether or light
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petroleum) is usually less refined petroleum, and ligroin is used for fractions boiling above 100°. The lower
boiling fractions consist of mixtures of n-pentane (b 36°), n-hexane (b 68.5°) and n-heptane (b 98°), and some of
their isomers in varying proportions. For purification of petroleum ether b 35-60° see p. 324.

Solvents commonly used for recrystallisation, and their boiling points, are given in Table 7.
For comments on the toxicity and use of benzene see the first pages of Chapters 4, 5 and 6.

Mixed Solvents. Where a substance is too soluble in one solvent and too insoluble in another,
for either to be used for recrystallisation, it is often possible (provided they are miscible) to use them as a mixed
solvent. (In general, however, it is preferable to use a single solvent if this is practicable.) Table 8 contains many
of the common pairs of miscible solvents.

The technique of recrystallisation from mixed solvents is as follows:

The material is dissolved in the solvent in which it is the more soluble, then the other solvent (heated to near
boiling) is added cautiously to the hot solution until a slight turbidity persists or crystallisation begins. This is
cleared by adding several drops of the first solvent, and the solution is allowed to cool and crystallise in the usual
way.

A variation of this procedure is simply to precipitate the material in a microcrystalline form from solution in one
solvent at room temperature, by adding a little more of the second solvent, filtering off the crystals, adding a little
more of the second solvent and repeating the process. This ensures, at least in the first or last precipitation, a
material which contains as little as possible of the impurities, which may also be precipitated in this way. With
salts, the first solvent is commonly water, and the second solvent is alcohol or acetone.

Recrystallisation from the melt. A crystalline solid melts when its temperature is raised
sufficiently for the thermal agitation of its molecules or ions to overcome the restraints imposed by the crystal
lattice. Usually, impurities weaken crystal structures, and hence lower the melting points of solids (or the freezing
points of liquids). If an impure material is melted and cooled slowly (with the addition, if necessary, of a trace of
solid material near the freezing point to avoid supercooling), the first crystals that form will usually contain less of
the impurity, so that fractional solidification by partial freezing can be used as a purification process for solids
with melting points lying in a convenient temperature range (or for more readily frozen liquids). Some examples
of cooling baths that are useful in recrystallisation are summarised in Table 9. In some cases, impurities form
higher melting eutectics with substances to be purified, so that the first material to solidify is less pure than the
melt. For this reason, it is often desirable to discard the first crystals and also the final portions of the melt.
Substances having similar boiling points often differ much more in melting points, so that fractional solidification
can offer real advantages, especially where ultrapurity is sought. For further information on this method of
recrystallisation, consult the earlier editions of this book as well as references by Schwab and Wichers (J Res Nat
Bur Stand 25 747 1940). This method works best if the material is already nearly pure, and hence tends to be a
final purification step.

Zone refining. Zone refining (or zone melting) is a particular development for fractional
solidification and is applicable to all crystalline substances that show differences in the concentrations of
impurities in liquid and solid states at solidification. The apparatus used in this technique consists essentially of a
device in which the crystalline solid to be purified is placed in a glass tube (set vertically) which is made to move
slowly upwards while it passes through a fixed coil (one or two turns) of heated wire. A narrow zone of molten
crystals is formed when the tube is close to the heated coil. As the zone moves away from the coil the liquid
crystallises, and a fresh molten zone is formed below it at the coil position. The machine can be set to recycle
repeatedly. At its advancing side, the zone has a melting interface with the impure material whereas on the upper
surface of the zone there is a constantly growing face of higher-melting, resolidified material. This leads to a
progressive increase in impurity in the liquid phase which, at the end of the run, is discarded from the bottom of
the tube. Also, because of the progressive increase in impurity in the liquid phase, the resolidified material
contains correspondingly more of the impurites. For this reason, it is usually necessary to make several zone-
melting runs before a sample is satisfactorily purified. This is also why the method works most successfully if
the material is already fairly pure. In all these operations the zone must travel slowly enough to enable impurities
to diffuse or be convected away from the area where resolidification is occurring.

The technique finds commercial application in the production of metals of extremely high purity (impurities down
to 10 ppm), in purifying refractory oxides, and in purifying organic compounds, using commercially available
equipment. Criteria for indicating that definite purification is achieved include elevation of melting point, removal
of colour, fluorescence or smell, and a lowering of electrical conductivity. Difficulties likely to be found with
organic compounds, especially those of low melting points and low rates of crystallisation, are supercooling and,
because of surface tension and contraction, the tendency of the molten zone to seep back into the recrystallised
areas. The method is likely to be useful in cases where fractional distillation is not practicable, either because of
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unfavourable vapour pressures or ease of decomposition, or where super-pure materials are required. It has been
used for the latter purpose for purifying anthracene, benzoic acid, chrysene, morphine, 1,8-naphthyridine and pyrene
to name a few. [See E.F.G.Herington, Zone Melting of Organic Compounds, Wiley & Sons, NY, 1963;
W.Pfann, Zone Melting, 2nd edn, Wiley, NY, 1966; H.Schildknecht, Zonenschmelzen, Verlag Chemie,
Weinheim, 1964; W.R.Wilcox, R.Friedenberg et al. Chem Rev 64 187 1964; M.Zief and W.R. Wilcox (Eds),
Fractional Solidification, Vol I, M Dekker Inc. NY, 1967.]

SUBLIMATION

Sublimation differs from ordinary distillation because the vapour condenses to a solid instead of a liquid. Usually,
the pressure in the heated system is diminished by pumping, and the vapour is condensed (after travelling a
relatively short distance) onto a cold finger or some other cooled surface. This technique, which is applicable to
many organic solids, can also be used with inorganic solids such as aluminium chloride, ammonium chloride,
arsenious oxide and iodine. In some cases, passage of a stream of inert gas over the heated substance secures
adequate vaporisation. This procedure has the added advantage of removing occluded solvent used in recrystallising
the solid.

CHROMATOGRAPHY
Chromatography is often used with advantage for the purification of small amounts of complex organic mixtures.
Chromatography techniques all rely on the differential distribution of the various components in a mixture between
the mobile phase and the stationary phase. The mobile phase can either be a gas or a liquid whereas the stationary
phase can either be a solid or a liquid.
The major chromatographic techniques can also be categorised according to the nature of the mobile phase used -
vapour phase chromatography for when a gas is the mobile phase and liquid chromatography for when a liquid is
the mobile phase.
A very useful catalog for chromatographic products and information relating to chromatography (from gas
chromatography to biochromatography) is that produced by Merck, called the ChromBook and the associated
compact disk, ChromCircle.

Vapour phase chromatography (GC or gas-liquid chromatography)
The mobile phase in vapour phase chromatography is a gas (e.g. hydrogen, helium, nitrogen or argon) and the
stationary phase is a non-volatile liquid impregnated onto a porous material. The mixture to be purified is injected
into a heated inlet whereby it is vaporised and taken into the column by the carrier gas. It is separated into its
components by partition between the liquid on the porous support and the gas. For this reason vapour-phase
chromatography is sometimes referred to as gas-liquid chromatography (g.l.c). Vapour phase chromatography is
very useful in the resolution of a mixture of volatile compounds. This type of chromatography uses either packed
or capillary columns. Packed columns have internal diameters of 3-5 mm with lengths of 2-6 m. These columns
can be packed with a range of materials including firebrick derived materials (chromasorb P, for separation of non
polar hydrocarbons) or diatomaceous earth (chromasorb W, for separation of more polar molecules such as acids,
amines). Capillary columns have stattonary phase bonded to the walls of long capillary tubes. The diameters in
capillary columns are less than 0.5 mm and the lengths of these columns can go up to 50 m! These columns have
much superior separating powers than the packed columns. Elution times for equivalent resolutions with packed
columns can be up to ten times shorter. It is believed that almost any mixture of compounds can be separated
using one of the four stationary phases, OV-101, SE-30, OV-17 and Carbowax-20M. The use of capillary columns
in gas chromatography for analysis is now routinely carried out. An extensive range of packed and capillary
columns is available from chromatographic specialists such as Supelco, Alltech, Hewlett-Packard, Phenomenex
etc.
Table 10 shows some typical liquids used for stationary phases in gas chromatography.
Although vapour gas chromatography is routinely used for the analysis of mixtures, this form of chromatography
can also be used for separation/purification of substances. This is known as preparative GC. In preparative GC,
suitable packed columns are used and as substances emerge from the column, they are collected by condensing the
vapour of these separated substances in suitable traps. The carrier gas blows the vapour through these traps hence
these traps have to be very efficient. Improved collection of the effluent vaporised fractions in preparative work is
attained by strong cooling, increasing the surface of the traps by packing them with glass wool, and by applying
an electrical potential which neutralises the charged vapour and causes it to condense.
When the gas chromatograph is attached to a mass spectrometer, a very powerful analytical tool (gas
chromatography-mass spectrometry, GC-MS) is produced. Vapour gas chromatography allows the analyses of
mixtures but does not allow the definitive identification of unknown substances whereas mass spectrometry is
good for the identification of a single compound but is less than ideal for the identification of mixtures of

Next Page



Common Physical Techniques in Purification 17

Previous Page

unfavourable vapour pressures or ease of decomposition, or where super-pure materials are required. It has been
used for the latter purpose for purifying anthracene, benzoic acid, chrysene, morphine, 1,8-naphthyridine and pyrene
to name a few. [See E.F.G.Herington, Zone Melting of Organic Compounds, Wiley & Sons, NY, 1963;
W.Pfann, Zone Melting, 2nd edn, Wiley, NY, 1966; H.Schildknecht, Zonenschmelzen, Verlag Chemie,
Weinheim, 1964; W.R.Wilcox, R.Friedenberg et al. Chem Rev 64 187 1964; M.Zief and W.R. Wilcox (Eds),
Fractional Solidification, Vol I, M Dekker Inc. NY, 1967.]

SUBLIMATION

Sublimation differs from ordinary distillation because the vapour condenses to a solid instead of a liquid. Usually,
the pressure in the heated system is diminished by pumping, and the vapour is condensed (after travelling a
relatively short distance) onto a cold finger or some other cooled surface. This technique, which is applicable to
many organic solids, can also be used with inorganic solids such as aluminium chloride, ammonium chloride,
arsenious oxide and iodine. In some cases, passage of a stream of inert gas over the heated substance secures
adequate vaporisation. This procedure has the added advantage of removing occluded solvent used in recrystallising
the solid.

CHROMATOGRAPHY
Chromatography is often used with advantage for the purification of small amounts of complex organic mixtures.
Chromatography techniques all rely on the differential distribution of the various components in a mixture between
the mobile phase and the stationary phase. The mobile phase can either be a gas or a liquid whereas the stationary
phase can either be a solid or a liquid.
The major chromatographic techniques can also be categorised according to the nature of the mobile phase used -
vapour phase chromatography for when a gas is the mobile phase and liquid chromatography for when a liquid is
the mobile phase.
A very useful catalog for chromatographic products and information relating to chromatography (from gas
chromatography to biochromatography) is that produced by Merck, called the ChromBook and the associated
compact disk, ChromCircle.

Vapour phase chromatography (GC or gas-liquid chromatography)
The mobile phase in vapour phase chromatography is a gas (e.g. hydrogen, helium, nitrogen or argon) and the
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into a heated inlet whereby it is vaporised and taken into the column by the carrier gas. It is separated into its
components by partition between the liquid on the porous support and the gas. For this reason vapour-phase
chromatography is sometimes referred to as gas-liquid chromatography (g.l.c). Vapour phase chromatography is
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can be packed with a range of materials including firebrick derived materials (chromasorb P, for separation of non
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capillary columns are less than 0.5 mm and the lengths of these columns can go up to 50 m! These columns have
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columns can be up to ten times shorter. It is believed that almost any mixture of compounds can be separated
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Although vapour gas chromatography is routinely used for the analysis of mixtures, this form of chromatography
can also be used for separation/purification of substances. This is known as preparative GC. In preparative GC,
suitable packed columns are used and as substances emerge from the column, they are collected by condensing the
vapour of these separated substances in suitable traps. The carrier gas blows the vapour through these traps hence
these traps have to be very efficient. Improved collection of the effluent vaporised fractions in preparative work is
attained by strong cooling, increasing the surface of the traps by packing them with glass wool, and by applying
an electrical potential which neutralises the charged vapour and causes it to condense.
When the gas chromatograph is attached to a mass spectrometer, a very powerful analytical tool (gas
chromatography-mass spectrometry, GC-MS) is produced. Vapour gas chromatography allows the analyses of
mixtures but does not allow the definitive identification of unknown substances whereas mass spectrometry is
good for the identification of a single compound but is less than ideal for the identification of mixtures of
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compounds. This means that with GC-MS, both separation and identification of substances in mixtures can be
achieved. Because of the relatively small amounts of material required for mass spectrometry, a splitting system is
inserted between the column and the mass spectrometer. This enables only a small fraction of the effluent to enter
the spectrometer, the rest of the effluent is usually collected or vented to the air.

Liquid chromatography
In contrast to vapour phase chromatography, the mobile phase in liquid chromatography is a liquid. In general,
there are four main types of liquid chromatography: adsorption, partition, ion-chromatography, and gel filtration.

Adsorption chromatography is based on the difference in the extent to which substances in
solution are adsorbed onto a suitable surface. The main techniques in adsorption chromatography are TLC (Thin
Layer Chromatography), paper and column chromatography.

Thin layer chromatography (TLC). In thin layer chromatography, the mobile phase i.e. the
solvent, creeps up the stationary phase (the absorbent) by capillary action. The adsorbent (e.g. silica, alumina,
cellulose) is spread on a rectangular glass plate (or solid inert plastic sheet or aluminium foil). Some adsorbents
(e.g. silica) are mixed with a setting material (e.g. CaSO4) by the manufacturers which causes the film to set hard
on drying. The adsorbent can be activated by heating at 100-110° for a few hours. Other adsorbents (e.g.
celluloses) adhere on glass plates without a setting agent. Thus some grades of absorbents have prefixes e.g.
prefix G means that the absorbent can cling to a glass plate and is used for TLC (e.g. silica gel GF,s, is for TLC
plates which have a dye that fluoresces under 254nm UV light). Those lacking this binder have the letter H after
any coding and is suitable for column chromatography e.g. silica gel 60H. The materials to be purified or separated
are spotted in a solvent close to the lower end of the plate and allowed to dry. The spots will need to be placed at
such a distance so as to ensure that when the lower end of the plate is immersed in the solvent, the spots are a few
mm above the eluting solvent. The plate is placed upright in a tank containing the eluting solvent. Elution is
carried out in a closed tank to ensure equilibrium. Good separations can be achieved with square plates if a second
elution is performed at right angles to the first using a second solvent system. For rapid work, plates of the size
of microscopic slides or even smaller are used which can decrease the elution time and cost without loss of
resolution. The advantage of plastic backed and aluminium foil backed plates is that the size of the plate can be
made as required by cutting the sheet with scissors or a sharp guillotine. Visualisation of substances on TLC can
be carried out using UV light if they are UV absorbing or fluorescing substances or by spraying or dipping the
plate with a reagent that gives coloured products with the substance (e.g. iodine solution or vapour gives brown
colours with amines), or with dilute sulfuric acid (organic compounds become coloured or black when the plates
are heated at 1000 if the plates are of alumina or silica, but not cellulose). (see Table 11 for some methods of
visualisation.) Some alumina and silica powders are available with fluorescent materials in them, in which case
the whole plate fluoresces under UV light. Non-fluorescing spots are thus clearly visible, and fluorescent spots
invariably fluoresce with a different colour. The colour of the spots can be different under UV light at 254nm and
at 365nm. Another useful way of showing up non-UV absorbing spots is to spray the plate with a 1-2% solution
of Rhodamine 6G in acetone. Under UV light the dye fluoresces and reveals the non-fluorescing spots. For
preparative work, if the material in the spot or fraction is soluble in ether or petroleum ether, the desired substance
can be extracted from the absorbent with these solvents which leave the water soluble dye behind.

TLC can be used as an analytical technique, or as a guide to establishing conditions for column chromatography or
as a preparative technique in its own right.

The thickness of the absorbent on the TLC plates could be between 0.2mm to 2mm or more. In preparative work,
the thicker plates are used and hundreds of milligrams of mixtures can be purified conveniently and quickly. The
spots or areas are easily scraped off the plates and the desired substances extracted from the absorbent with the
required solvent. For preparative TLC, non destructive methods for visualising spots and fractions are required. As
such, the use of UV light is very useful. If substances are not UV active, then a small section of the plate
(usually the right or left edge of the plate) is sprayed with a visualising agent while the remainder of the plate is
kept covered.

Thin layer chromatography has been used successfully with ion-exchange celluloses as stationary phases and
various aqueous buffers as mobile phases. Also, gels (e.g. Sephadex G-50 to G-200 superfine) have been adsorbed
on glass plates and are good for fractionating substances of high molecular weights (1500 to 250,000). With this
technique, which is called thin layer gel filtration (TLG), molecular weights of proteins can be determined when
suitable markers of known molecular weights are run alongside (see Chapter 6).

Commercially available pre-coated plates with a variety of adsorbents are generally very good for quantitative work
because they are of a standard quality. Plates of a standardised silica gel 60 (as medium porosity silica gel with a
mean porosity of 6mm) released by Merck have a specific surface of 500 m2/g and a specific pore volume of 0.75
mL/g. They are so efficient that they have been called high performance thin layer chromatography (HPTLC)
plates (Ropphahn and Halpap J Chromatogr 112 81 1975). In another variant of thin layer chromatography the
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adsorbent is coated with an oil as in gas chromatography thus producing reverse-phase thin layer chromatography.
Reversed-phase TLC plates e.g. silica gel RP-18 are available from Fluka and Merck.

A very efficient form of chromatography makes use of a circular glass plate (rotor) coated with an adsorbent (silica,
alumina or cellulose). As binding to a rotor is needed, the sorbents used may be of a special quality and/or binders
are added to the sorbent mixtures. For example when silica gel is required as the absorbent, silica gel 60 PF-254
with calcium sulfate (Merck catalog 7749) is used. The thickness of the absorbent (1, 2 or 4 mm) can vary
depending on the amount of material to be separated. The apparatus is called a Chromatotron (available from
Harrison Research, USA). The glass plate is rotated by a motor, and the sample followed by the eluting solvent is
allowed to drip onto a central position on the plate. As the plate rotates the solvent elutes the mixture,
centrifugally, while separating the components in the form of circular bands radiating from the central point. The
separated bands are usually visualised conveniently by UV and as the bands approach the edge of the plate, the
eluent is collected. The plate with the adsorbent can be re-used many times if care is employed in the usage, and
hence this form of chromatography utilises less absorbents as well as solvents.

Recipes and instructions for coating the rotors are available from the Harrison website
(http://pw1.netcom.com/~ithres/harrisonresearch.html). In addition, information on how to regenerate the sorbents
and binders are also included.

Paper chromatography. This is the technique from which thin layer chromatography
developed. It uses cellulose paper (filter paper) instead of the TLC adsorbent and does not require a backing like the
plastic sheet in TLC. It is used in the ascending procedure (like in TLC) whereby a sheet of paper is hung in
a jar, the materials to be separated are spotted (after dissolving in a suitable solvent and drying) near the bottom of
the sheet which dips into the eluting solvent just below the spot. As the solvent rises up the paper the spots are
separated according to their adsorption properties. A variety of solvents can be used, the sheet is then dried in air
(fume cupboard), and can then be run again with the solvent running at right angles to the first run to give a two
dimensional separation. The spots can then be visualised as in TLC or can be cut out and analysed as required. A
descending procedure had also been developed where the material to be separated is spotted near the top of the
paper and the top end is made to dip into a tray containing the eluting solvent. The whole paper is placed in a
glass jar and the solvent then runs down the paper causing the materials in the spots to separate also according to
their adsorption properties and to the eluting ability of the solvent. This technique is much cheaper than TLC and
is still used (albeit with thicker cellulose paper) with considerable success for the separation of protein hydrolysates
for sequencing analysis and/or protein identification.

Column Chromatography. The substances to be purified are usually placed on the top of the
column and the solvent is run down the column. Fractions are collected and checked for compounds using TLC
(UV and/or other means of visualisation). The adsorbent for chromatography can be packed dry and solvents to be
used for chromatography are used to equilibrate the adsorbent by flushing the column several times until
equilibration is achieved. Alternatively, the column containing the adsorbent is packed wet (slurry method) and
pressure is applied at the top of the column until the column is well packed (i.e. the adsorbent is settled).

Graded Adsorbents and Solvents. Materials used in columns for adsorption chromatography
are grouped in Table 12 in an approximate order of effectiveness. Other adsorbents sometimes used include barium
carbonate, calcium sulfate, calcium phosphate, charcoal (usually mixed with Kieselguhr or other form of
diatomaceous earth, for example, the filter aid Celite) and cellulose. The alumina can be prepared in several grades
of activity (see below).

In most cases, adsorption takes place most readily from non-polar solvents, such as petroleum ether and least
readily from polar solvents such as alcohols, esters, and acetic acid. Common solvents, arranged in approximate
order of increasing eluting ability are also given in Table 12. Eluting power roughly parallels the dielectric
constants of solvents. The series also reflects the extent to which the solvent binds to the column material,
thereby displacing the substances that are already adsorbed. This preference of alumina and silica gel for polar
molecules explains, for example, the use of percolation through a column of silica gel for the following purposes-
drying of ethylbenzene, removal of aromatics from 2,4-dimethylpentane and of ultraviolet absorbing substances
from cyclohexane.

Mixed solvents are intermediate in strength, and so provide a finely graded series. In choosing a solvent for use as
an eluent it is necessary to consider the solubility of the substance in it, and the ease with which it can
subsequently be removed.

Preparation and Standardisation of Alumina. The activity of alumina depends inversely
on its water content, and a sample of poorly active material can be rendered more active by leaving for some time
in a round bottomed flask heated up to about 200° in an oil bath or a heating mantle while a slow stream of a dry
inert gas is passed through it. Alternatively, it is heated to red heat (380-400°) in an open vessel for 4-6h with
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occasional stirring and then cooled in a vacuum desiccator: this material is then of grade I activity. Conversely,
alumina can be rendered less active by adding small amounts of water and thoroughly mixing for several hours.
Addition of about 3% (w/w) of water converts grade I alumina to grade II

Used alumina can be regenerated by repeated extraction, first with boiling methanol, then with boiling water,
followed by drying and heating. The degree of activity of the material can be expressed conveniently in terms of
the scale due to Brockmann and Schodder (Chem Ber B 74 73 1941).

Alumina is normally slightly alkaline. A (less strongly adsorbing) neutral alumina can be prepared by making a
slurry in water and adding 2M hydrochloric acid until the solution is acid to Congo red. The alumina is then
filtered off, washed with distilled water until the wash water gives only a weak violet colour with Congo red paper,
and dried.

Alumina used in TLC can be recovered by washing in ethanol for 48h with occasional stirring, to remove binder
material and then washed with successive portions of ethyl acetate, acetone and finally with distilled water. Fine
particles are removed by siphoning. The alumina is first suspended in 0.04M acetic acid, then in distilled water,
siphoning off 30 minutes after each wash. The process is repeated 7-8 times. It is then dried and activated at 200°
[Vogh and Thomson Anal Chem 53 1365 1981].

Preparation of other adsorbents

Silica gel can be prepared from commercial water-glass by diluting it with water to a density
of 1.19 and, while keeping it cooled to 5°, adding concentrated hydrochloric acid with stirring until the solution is
acid to thymol blue. After standing for 3h, the precipitate is filtered off, washed on a Biichner funnel with distilled
water, then suspended in 0.2M hydrochloric acid. The suspension is set aside for 2-3 days, with occasional
stirring, then filtered, washed well with water and dried at 110°. It can be activated by heating up to about 200° as
described for alumina.
Powdered commercial silica gel can be purified by suspending and standing overnight in concentrated hydrochloric
acid (6mL/g), decanting the supernatant and repeating with fresh acid until the latter remains colourless. After
filtering with suction on a sintered-glass funnel, the residue is suspended in water and washed by decantation until
free of chloride ions. It is then filtered, suspended in 95% ethanol, filtered again and washed on the filter with 95%
ethanol. The process is repeated with anhydrous diethyl ether before the gel is heated for 24h at 100° and stored for
another 24h in a vacuum desiccator over phosphorus pentoxide.
To buffer silica gel for flash chromatography (see later), 200g of silica is stirred in 1L of 0.2M NaH,POy for 30
minutes. The slurry is then filtered with suction using a sintered glass funnel. The silica gel is then activated at
110°C for 16 hours. The pH of the resulting silica gel is ~4. Similar procedures can be utilized to buffer the pH
of the silica gel at various pHs (up to pH ~8: pH higher than this causes degradation of silica) using appropriate
phosphate buffers.
Commercial silica gel has also been purified by suspension of 200g in 2L of 0.04M ammonia, allowed to stand
for Smin before siphoning off the supernatant. The procedure was repeated 3-4 times, before rinsing with distilled
water and drying, and activating the silica gel in an oven at 110° [Vogh and Thomson, Anal Chem 53 1345
1981].
Although silica gel is not routinely recycled after use (due to fear of contamination as well as the possibility of
reduced activity), the costs of using new silica gel for purification may be prohibitive. In these cases, recycling
may be achieved by stirring the used silica gel (1 kg) in a mixture of methanol and water (2L. MeOH/4L water) for
30-40 mins. The silica gel is filtered (as described above) and reactivated at 110°C for 16 hours.

Diatomaceous earth (Celite 535 or 545, Hyflo Super-cel, Dicalite, Kieselguhr) is purified
before use by washing with 3M hydrochloric acid, then water, or it is made into a slurry with hot water, filtered at
the pump and washed with water at 50° until the filtrate is no longer alkaline to litmus. Organic materials can be
removed by repeated extraction at 50° with methanol or chloroform, followed by washing with methanol, filtering
and drying at 90-100°.

Charcoal is generally satisfactorily activated by heating gently to red heat in a crucible or
quartz beaker in a muffle furnace, finally allowing to cool under an inert atmosphere in a desiccator. Good
commercial activated charcoal is made from wood, e.g. Norit (from Birch wood), Darco and Nuchar. If the cost is
important then the cheaper animal charcoal (bone charcoal) can be used. However, this charcoal contains calcium
phosphate and other calcium salts and cannot be used with acidic materials. In this case the charcoal is boiled with
dilute hydrochloric acid (1:1 by volume) for 2-3h, diluted with distilled water and filtered through a fine grade paper
on a Biichner flask, washed with distilled water until the filtrate is almost neutral, and dried first in air then in a
vacuum, and activated as above. To improve the porosity, charcoal columns are usually prepared in admixture
with diatomaceous earth.
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Cellulose for chromatography is purified by sequential washing with chloroform, ethanol,
water, ethanol, chloroform and acetone. More extensive purification uses aqueous ammonia, water, hydrochloric
acid, water, acetone and diethyl ether, followed by drying in a vacuum. Trace metals can be removed from filter
paper by washing for several hours with 0.1M oxalic or citric acid, followed by repeated washing with distilled
water,

Flash Chromatography

A faster method of separating components of a mixture is flash chromatography (see Still et al. J Org Chem 43
2923 1978). In flash chromatography the eluent flows through the column under a pressure of ca 1 to 4
atmospheres. The lower end of the chromatographic column has a relatively long taper closed with a tap. The
upper end of the column is connected through a ball joint to a tap. Alternatively a specially designed
chromatographic column with a solvent reservoir can also be used (for an example, see the Aldrich Chemical
Catalog-glassware section). The tapered portion is plugged with cotton, or quartz, wool and ca 1 cm of fine washed
sand (the latter is optional). The adsorbent is then placed in the column as a dry powder or as a slurry in a solvent
and allowed to fill to about one third of the column. A fine grade of adsorbent is required in order to slow the flow
rate at the higher pressure, e.g. Silica 60, 230 to 400 mesh with particle size 0.040-0.063mm (from Merck). The
top of the adsorbent is layered with ca 1 cm of fine washed sand. The mixture in the smallest volume of solvent is
applied at the top of the column and allowed to flow into the adsorbent under gravity by opening the lower tap
momentarily. The top of the column is filled with eluent, the upper tap is connected by a tube to a nitrogen
supply from a cylinder, or to compressed air, and turned on to the desired pressure (monitor with a gauge). The
lower tap is turned on and fractions are collected rapidly until the level of eluent has reached the top of the
adsorbent (do not allow the column to run dry). If further elution is desired then both taps are turned off, the
column is filled with more eluting solvent and the process repeated. The top of the column can be modified so
that gradient elution can be performed. Alternatively, an apparatus for producing the gradient is connected to the
upper tap by a long tube and placed high above the column in order to produce the required hydrostatic pressure.
Flash chromatography is more efficient and gives higher resolution than conventional chromatography at
atmospheric pressure and is completed in a relatively shorter time. A successful separation of components of a
mixture by TLC using the same adsorbent is a good indication that flash chromatography will give the desired
separation on a larger scale.

Paired-ion Chromatography (PIC)

Mixtures containing ionic compounds (e.g. acids and/or bases), non-ionisable compounds, and zwitterions, can be
separated successfully by paired-ion chromatography (PIC). It utilises the 'reverse-phase’ technique (Eksberg and
Schill Anal Chem 45 2092 1973). The stationary phase is lipophilic, such as y-BONDAPAK C;g or any other
adsorbent that is compatible with water. The meobile phase is water or aqueous methanol containing the acidic or
basic counter ion. Thus the mobile phase consists of dilute solutions of strong acids (e.g. SmM 1-heptanesulfonic
acid) or strong bases (e.g. S mM tetrabutylammonium phosphate) that are completely ionised at the operating pH
values which are usually between 2 and 8. An equilibrium is set up between the neutral species of a mixture in
the stationary phase and the respective ionised (anion or cation) species which dissolve in the mobile phase
containing the counter ions. The extent of the equilibrium will depend on the ionisation constants of the
respective components of the mixture, and the solubility of the unionised species in the stationary phase. Since
the ionisation constants and the solubility in the stationary phase will vary with the water-methanol ratio of the
mobile phase, the separation may be improved by altering this ratio gradually (gradient elution) or stepwise. If the
compounds are eluted too rapidly the water content of the mobile phase should be increased, e.g. by steps of 10%.
Conversely, if components do not move, or move slowly, the methanol content of the mobile phase should be
increased by steps of 10%.

The application of pressure to the liquid phase in liquid chromatography generally increases the separation (see
HPLC). Also in PIC improved efficiency of the column is observed if pressure is applied to the mobile phase
(Wittmer, Nuessle and Haney Anal Chem 47 1422 1975).

Ion-exchange Chromatography
Ion-exchange chromatography involves an electrostatic process which depends on the relative affinities of various
types of ions for an immobilised assembly of ions of opposite charge. The stationary phase is an aqueous buffer
with a fixed pH or an aqueous mixture of buffers in which the pH is continuously increased or decreased as the
separation may require. This form of liquid chromatography can also be performed at high inlet pressures of liquid
with increased column performances.

Ion-exchange Resins. An ion-exchange resin is made up of particles of an insoluble elastic
hydrocarbon network to which is attached a large number of ionisable groups. Materials commonly used comprise
synthetic ion-exchange resins made, for example, by crosslinking polystyrene to which has been attached non-
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diffusible ionised or ionisable groups. Resins with relatively high crosslinkage (8-12%) are suitable for the
chromatography of small ions, whereas those with low cross linkage (2-4%) are suitable for larger molecules.
Applications to hydrophobic systems are possible using aqueous gels with phenyl groups bound to the rigid
matrix (Phenyl-Superose/Sepharose, Pharmacia-Amersham Biosciences) or neopentyl chains (Alkyl-Superose,
Pharmacia-Amersham Biosciences). (Superose is a cross-linked agarose-based medium with an almost uniform
bead size.) These groups are further distinguishable as strong [-SO,OH, -NR3*] or weak [-OH, -CO;H,
-PO(OH),, -NH,]. Their charges are counterbalanced by diffusible ions, and the operation of a column depends on
its ability and selectivity to replace these ions. The exchange that takes place is primarily an electrostatic process
but adsorptive forces and hydrogen bonding can also be important. A typical sequence for the relative affinities of
some common anions (and hence the inverse order in which they pass through such a column), is the following,
obtained using a quaternary ammonium (strong base) anion-exchange column:

Fluoride < acetate < bicarbonate < hydroxide < formate < chloride < bromate < nitrite < cyanide <
bromide < chromate < nitrate < iodide < thiocyanate < oxalate < sulfate < citrate.

For an amine (weak base) anion-exchange column in its chloride form, the following order has been observed:
Fluoride < chloride < bromide = iodide = acetate < molybdate < phosphate < arsenate < nitrate < tartrate <
citrate < chromate < sulfate < hydroxide.

With strong cation-exchangers (e.g. with SO3H groups), the usual sequence is that polyvalent ions bind more
firmly than mono- or di- valent ones, a typical series being as follows:

Th4+ > Fe3t > A3+ > BaZt > Pb2+ > Sr2+ > Ca?t > CoZt > Ni2* = Cu2t > Zn2* = Mg?+ > UOy*
= Mn?t > Agt > TIt > Cs* > Rb* > NH4t = Kt > Nat > H* > Lit.

Thus, if an aqueous solution of a sodium salt contaminated with heavy metals is passed through the sodium form
of such a column, the heavy metal ions will be removed from the solution and will be replaced by sodium ions
from the column. This effect is greatest in dilute solution. Passage of sufficiently strong solutions of alkali
metal salts or mineral acids readily displaces all other cations from ion-exchange columns. (The regeneration of
columns depends on this property.) However, when the cations lie well to the left in the above series it is often
advantageous to use a complex-forming species to facilitate removal. For example, iron can be displaced from ion-
exchange columns by passage of sodium citrate or sodium ethylenediaminetetraacetate.

Some of the more common commercially available resins are listed in Table 13.

Ion-exchange resins swell in water to an extent which depends on the amount of crosslinking in the polymer, so
that columns should be prepared from the wet material by adding it as a suspension in water to a tube already
partially filled with water. (This also avoids trapping air bubbles.) The exchange capacity of a resin is commonly
expressed as mg equiv./mL of wet resin. This quantity is pH-dependent for weak-acid or weak-base resins but is
constant at about 0.6-2 for most strong-acid or strong-base types.

Apart from their obvious applications to inorganic species, sulfonic acid resins have been used in purifying amino
acids, aminosugars, organic acids, peptides, purines, pyrimidines, nucleosides, nucleotides and polynucleotides.
Thus, organic bases can be applied to the H* form of such resins by adsorbing them from neutral solution and,
after washing with water, they are eluted sequentially with suitable buffer solutions or dilute acids. Alternatively,
by passing alkali solution through the column, the bases will be displaced in an order that is governed by their pK
values. Similarly, strong-base anion exchangers have been used for aldehydes and ketones (as bisulfite addition
compounds), carbohydrates (as their borate complexes), nucleosides, nucleotides, organic acids, phosphate esters
and uronic acids. Weakly acidic and weakly basic exchange resins have also found extensive applications, mainly
in resolving weakly basic and acidic species. For demineralisation of solutions, without large changes in pH,
mixed-bed resins can be prepared by mixing a cation-exchange resin in its H* form with an anion-exchange resin in
its OH™ form. Commercial examples include Amberlite MB-1 (IR-120 + IRA-400) and Bio-Deminrolit (Zeo-Karb
225 and Zerolit FF). The latter is also available in a self-indicating form.

Ion-exchange Celluloses and Sephadex. A different type of ion-exchange column that finds
extensive application in biochemistry for the purification of proteins, nucleic acids and acidic polysaccharides
derives from cellulose by incorporating acidic and basic groups to give ion-exchangers of controlled acid and basic
strengths. Commercially available cellulose-type resins are given in Tables 14 and 15. AG 501 x 8 (Bio-Rad) is a

mixed-bed resin containing equivalents of AG 50W-x8 H* form and AG 1-x8 HO" form, and Bio-Rex MSZ 501
resin. A dye marker indicates when the resin is exhausted. Removal of unwanted cations, particularly of the
transition metals, from amino acids and buffer can be achieved by passage of the solution through a column of
Chelex 20 or Chelex 100. The metal-chelating abilities of the resin reside in the bonded iminodiacetate groups.
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Chelex can be regenerated by washing in two bed volumes of 1M HC], two bed volumes of 1M NaOH and five
bed volumes of water.

Ion-exchange celluloses are available in different particle sizes. It is important that the amounts of ‘fines’ are kept
to a minimum otherwise the flow of liquid through the column can be extremely slow to the point of no liquid
flow. Celluloses with a large range of particle sizes should be freed from 'fines' before use. This is done by
suspending the powder in the required buffer and allowing it to settle for one hour and then decanting the ‘fines’.
This separation appears to be wasteful but it is necessary for reasonable flow rates without applying high pressures
at the top of the column. Good flow rates can be obtained if the cellulose column is packed dry whereby the
‘fines’ are evenly distributed throughout the column. Wet packing causes the ‘fines’ to rise to the top of the
column, which thus becomes clogged.

Several ion-exchange celluloses require recycling before use, a process which must be applied for recovered
celluloses. Recycling is done by stirring the cellulose with 0.1M aqueous sodium hydroxide, washing with water
until neutral, then suspending in 0.1M hydrochloric acid and finally washing with water until neutral. When
regenerating a column it is advisable to wash with a salt solution (containing the required counter ions) of
increasing ionic strength up to 2M. The cellulose is then washed with water and recycled if necessary. Recycling
can be carried out more than once if there are doubts about the purity of the cellulose and when the cellulose had
been used previously for a different purification procedure than the one to be used. The basic matrix of these ion-
exchangers is cellulose and it is important not to subject them to strong acid (> 1M) and strongly basic (> 1M)
solutions.

When storing ion-exchange celluloses, or during prolonged usage, it is important to avoid growth of
microorganisms or moulds which slowly destroy the cellulose. Good inhibitors of microorganisms are phenyl
mercuric salts (0.001%, effective in weakly alkaline solutions), chlorohexidine (Hibitane at 0.002% for anion
exchangers), 0.02% aqueous sodium azide or 0.005% of ethyl mercuric thiosalicylate (Merthiolate) are most
effective in weakly acidic solutions for cation exchangers. Trichlorobutanol (Chloretone, at 0.05% is only
effective in weakly acidic solutions) can be used for both anion and cation exchangers. Most organic solvents (e.g.
methanol) are effective antimicrobial agents but only at high concentrations. These inhibitors must be removed by
washing the columns thoroughly before use because they may have adverse effects on the material to be purified
(e.g. inactivation of enzymes or other active preparations).

Sephadex. Other carbohydrate matrices such as Sephadex (based on dextran) have more

uniform particle sizes. Their advantages over the celluloses include faster and more reproducible flow rates and
they can be used directly without removal of ‘fines’. Sephadex, which can also be obtained in a variety of ion-
exchange forms (see Table 15) consists of beads of a cross-linked dextran gel which swells in water and aqueous
salt solutions. The smaller the bead size, the higher the resolution that is possible but the slower the flow rate.
Typical applications of Sephadex gels are the fractionation of mixtures of polypeptides, proteins, nucleic acids,
polysaccharides and for desalting solutions.
Sephadex is a bead form of cross-linked dextran gel. Sepharose CL and Bio-Gel A are derived from agarose (see
below). Sephadex ion-exchangers, unlike celluloses, are available in narrow ranges of particle sizes. These are of
two medium types, the G-25 and G-50, and their dry bead diameter sizes are ca 50 to 150 microns. They are
available as cation and anion exchange Sephadex. One of the disadvantages of using Sephadex ion-exchangers is
that the bed volume can change considerably with alteration of pH. Ultragels also suffer from this disadvantage to
a varying extent, but ion-exchangers of the bead type have been developed e.g. Fractogels, Toyopearl, which do not
suffer from this disadvantage.

Sepharose (e.g. Sepharose CL and Bio-Gel A) is a bead form of agarose gel which is useful

for the fractionation of high molecular weight substances, for molecular weight determinations of large molecules
(molecular weight > 5000), and for the immobilisation of enzymes, antibodies, hormones and receptors usually for
affinity chromatography applications.
In preparing any of the above for use in columns, the dry powder is evacuated, then mixed under reduced pressure
with water or the appropriate buffer solution. Alternatively it is stirred gently with the solution until all air
bubbles are removed. Because some of the wet powders change volumes reversibly with alteration of pH or ionic
strength (see above), it is imperative to make allowances when packing columns (see above) in order to avoid
overflowing of packing when the pH or salt concentrations are altered.

Cellex CM ion-exchange cellulose can be purified by treatment of 30-40g (dry weight) with
500mL of 1mM cysteine hydrochloride. It is then filtered through a Biichner funnel and the filter cake is suspended
in 500mL of 0.05M NaCl/0.5M NaOH. This is filtered and the filter cake is resuspended in 500ml of distilled
water and filtered again. The process is repeated until the washings are free from chloride ions. The filter cake is
again suspended in 500mL of 0.01M buffer at the desired pH for chromatography, filtered, and the last step repeated
several times.
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Cellex D and other anionic celluloses are washed with 0.25M NaCl/0.25M NaOH solution,
then twice with deionised water. This is followed with 0.25M NaCl and then washed with water until chloride-
free. The Cellex is then equilibrated with the desired buffer as above.

Crystalline Hydroxylapatite is a structurally organised, highly polar material which, in
aqueous solution (in buffers) strongly adsorbs macromolecules such as proteins and nucleic acids, permitting their
separation by virtue of the interaction with charged phosphate groups and calcium ions, as well by physical
adsorption. The procedure therefore is not entirely ion-exchange in nature. Chromatographic separations of singly
and doubly stranded DNA are readily achievable whereas there is negligible adsorption of low molecular weight
species.

Gel Filtration
The gel-like, bead nature of wet Sephadex enables small molecules such as inorganic salts to diffuse freely into it
while, at the same time, protein molecules are unable to do so. Hence, passage through a Sephadex column can be
used for complete removal of salts from protein solutions. Polysaccharides can be freed from monosaccharides and
other small molecules because of their differential retardation. Similarly, amino acids can be separated from
proteins and large peptides.
Gel filtration using Sephadex G-types (50 to 200) is essentially useful for fractionation of large molecules with
molecular weights above 1000. For Superose, the range is given as 5000 to 5 x 109, Fractionation of lower
molecular weight solutes (e,g, ethylene glycols, benzyl alcohols) can now be achieved with Sephadex G-10 (up to
Mol.Wt 700) and G-25 (up to Mol. Wt 1500). These dextrans are used only in aqueous solutions. In contrast,
Sephadex LH-20 and LH-60 (prepared by hydroxypropylation of Sephadex) are used for the separation of small
molecules (Mol.Wt less than 500) using most of the common organic solvents as well as water.
Sephasorb HP (ultrafine, prepared by hydroxypropylation of crossed-linked dextran) can also be used for the
separation of small molecules in organic solvents and water, and in addition it can withstand pressures up to 1400
psi making it useful in HPLC. These gels are best operated at pH values between 2 and 12, because solutions
with high and low pH values slowly decompose them (see further in Chapter 6).

High Performance Liquid Chromatography (HPLC)
When pressure is applied at the inlet of a liquid chromatographic column the performance of the column can be
increased by several orders of magnitude. This is partly because of the increased speed at which the liquid flows
through the column and partly because fine column packings which have larger surface areas can be used. Because
of the improved efficiency of the columns, this technique has been referred to as high performance, high pressure,
or high speed liquid chromatography and has found great importance in chemistry and biochemistry.

The equipment consists of a hydraulic system to provide the pressure at the inlet of the column, a column, a
detector, data storage and output, usually in the form of a computer. The pressures used in HPLC vary from a few
psi to 4000-5000 psi. The most convenient pressures are, however, between 500 and 1800psi. The plumbing is
made of stainless steel or non-corrosive metal tubing to withstand high pressures. Plastic tubing and connectors
are used for low pressures, e.g. up to ~500psi. Increase of temperature has a very small effect on the performance
of a column in liquid chromatography. Small variations in temperatures, however, do upset the equilibrium of the
column, hence it is advisable to place the column in an oven at ambient temperature in order to achieve
reproducibility. The packing (stationary phase) is specially prepared for withstanding high pressures. It may be an
adsorbent (for adsorption or solid-liquid HPLC), a material impregnated with a high boiling liquid (e.g. octadecyl
sulfate, in reverse-phase or liquid-liquid or paired-ion HPLC), an ion-exchange material (in ion-exchange HPLC),
or a highly porous non-ionic gel (for high performance ge! filtration). The mobile phase is water, aqueous buffers,
salt solutions, organic solvents or mixtures of these. The more commonly used detectors have UV, visible, diode
array or fluorescence monitoring for light absorbing substances, and refractive index monitoring and evaporative
light scattering for transparent compounds. UV detection is not useful when molecules do not have UV absorbing
chromophores and solvents for elution should be carefully selected when UV monitoring is used so as to ensure the
lack of interference in detection. The sensitivity of the refractive index monitoring is usually lower than the light
absorbing monitoring by a factor of ten or more. It is also difficult to use a refractive index monitoring system
with gradient elution of solvents. When substances have readily oxidised and reduced forms, e.g. phenols, nitro
compounds, heterocyclic compounds etc, then electrochemical detectors are useful. These detectors oxidise and
reduce these substances and make use of this process to provide a peak on the recorder.

The cells of the monitoring devices are very small (ca 5 pl) and the detection is very good. The volumes of the
analytical columns are quite small (ca 2mL for a 1 metre column) hence the result of an analysis is achieved very
quickly. Larger columns have been used for preparative work and can be used with the same equipment. Most
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machines have solvent mixing chambers for solvent gradient or ion gradient elution. The solvent gradient (for two
solvents) or pH or ion gradient can be adjusted in a linear, increasing or decreasing exponential manner.

In general two different types of HPLC columns are available. Prepacked columns are those with metal casings
with threads at both ends onto which capillary connections are attached. The cartridge HPLC columns are cheaper
and are used with cartridge holders. As the cartridge is fitted with a groove for the holding device, no threads are
necessary and the connection pieces can be reused. A large range of HPLC columns (including guard columns,
i.e. small pre-columns) are available from Alltech, Supelco (see www.sigmaaldrich.com), Waters
(www.waters.com), Agilent Technologies (www.chem.agilent.com), Phenomenex (www.phenomenex.com), YMC
(www.ymc.co.jp/en/), Merck (www. merck.de), SGE (www.sge.com) and other leading companies. Included in
this range of columns are also columns with chiral bonded phases capable of separating enantiomeric mixtures,
such as Chiralpak AS and Chirex™ columns (e.g. from Restek-www.restekcorp.com, Daicel-www.daicel.co.jp/
indexe.html).

HPLC systems coupled to mass spectrometers (LC-MS) are extremely important methods for the separation and
identification of substances. If not for the costs involved in LC-MS, these systems would be more commonly
found in research laboratories.

Other Types of Liquid Chromatography
New stationary phases for specific purposes in chromatographic separation are being continually proposed. Charge
transfer adsorption chromatography makes use of a stationary phase which contains immobilised aromatic
compounds and permits the separation of aromatic compounds by virtue of the ability to form charge transfer
complexes (sometimes coloured) with the stationary phase. The separation is caused by the differences in stability
of these complexes (Porath and Dahlgren-Caldwell J Chromatogr 133 180 1977).

In metal chelate adsorption chromatography a metal is immobilised by partial chelation on a column which
contains bi- or tri- dentate ligands. Its application is in the separation of substances which can complex with the
bound metals and depends on the stability constants of the various ligands (Porath, Carlsson, Olsson and Belfrage
Nature 258 598 1975; Loennerdal, Carlsson and Porath FEBS Lett 75 89 1977).

An application of chromatography which has found extensive use in biochemistry and has brought a new
dimension in the purification of enzymes is affinity chromatography. A specific enzyme inhibitor is attached by
covalent bonding to a stationary phase (e.g. AH-Sepharose 4B for acidic inhibitors and CH-Sepharose 4B for basic
inhibitors), and will strongly bind only the specific enzyme which is inhibited, allowing all other proteins to flow
through the column. The enzyme is then eluted with a solution of high ionic strength (e.g. 1M sodium chloride)
or a solution containing a substrate or reversible inhibitor of the specific enzyme. (The ionic medium can be
removed by gel filtration using a mixed-bed gel.) Similarly, an immobilised lectin may interact with the
carbohydrate moiety of a glycoprotein. The most frequently used matrixes are cross-linked (4-6%) agarose and
polyacrylamide gel. Many adsorbents are commercially available for nucleotides, coenzymes and vitamins, amino
acids, peptides, lectins and related macromolecules and immunoglobulins. Considerable purification can be
achieved by one passage through the column and the column can be reused several times.

The affinity method may be biospecific, for example as an antibody-antigen interaction, or chemical as in the
chelation of boronate by cis-diols, or of unknown origin as in the binding of certain dyes to albumin and other
proteins.

Hydrophobic adsorption chromatography takes advantage of the hydrophobic properties of substances to be
separated and has also found use in biochemistry (Hoftsee Biochem Biophys Res Commun 50 751 1973;
Jennissen and Heilmayer Jr Biochemistry 14 754 1975). Specific covalent binding with the stationary phase, a
procedure that was called covalent chromatography, has been used for separation of compounds and for
immobilising enzymes on a support: the column was then used to carry out specific bioorganic reactions
(Mosbach Method Enzymol 44 1976; A.Rosevear, J.F.Kennedy and J.M.S.Cabral, Immobilised Enzymes and
Cells: A Laboratory Manual, Adam Hilger, Bristol, 1987, ISBN 085274515X).

DRYING
Removal of Solvents
Where substances are sufficiently stable, removal of solvent from recrystallised materials presents no problems.
The crystals, after filtering at the pump (and perhaps air-drying by suction), are heated in an oven above the boiling
point of the solvent (but below this melting point of the crystals), followed by cooling in a desiccator. Where this
treatment is inadvisable, it is still often possible to heat to a lower temperature under reduced pressure, for example
in an Abderhalden pistol. This device consists of a small chamber which is heated externally by the vapour of a
boiling solvent. Inside this chamber, which can be evacuated by a water pump or some other vacuum pump, is
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placed a small boat containing the sample to be dried and also a receptacle with a suitable drying agent.
Convenient liquids for use as boiling liquids in an Abderhalden pistol, and their temperatures, are given in Table
16. Alternatively an electrically heated drying pistol can also be used. In cases where heating above room
temperature cannot be used, drying must be carried out in a vacuum desiccator containing suitable absorbents. For
example, hydrocarbons, such as cyclohexane and petroleum ether, can be removed by using shredded paraffin wax,
and acetic acid and other acids can be absorbed by pellets of sodium or potassium hydroxide. However, in general,
solvent removal is less of a problem than ensuring that the water content of solids and liquids is reduced below an
acceptable level.

Removal of Water
Methods for removing water from solids depends on the thermal stability of the solids or the time available. The
safest way is to dry in a vacuum desiccator over concentrated sulfuric acid, phosphorus pentoxide, silica gel,
calcium chloride, or some other desiccant. Where substances are stable in air and melt above 100°, drying in an air
oven may be adequate. In other cases, use of an Abderhalden pistol may be satisfactory.
Often, in drying inorganic salts, the final material that is required is a hydrate. In such cases, the purified
substance is left in a desiccator to equilibrate above an aqueous solution having a suitable water-vapour pressure.
A convenient range of solutions used in this way is given in Table 17.
The choice of desiccants for drying liquids is more restricted because of the need to avoid all substances likely to
react with the liquids themselves. In some cases, direct distillation of an organic liquid is a suitable method for
drying both solids and liquids, especially if low-boiling azeotropes are formed. Examples include acetone, aniline,
benzene, chloroform, carbon tetrachloride, heptane, hexane, methanol, nitrobenzene, petroleum ether, toluene and
xylene. Addition of benzene can be used for drying ethanol by distillation. In carrying out distillations intended to
yield anhydrous products, the apparatus should be fitted with guard-tubes containing calcium chloride or silica gel
to prevent entry of moist air into the system. (Many anhydrous organic liquids are appreciably hygroscopic).
Traces of water can be removed from solvents such as benzene, 1,2-dimethoxyethane, diethyl ether, pentane,
toluene and tetrahydrofuran by refluxing under nitrogen a solution containing sodium wire and benzophenone, and
fractionally distilling. Drying with, and distilling from CaHj is applicable to a number of solvents including
aniline, benzene, tert-butylamine, terz-butanol, 2,4,6-collidine, diisopropylamine, dimethylformamide, hexamethyl-
phosphoramide, dichloromethane, ethyl acetate, pyridine, tetramethylethylenediamine, toluene, triethylamine.

Removal of water from gases may be by physical or chemical means, and is commonly by adsorption on to a
drying agent in a low-temperature trap. The effectiveness of drying agents depends on the vapour pressure of the
hydrated compound - the lower the vapour pressure the less the remaining moisture in the gas.

The most usually applicable of the specific methods for detecting and determining water in organic liquids is due to
Karl Fischer. (See J.Mitchell and D.M.Smith, Aquametry, 2nd Ed, J Wiley & Sons, New York, 1977-1984,
ISBN 0471022640; Fieser and Fieser Reagents for Organic Synthesis, JWiley & Sons, NY, Vol 1, 528 1967,
ISBN 0271616X). Other techniques include electrical conductivity measurements and observation of the
temperature at which the first cloudiness appears as the liquid is cooled (applicable to liquids in which water is
only slightly soluble). Addition of anhydrous cobalt (II) iodide (blue) provides a convenient method (colour change
to pink on hydration) for detecting water in alcohols, ketones, nitriles and some esters. Infrared absorption
measurements of the broad band for water near 3500 cm*! can also sometimes be used for detecting water in non-
hydroxylic substances.

For further useful information on mineral adsorbents and drying agents, go to the SigmaAldrich website, under
technical library (Aldrich) for technical bulletin AL-143.

Intensity and Capacity of Common Desiccants

Drying agents are conveniently grouped into three classes, depending on whether they combine with water
reversibly, they react chemically (irreversibly) with water, or they are molecular sieves. The first group vary in
their drying intensity with the temperature at which they are used, depending on the vapour pressure of the hydrate
that is formed. This is why, for example, drying agents such as anhydrous sodium sulfate, magnesium suifate or
calcium chloride should be filtered off from the liquids before the latter are heated. The intensities of drying agents
belonging to this group fall in the sequence:

P,05 >> BaO > Mg(ClOy4),, CaO, MgO, KOH (fused), conc HySO4, CaSQy4, Al,O3 > KOH (pellets),

silica gel, Mg(ClO4),.3H,0 > NaOH (fused), 95% H;S0,, CaBr,, CaCl, (fused) > NaOH (pellets),

Ba(ClOy)3, ZnCly, ZnBr, > CaCl, (technical) > CuSO4 > NayS0y4, KyCOs.
Where large amounts of water are to be removed, a preliminary drying of liquids is often possible by shaking with
concentrated solutions of sodium sulfate or potassium carbonate, or by adding sodium chloride to salt out the
organic phase (for example, in the drying of lower alcohols), as long as the drying agent does not react (e.g. CaCl,
with alcohols and amines, see below).
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Drying agents that combine irreversibly with water include the alkali metals, the metal hydrides (discussed in
Chapter 2), and calcium carbide.

Suitability of Individual Desiccants

Alumina. (Preheated to 175° for about 7h). Mainly as a drying agent in a desiccator or
as a column through which liquid is percolated.

Aluminium amalgam. Mainly used for removing traces of water from alcohols via
refluxing followed by distillation.

Barium oxide. Suitable for drying organic bases.

Barium perchlorate. Expensive. Used in desiccators (covered with a metal guard).
Unsuitable for drying solvents or organic material where contact is necessary, because of the danger of
EXPLOSION

Boric anhydride. (Prepared by melting boric acid in an air oven at a high temperature,
cooling in a desiccator, and powdering.) Mainly used for drying formic acid.

Calcium chloride (anhydrous). Cheap. Large capacity for absorption of water,
giving the hexahydrate below 30°, but is fairly slow in action and not very efficient. Its main use is for
preliminary drying of alkyl and aryl halides, most esters, saturated and aromatic hydrocarbons and ethers.
Unsuitable for drying alcohols and amines (which form addition compounds), fatty acids, amides, amino acids,
ketones, phenols, or some aldehydes and esters. Calcium chloride is suitable for drying the following gases:
hydrogen, hydrogen chloride, carbon monoxide, carbon dioxide, sulfur dioxide, nitrogen, methane, oxygen, also
paraffins, ethers, olefins and alkyl chlorides.

Calcium hydride. See Chapter 2.

Calcium oxide. (Preheated to 700-900° before use.) Suitable for alcohols and amines
(but does not dry them completely). Need not be removed before distillation, but in that case the head of the
distillation column should be packed with glass wool to trap any calcium oxide powder that might be carried over.
Unsuitable for acidic compounds and esters. Suitable for drying gaseous amines and ammonia.

Calcium sulfate (anhydrous). (Prepared by heating the dihydrate or the hemihydrate
in an oven at 235° for 2-3h; it can be regenerated.) Available commercially as Drierite. It forms the hemihydrate,
2CaS04.H;0, so that its capacity is fairly low (6.6% of its weight of water), and hence is best used on partially
dried substances. It is very efficient (being comparable with phosphorus pentoxide and concentrated sulfuric acid).
Suitable for most organic compounds. Solvents boiling below 100° can be dried by direct distillation from
calcium sulfate.

Copper (II) sulfate (anhydrous). Suitable for esters and alcohols. Preferable to
sodium sulfate in cases where solvents are sparingly soluble in water (for example, benzene or toluene).

Lithium aluminium hydride. See Chapter 2.

Magnesium amalgam. Mainly used for removing traces of water from alcohols by
refluxing the alcohol in the presence of the Mg amalgam followed by distillation.

Magnesium perchlorate (anhydrous). (Available commercially as Dehydrite.
Expensive.) Used in desiccators. Unsuitable for drying solvents or any organic material where contact is
necessary, because of the danger of EXPLOSION.

Magnesium sulfate (anhydrous). (Prepared from the heptahydrate by drying at
300° under reduced pressure.) More rapid and effective than sodium sulfate but is slightly acidic. It has a large
capacity, forming MgSO4.7H,0 below 48°. Suitable for the preliminary drying of most organic compounds.

Molecular sieves. See later.

Phosphorus pentoxide. Very rapid and efficient, but difficult to handle and should
only be used after the organic material has been partially dried, for example with magnesium sulfate. Suitable for
anhydrides, alkyl and aryl halides, ethers, esters, hydrocarbons and nitriles, and for use in desiccators. Not suitable
with acids, alcohols, amines or ketones, or with organic molecules from which a molecule of water can be
eliminated. Suitable for drying the following gases: hydrogen, oxygen, carbon dioxide, carbon monoxide, sulfur
dioxide, nitrogen, methane, ethene and paraffins. It is available on a solid support with an indicator under the
name Sicapent (from Merck). The colour changes in Sicapent depend on the percentage of water present (e.g. in
the absence of water, Sicapent is colorless but becomes green with 20% water and blue with 33% w/w water).
When the quantity of water in the desiccator is high a crust of phosphoric acid forms a layer over the phosphorus
pentoxide powder and decreases its efficiency. The crust can be removed with a spatula to expose the dry pwder and
restore the desiccant property.

Potassium (metal). Properties and applications are similar to those for sodium but
as the reactivity is greater than that of sodium, the hazards are greater than that of sodium. Handle with
extreme care.
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Potassium carbonate (anhydrous). Has a moderate efficiency and capacity,
forming the dihydrate. Suitable for an initial drying of alcohols, bases, esters, ketones and nitriles by shaking
with them, then filtering off. Also suitable for salting out water-soluble alcohols, amines and ketones.
Unsuitable for acids, phenols, thiols and other acidic substances.

Potassium carbonate. Solid potassium hydroxide is very rapid and efficient. Its use
is limited almost entirely to the initial drying of organic bases. Alternatively, sometimes the base is shaken first
with a concentrated solution of potassium hydroxide to remove most of the water present. Unsuitable for acids,
aldehydes, ketones, phenols, thiols, amides and esters. Also used for drying gaseous amines and ammonia.

Silica gel. Granulated silica gel is a commercially available drying agent for use with
gases, in desiccators, and (because of its chemical inertness) in physical instruments (pH meters, spectrometers,
balances). Its drying action depends on physical adsorption, so that silica gel must be used at room temperature or
below. By incorporating cobalt chloride into the material it can be made self indicating (blue when dry, pink when
wet), re-drying in an oven at 110° being necessary when the colour changes from blue to pink.

Sodium (metal). Used as a fine wire or as chips, for more completely drying ethers,
saturated hydrocarbons and aromatic hydrocarbons which have been partially dried (for example with calcium
chloride or magnesium sulfate). Unsuitable for acids, alcohols, alkyl halides, aldehydes, ketones, amines and
esters. Reacts violently if water is present and can cause a fire with highly flammable liquids.

Sodium hydroxide. Properties and applications are similar to those for potassium
hydroxide.

Sodium-potassium alloy. Used as lumps. Lower melting than sodium, so that its
surface is readily renewed by shaking. Properties and applications are similar to those for sodium.

Sodium sulfate (anhydrous). Has a large capacity for absorption of water, forming
the decahydrate below 33°, but drying is slow and inefficient, especially for solvents that are sparingly soluble in
water. It is suitable for the preliminary drying of most types of organic compounds.

Sulfuric acid (concentrated). Widely used in desiccators. Suitable for drying
bromine, saturated hydrocarbons, alkyl and aryl halides. Also suitable for drying the following gases: hydrogen,
nitrogen, carbon dioxide, carbon monoxide, chlorine, methane and paraffins. Unsuitable for alcohols, bases,
ketones or phenols. Also available on a solid support with an indicator under the name Sicacide (from Merck) for
desiccators. The colour changes in Sicacide depends on the percentage of water present (e.g. when dry Sicacide is
red-violet but becomes pale violet with 27% water and pale yellow to colorless with 33% w/w water).

For convenience, many of the above drying agents are listed in Table 18 under the classes of organic compounds
for which they are commonly used.

Molecular sieves
Molecular sieves are types of adsorbents composed of crystalline zeolites (sodium and calcium aluminosilicates).
By heating them, water of hydration is removed, leaving holes of molecular dimensions in the crystal lattices.
These holes are of uniform size and allow the passage into the crystals of small molecules, but not of large ones.
This sieving action explains their use as very efficient drying agents for gases and liquids. The pore size of these
sieves can be modified (within limits) by varying the cations built into the lattices. The four types of molecular
sieves currently available are:

Type 3A sieves. A crystalline potassium aluminosilicate with a pore size of about 3 Angstroms. This
type of molecular sieves is suitable for drying liquids such as acetone, acetonitrile, methanol, ethanol
and 2-propanol, and drying gases such as acetylene, carbon dioxide, ammonia, propylene and butadiene.
The material is supplied as beads or pellets.

Type 4A sieves. A crystalline sodium aluminosilicate with a pore size of about 4 Angstroms, so that,
besides water, ethane molecules (but not butane) can be adsorbed. This type of molecular sieves is
suitable for drying chloroform, dichloromethane, diethyl ether, dimethylformamide, ethyl acetate,
cyclohexane, benzene, toluene, xylene, pyridine and diisopropyl ether. It is also useful for low pressure
air drying. The material is supplied as beads, pellets or powder.

Type SA sieves. A crystalline calcium aluminosilicate with a pore size of about 5 Angstroms, these
sieves adsorb larger molecules than type 4A. For example, as well as the substances listed above,
propane, butane, hexane, butene, higher n-olefins, n-butyl alcohol and higher n-alcohols, and
cyclopropane can be adsorbed, but not branched-chain Cg hydrocarbons, cyclic hydrocarbons such as
benzene and cyclohexane, or secondary and tertiary alcohols, carbon tetrachloride or boron trifluoride.
This is the type generally used for drying gases, though organic liquids such as THF and dioxane can be
dried with this type of molecular sieves.
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Type 13X sieves. A crystalline sodium aluminosilicate with a pore size of about 10 Angstroms which
enables many branched-chain and cyclic compounds to be adsorbed, in addition to all the substances
removed by type SA sieves.

They are unsuitable for use with strong acids but are stable over the pH range 5-11.

Because of their selectivity, molecular sieves offer advantages over silica gel, alumina or activated charcoal,
especially in their very high affinity for water, polar molecules and unsaturated organic compounds. Their relative
efficiency is greatest when the impurity to be removed is present at low concentrations. Thus, at 25° and a relative
humidity of 2%, type SA molecular sieves adsorb 18% by weight of water, whereas for silica gel and alumina the
figures are 3.5 and 2.5% respectively. Even at 100° and a relative humidity of 1.3% molecular sieves adsorb about
15% by weight of water.

The greater preference of molecular sieves for combining with water molecules explains why this material can be
used for drying ethanol and why molecular sieves are probably the most universally useful and efficient drying
agents. Percolation of ethanol with an initial water content of 0.5% through a 144 cm long column of type 4A
molecular sieves reduced the water content to 10ppm. Similar results have been obtained with pyridine.

The main applications of molecular sieves to purification comprise:

1. Drying of gases and liquids containing traces of water.

2. Drying of gases at elevated temperatures.

3. Selective removal of impurities (including water) from gas streams.
(For example, carbon dioxide from air or ethene; nitrogen oxides from nitrogen; methanol from diethyl ether. In
general, carbon dioxide, carbon monoxide, ammonia, hydrogen sulfide, mercaptans, ethane, ethene, acetylene
(ethyne), propane and propylene are readily removed at 25°. In mixtures of gases, the more polar ones are
preferentially adsorbed).

The following applications include the removal of straight-chain from branched-chain or cyclic molecules. For
example, type 5A sieves will adsorb n-butyl alcohol but not its branched-chain isomers. Similarly, it separates n-
tetradecane from benzene, or n-heptane from methylcyciohexane.

The following liquids have been dried with molecular sieves: acetone, acetonitrile, acrylonitrile, allyl chloride,
amyl acetate, benzene, butadiene, n-butane, butene, butyl acetate, n-butylamine, n-butyl chloride, carbon
tetrachloride, chloroethane, 1-chloro-2-ethylhexane, cyclohexane, dichloromethane, dichloroethane, 1,2-
dichloropropane, 1,1-dimethoxyethane, dimethyl ether, 2-ethylhexanol, 2-ethylhexylamine, n-heptane, n-hexane,
isoprene, isopropyl alcohol, diisopropyl ether, methanol, methyl ethyl ketone, oxygen, n-pentane, phenol,
propane, n-propyl alcohol, propylene, pyridine, styrene, tetrachloroethylene, toluene, trichloroethylene and xylene.
In addition, the following gases have been dried: acetylene, air, argon, carbon dioxide, chlorine, ethene, helium,
hydrogen, hydrogen chloride, hydrogen sulfide, nitrogen, oxygen and sulfur hexafluoride.

After use, molecular sieves can be regenerated by heating at between 300°-350° for several hours, preferably in a
stream of dry inert gas such as nitrogen or preferably under vacumm, then cooling in a desiccator. Special
precautions must be taken before regeneration of molecular sieves used in the drying of flammable solvents.
However, care must be exercised in using molecular sieves for drying organic liquids. Appreciable amounts of
impurities were formed when samples of acetone, 1,1,1-trichloroethane and methyl-z-butyl ether were dried in the
liquid phase by contact with molecular sieves 4A (Connett Lab Pract 21 545 1972). Other, less reactive types of
sieves may be more suitable but, in general, it seems desirable to make a preliminary test to establish that no
unwanted reaction takes place. Useful comparative data for Type 4A and 5A sieves are in Table 19.

MISCELLANEOUS TECHNIQUES
Freeze-pump-thaw and purging
Volatile contaminants, e.g. traces of low boiling solvent residue or oxygen, in liquid samples or solutions can be
very deleterious to the samples on storage. These contaminants can be removed by repeated freeze-pump-thaw
cycles. This involves freezing the liquid material under high vacuum in an appropriate vessel (which should be
large enough to avoid contaminating the vacuum line with liquid that has bumped) connected to the vacuum line
via efficient liquid nitrogen traps. The frozen sample is then thawed until it liquefies, kept in this form for some
time (ca 10-15min), refreezing the sample and the cycle repeated several times without interrupting the vacuum.
This procedure applies equally well to solutions, as well as purified liquids, e.g. as a means of removing oxygen
from solutions for NMR and other measurements. If the presence of nitrogen, helium or argon, is not a serious
contaminant then solutions can be freed from gases, e.g. oxygen, carbon dioxide, and volatile impurities by
purging with Nj, He or Ar at room, or slightly elevated, temperature. The gases used for purging are then
removed by freeze-pump-thaw cycles or simply by keeping in a vacuum for several hours. Special NMR tubes
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with a screw cap thread and a PTFE valve (Wilmad) are convenient for freeze thawing of NMR samples.
Alternatively NMR tubes with "J Young" valves (Wilmad) can also be used.

Vacuum-lines, Schlenk and glovebox techniques
Manipulations involving materials sensitive to air or water vapour can be carried out by these procedures.
Vacuum-line methods make use of quantitative transfers, and P(pressure)-V(volume)-T (temperature)
measurements, of gases, and trap-to-trap separations of volatile substances.
It is usually more convenient to work under an inert-gas atmosphere using Schlenk type apparatus. The
principle of Schlenk methods involve a flask/vessel which has a standard ground-glass joint and a sidearm with a
tap. The system can be purged by evacuating and flushing with an inert gas (usually nitrogen, or in some cases,
argon), repeating the process until the contaminants in the vapour phases have been diminished to acceptable
limits. A large range of Schlenk glassware is commercially available (e.g. see Aldrich Chemical Catalog and the
associated technical bulletin AL-166). With these, and tailor-made pieces of glassware, inert atmospheres can be
maintained during crystallisation, filtration, sublimation and transfer.
Syringe techniques have been developed for small volumes, while for large volumes or where much manipulation
is required, dryboxes (glove boxes) or dry chambers should be used.

ABBREVIATIONS

Titles of periodicals are defined as in the Chemical Abstracts Service Source Index (CASSI), except that full stops
have been omitted after each abbreviated word. Abbreviations of words in the texts of Chapters 4, 5 and 6 are
those in common use and are self evident, e.g. distn, filtd, conc and vac are used for distillation, filtered,
concentrated and vacuum.

TABLES

TABLE 1. SOME COMMON IMMISCIBLE OR SLIGHTLY MISCIBLE
PAIRS OF SOLVENTS

Carbon tetrachloride with ethanolamine, ethylene glycol, formamide or water.

Dimethyl formamide with cyclohexane or petroleum ether.

Dimethyl sulfoxide with cyclohexane or petroleum ether.

Ethyl ether with ethanolamine, ethylene glycol or water.

Methanol with carbon disulfide, cyclohexane or petroleum ether.

Petroleum ether with aniline, benzyl alcohol, dimethyl formamide, dimethy] sulfoxide, formamide,
furfuryl alcohol, phenol or water.

Water with aniline, benzene, benzyl alcohol, carbon disulfide, carbon tetrachloride, chloroform,
cyclohexane, cyclohexanol, cyclohexanone, diethyl ether, ethyl acetate, isoamyl alcohol, methyl ethyl
ketone, nitromethane, tributyl phosphate or toluene.

Next Page
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TABLE 2. AQUEOUS BUFFERS
Approx. pH Composition
0 2N sulfuric acid or N hydrochloric acid
1 0.1N hydrochloric acid or 0.18N sulfuric acid
2 Either 0.01N hydrochloric acid or 0.013N sulfuric acid
Or 50 mL of 0.1M glycine (also 0.1M NaCl) + 50 mL of 0.1N hydrochloric acid
3 Either 20 mL of the 0.2M NapHPOy4 + 80 mL of 0.1M citric acid
Or 50 mL of 0.1M glycine + 22.8 mL of 0.1N hydrochloric acid in 100 mL
4 Either 38.5 mL of 0.2M NayHPO4 + 61.5 mL of 0.1M citric acid
Or 18 mL of 0.2M NaOAc + 82 mL of 0.2M acetic acid
5 Either 70 mL of 0.2M NaOAc + 30 mL of 0.2M acetic acid
Or 51.5 mL of 0.2M NayHPO, + 48.5 mL of 0.1M citric acid
6 63 mL of 0.2M Nay;HPO4 + 37 mL of 0.1M citric acid
7 82 mL of M NayHPO, + 18 mL of 0.1M citric acid
8 Either 50 mL of 0.1M Tris buffer + 29 mL of 0.1N hydrochloric acid, in 100 mL
Or 30 mL of 0.05M borax + 70 mL of 0.2M boric acid
9 80 mL of 0.05M borax + 20 mL of 0.2M boric acid
10 Either 25 mL of 0.05M borax + 43 mL of 0.1N NaOH, in 100 mL
Or 50 mL of 0.1M glycine + 32 mL of 0.1N NaOH, in 100 mL
11 50 mL of 0.15M Na;HPO4 + 15 mL of 0.1N NaOH
12 50 mL of 0.15M NapyHPO4 + 75 mL of 0.1N NaOH
13 0.1N NaOH or KOH
14 N NaOH or KOH

These buffers are suitable for use in obtaining ultraviolet spectra. Alternatively, for a set of accurate buffers of
low, but constant, ionic strength (I = 0.01) covering a pH range 2.2 to 11.6 at 20°, see Perrin Aust J Chem 16
572 1963. "In 100 mL" means that the solution is made up to 100 mL with pure water.
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TABLE 3A. PREDICTED EFFECT OF PRESSURE ON BOILING POINT”*

Temperature in degrees Centigrade

760 mmHg O 20 40 60 80 100 120 140 160 180

0.1 -111 -99 -87 -75 -63 -51 -39 -27 -15 -4
0.2 -105 -93 -81 -69 -56 -44 -32 -19 -7 5
0.4 -100 -87 -74 -62 -49 -36 -24 -11 2 15
0.6 -96 -83 -70 -57 -44 -32 -19 -6 7 20
0.8 -94 -81 -67 -54 -41 -28 -15 2 11 24
1.0 -92 -78 -65 -52 -39 -25 -12 1 15 28
2.0 -85 -71 -58 -44 -30 -16 -3 11 25 39
4.0 -78 -64 -49 -35 -21 -7 8 22 36 51
6.0 -74 -59 -44 -30 -15 -1 14 29 43 58
8.0 -70 -56 -41 -26 -11 4 19 34 48 63
10.0 -68 -53 -38 -23 -8 7 22 37 53 68
14.0 -64 -48 -33 -23 2 13 28 44 59 74
16.0 -61 -45 -29 -14 2 17 33 48 64 79
20.0 -59 -44 -28 -12 3 19 35 50 66 82
30.0 -54 -38 -22 -6 10 26 42 58 74 90
40.0 -50 -34 -17 -1 15 32 48 64 81 97
50.0 -47 -30 -14 3 19 36 52 69 86 102
60.0 -44 -28 -11 6 23 40 56 73 86 107
80.0 -40 -23 -6 11 28 45 62 79 97 114
100.0 -37 -19 -2 15 33 50 67 85 102 119
150.0 -30 -12 6 23 41 59 77 95 112 130
200.0 -25 -7 11 29 47 66 84 102 120 138
300.0 -18 1 19 38 57 75 94 113 131 150
400.0 -13 6 25 44 64 83 102 121 140 159
500.0 -8 11 30 50 69 88 108 127 147 166
600.0 -5 15 34 54 74 93 113 133 152 172
700.0 -2 18 38 58 78 98 118 137 157 177
750.0 0 20 40 60 80 100 120 140 160 180
770.0 0 20 40 60 80 100 120 140 160 180
800.0 1 21 41 61 81 101 122 142 162 182

* How to use the Table: Take as an example a liquid with a boiling point of 80°C at 760mm Hg. The Table
gives values of the boiling points of this liquid at pressures from 0.1 to 800mm Hg. Thus at 50mm Hg this
liquid has a boiling point of 19°C, and at 2mm Hg its boiling point would be -30°C.
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TABLE 3B.

PREDICTED EFFECT OF PRESSURE ON BOILING POINT*

Temperature in degrees Centigrade

760mmHg 200 220 240 260 280 300 320 340 360 380 400
0.1 8 20 32 44 56 68 80 92 104 115 127
0.2 17 30 42 54 67 79 91 103 116 128 140
0.4 27 40 53 65 78 91 103 i16 129 141 154
0.6 33 40 59 72 85 98 111 124 137 150 163
0.8 38 51 64 77 90 103 116 130 143 156 169
1.0 41 54 68 81 94 108 121 134 147 161 174
2.0 53 66 80 94 108 121 135 149 163 176 190
4.0 65 79 93 108 122 136 151 156 179 193 208
6.0 72 87 102 116 131 146 160 175 189 204 219
8.0 78 93 108 123 137 152 167 182 197 212 227

10.0 83 98 113 128 143 158 173 188 203 218 233
14.0 90 105 120 136 151 166 182 197 212 228 243
18.0 95 111 126 142 157 173 188 204 219 235 251
20.0 97 113 129 144 160 176 191 207 223 238 254
30.0 106 123 139 155 171 187 203 219 235 251 267
40.0 113 130 146 162 179 195 211 228 244 260 277
50.0 119 135 152 168 185 202 218 235 251 268 284
60.0 123 140 157 174 190 207 224 241 257 274 291
80.0 131 148 165 182 199 216 233 250 267 284 301

100.0 137 154 171 189 206 223 241 258 275 293 310

150.0 148 166 184 201 219 237 255 273 290 308 326

200.0 156 174 193 211 229 247 265 283 302 320 338

300.0 169 187 206 225 243 262 281 299 318 337 355

400.0 178 197 216 235 254 273 292 311 330 350 369

500.0 185 205 224 244 263 282 302 321 340 360 379

600.0 192 211 231 251 270 290 310 329 349 368 388

700.0 197 217 237 257 277 296 316 336 356 376 396

750.0 200 220 239 259 279 299 319 339 359 279 399

770.0 200 220 241 261 281 301 321 341 361 381 401

800.0 202 222 242 262 282 302 322 342 262 382 403

33

* How to use the Table: Taking as an example a liquid with a boiling point of 340°C at 760mm Hg, the column
headed 340°C gives values of the boiling points of this liquid at each value of pressures from 0.1 to 800mm Hg.

Thus, at 100mm Hg its boiling point is 258°C, and at 0.8mm Hg its boiling point will be 130°C.
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FIGURE 1: NOMOGRAM
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How to use Figure 1:

You can use a nomogram to estimate the boiling points of a substance at a particular pressure. For example, the
boiling point of 4-methoxybenzenesulfonyl chloride is 173°C/14mm. Thus to find out what the boiling point of
this compound will be at 760mm (atmospheric), draw a point on curve A (pressure) at 14mm (this is shown in (i).
Then draw a point on curve C (observed boiling point) corresponding to 173° (or as close as possible). This is
shown in (1i). Using a ruler, find the point of intersection on curve B, drawing a line between points (i) and (ii).
This is the point (iii) and is the boiling point of 4-methoxybenzenesulfonyl chloride (i.e. approx. 310°C) at
atmospheric pressure. If you want to distil 4-methoxybenzenesulfony! chloride at 20mm, then you will need to
draw a point on curve A (at 20mm). Using a ruler, find the point of intersection on curve C drawing through the
line intersecting (iii, curve B, i.e. 310°C) and the point in curve A corresponding to 20mm. You should have a
value of 185°C, that is, the boiling point of 4-methoxybenzenesulfonyl chloride is estimated to be at 185°C at
20mm.
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TABLE 4. HEATING BATHS

Up to 100° Water baths

-20 to 200° Glycerol or di-n-butyl phthalate

Up to about 200° Medicinal paraffin

Up to about 250° Hard hydrogenated cotton-seed oil (m 40-60°) or a 1:1 mixture of
cotton-seed oil and castor oil containing about 1% of
hydroquinone.

-40 to 250° (to 400° under N;) D.C. 550 silicone fluid

Up to about 260° A mixture of 85% orthophosphoric acid (4 parts) and
metaphosphoric acid (1 part)

Up to 340° A mixture of 85% orthophosphoric acid (2 parts) and
metaphosphoric acid (1 part)

60 to 500° Fisher bath wax (highly unsaturated)

73 to 350° Wood's Metal®

250 to 800° Solder*

350 to 800° Lead*

* In using metal baths, the container (usually a metal crucible) should be removed while the metal is still molten.

TABLE 5. WHATMAN FILTER PAPERS

Grade No. 1 2 3 4 5 6 113
Particle size retained (in microns) i1 8 S 12 2.4 2.8 28
Filtration speed*(sec/100mL) 40 55 155 20 <300 125 9

Routine ashless filters

Grade No. 40 41 42 43 44

Particle size retained (in microns) 7.5 12 3 12 4

Filtration speed*® (sec/100mL) 68 19 200 38 125
Hardened Hardened ashless

Grade No. 50 52 54 540 541 542

Particle size retained(in microns) 3 8 20 9 20 3

Filtration speed® (sec/100mL) 250 55 10 55 12 250

Glass microfilters

Grade No GF/A GF/B GF/C GFD GF/F
Particle size retained (in microns) 1.6 1.0 1.1 2.2 0.8
Filtration speed (sec/100mL)* 8.3 20.0 8.7 5.5 17.2

*Filtration speeds are rough estimates of initial flow rates and should be considered on a relative basis.
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TABLE 6. MICRO FILTERS"*

Nucleopore (polycarbonate) Filters

Mean Pore Size (microns) 8.0 2.0 1.0 0.1 0.03 0.015
Av. pores/cm? 105 2x108 2x107 3x108 6x108 1-6x10°7
Water flow rate(mL/min/cm?) 2000 2000 300 8 0.03 0.1-0.5
Millipore Filters
#
Type Cellulose ester —Teflon—— —Microweb —
MF/SC MF/VF LC LS WS WH
Mean Pore Size (microns) 8 0.01 10 5 3 0.45
Water flow rate (mL/min/cm?) 850 0.2 170 70 155 55
Gelman Membranes
Type Cellulose ester Copolymer-
GA-1 TCM-450 VM-1 DM-800 AN-200 Tuffryn-450
Mean Pore Size 5 0.45 5 0.8 0.2 0.45
(microns)
Water flow rate 320 50 700 200 17 50
(mL/min/cm?)
Sartorius Membrane Filters (SM)
Application Gravi- Biological Sterili- Particle For
metric clarificatn sation count in acids
H,0 & bases
Type No. 11003 11004 11006 11011 12801
Mean PoreSize (microns) 1.2 0.6 0.45 0.01 8
Water flow rate (mL/min/cm?) 300 150 65 0.6 1100

* Only a few representative filters are tabulated (available ranges are more extensive).

# Reinforced nylon.
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TABLE 7. COMMON SOLVENTS USED IN RECRYSTALLISATION

Acetic acid (118°) *Cyclohexane (81°) *Methanol (64.5°)

*Acetone (56°) Dichloromethane (41°) *Methyl ethyl ketone (80°)
Acetylacetone (1399) *Diethyl ether (34.5°) Methyl isobutyl ketone (116°)
Acetonitrile (82°C) Dimethyl formamide (76°/39mm) Nitrobenzene (210°)

*Benzene (80°) *Dioxane (1019) Nitromethane (101°)

Benzyl alcohol (93°/10mm) *Ethanol (78°) *Petroleum ether (various)
n-Butanol (118°) 2-Ethoxyethanol (cellosolve 135°) Pyridine (115.5°)

Butyl acetate (126.5°) *Ethyl acetate (78°) Pyridine trihydrate (93°)

n-Butyl ether (142°) Ethyl benzoate (98°%/19mm) *Tetrahydrofuran (64-66°)
y-Butyrolactone (206°) Ethylene glycol (68°/4mm) Toluene (110°)

Carbon tetrachloride (779) Formamide (110°/10mm) Trimethylene glycol (59%/11mm)
Chlorobenzene (132°) Glycerol (126°/11mm) Water (100°)

Chloroform (61°) Isoamyl alcohol (131°) Xylenes (0 143-145%, m 138-139°, p 138°)

*Highly flammable, should be heated or evaporated on steam or electrically heated water baths
only (preferably under nitrogen). None of these solvents should be heated over a naked flame.

TABLE 8. PAIRS OF MISCIBLE SOLVENTS

Acetic acid: with chloroform, ethanol, ethyl acetate, acetonitrile, petroleum ether, or water.

Acetone: with benzene, butyl acetate, butyl alcohol, carbon tetrachloride, chloroform, cyclohexane, ethanol,
ethyl acetate, methyl acetate, acetonitrile, petroleum ether or water.

Ammonia: with ethanol, methanol, pyridine.

Aniline: with acetone, benzene, carbon tetrachloride, ethyl ether, n-heptane, methanol, acetonitrile or
nitrobenzene.

Benzene: with acetone, butyl alcohol, carbon tetrachloride, chloroform, cyclohexane, ethanol, acetonitrile,
petroleum ether or pyridine.

Butyl alcohol: with acetone or ethyl acetate.

Carbon disulfide: with petroleum ether.

Carbon tetrachloride: with cyclohexane.

Chloroform: with acetic acid, acetone, benzene, ethanol, ethyl acetate, hexane, methanol or pyridine.

Cyclohexane: with acetone, benzene, carbon tetrachloride, ethanol or diethyl ether.

Diethyl ether: with acetone, cyclohexane, ethanol, methanol, methylal (dimethoxymethane), acetonitrile,
pentane or petroleum ether.

Dimethyl formamide: with benzene, ethanol or ether.

Dimethyl sulfoxide: with acetone, benzene, chloroform, ethanol, diethyl ether or water.

Dioxane: with benzene, carbon tetrachloride, chloroform, ethanol, diethy! ether, petroleum ether, pyridine or
water.

Ethanol: with acetic acid, acetone, benzene, chloroform, cyclohexane, dioxane, ethyl ether, pentane, toluene,
water or xylene.

Ethyl acetate: with acetic acid, acetone, butyl alcohol, chloroform, or methanol.

Glycerol: with ethanol, methanol or water.

Hexane: with benzene, chloroform or ethanol.

Methanol: with chloroform, diethyl ether, glycerol or water.

Methylal: with diethyl ether.

Methyl ethyl ketone: with acetic acid, benzene, ethanol or methanol.

Nitrobenzene: with aniline, methanol or acetonitrile.

Pentane: with ethanol or diethyl ether.

Petroleum ether: with acetic acid, acetone, benzene, carbon disulfide or diethyl ether.

Phenol: with carbon tetrachloride, ethanol, diethyl ether or xylene.

Pyridine: with acetone, ammonia, benzene, chloroform, dioxane, petroleum ether, toluene or water.

Toluene: with ethanol, diethyl ether or pyridine.

Water: with acetic acid, acetone, ethanol, methanol, or pyridine.

Xylene: with ethanol or phenol.




38 Common Physical Techniques in Purification

TABLE 9. MATERIALS FOR COOLING BATHS

Temperature Composition Temperature Composition
o° Crushed ice
-5%t0 -20° Ice-salt mixtures -77° Solid CO, with chloroform or acetone
Upto -20°  Ice-MeOH mixtures -78° Solid CO; (powdered; CO;, snow)
-330 Liquid ammonia
-40° to -50° Ice (3.5-4 parts) - CaCl, 6H50 (5 parts) -100° Solid CO, with diethyl ether
-720 Solid CO; with ethanol -196° liquid nitrogen (see footnote*)

Alternatively, the following liquids can be used, partially frozen, as cryostats, by adding solid CO; from time to
time to the material in a Dewar-type container and stirring to make a slush:

130 p-Xylene -55¢ Diacetone
120 Dioxane -56° n-Octane
6° Cyclohexane -60° Di-isopropyl ether
50 Benzene -730 Trichloroethylene or isopropyl acetate
20 Formamide -74° o0-Cymene or p-cymene
-8.6° Methyl salicylate -77° Butyl acetate
-9 Hexane-2,5-dione -79° Isoamyl acetate
-10.5¢ Ethylene glycol -83° Propylamine
-11.9° tert-Amy] alcohol -83.6°  Ethyl acetate
-12° Cycloheptane or methyl benzoate -86° Methyl ethyl ketone
-15° Benzyl alcohol -890 n-Butanol
-16.3° n-Octanol -90° Nitroethane
-18° 1,2-Dichlorobenzene -91° Heptane
=220 Tetrachloroethylene -920 n-Propyl acetate
-22.4° Butyl benzoate -93¢0 2-Nitropropane or cyclopentane
-22.8° Carbon tetrachloride -940 Ethyl benzene or hexane
-24.5¢ Diethy! sulfate -94.6° Acetone
-25° 1,3-Dichlorobenzene -95.1° Toluene
-29° o0-Xylene or pentachloroethane -97¢ Cumene
-30° Bromobenzene -98° Methanol or methyl acetate
-320 m-Toluidine -990 Isobutyl acetate
-32.6° Dipropyl ketone -104° Cyclohexene
-38¢ Thiophene -107° Isooctane
-41° Acetonitrile -108° 1-Nitropropane
-420 Pyridine or diethyl ketone -116° Ethanol or diethyl ether
-4490 Cyclohexyl chloride -117° Isoamyl alcohol
-45° Chlorobenzene -126° Methylcyclohexane
-47° m-Xylene -131° n-Pentane
-50° Ethyl malonate or n-butylamine -160° Isopentane
-520 Benzyl acetate or diethylcarbitol

For other organic materials used in low temperature slush-baths with liquid nitrogen see R.E.Rondeau [J Chem
Eng Data 11 124 1966). *NOTE: Use high quality pure nitrogen, do not use liquid air or liquid nitrogen that
has been in contact with air for a long period (due to the dissolution of oxygen in it) as this could EXPLODE in
contact with organic matter.
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TABLE 10. LIQUIDS FOR STATIONARY PHASES IN GAS CHROMATOGRAPHY
Material Temp. Retards
Dimethylsulfolane 0-40° Olefins and aromatic hydrocarbons
Di-n-butyl phthalate 0-40° General purposes
Squalane 0-150° Volatile hydrocarbons and polar molecules
Silicone oil or grease 0-250° General purposes
Diglycerol 20-120° Water, alcohols, amines, esters, and
aromatic hydrocarbons
Dinonyl phthalate 20-130° General purposes
Polydiethylene glycol succinate 50-200° Aromatic hydrocarbons,
alcohols, ketones, esters.
Polyethylene glycol 50-200° Water, alcohols, amines, esters and
aromatic hydrocarbons
Apiezon grease 50-200° Volatile hydrocarbons and polar molecules
Tricresyl phosphate 50-250° General purposes
TABLE 11. METHODS OF VISUALISATION OF TLC SPOTS
Reagent Compound Preparation Observations
Iodine General Iodine crystals in a closed chamber or Brown spots which may
spray 1% methanol solution of Iodine disappear upon standing.
Limited sensitivity.
H;SO4 General 50% solution, followed by heating to 150°C  Black or coloured spots
Molybdate General 5% (NHy)gM07024 + 0.2% Ce(SO4)pin 5%  Deep blue spots
H,S0y, followed by heating to 150°C.
Vanillin General 0.5g vanillin, 0.5 mL H,SOy4, 9 mL ethanol  various coloured spots
Ammonia phenols Ammonia vapour in a closed chamber various coloured spots
FeClj phenols, enolic 1% aqueous FeCl; various coloured spots
compounds
2,4-DNP aldehydes, ketones  0.5% 2,4-dinitrophenylhydrazine/2M HCI red to yellow spots
HCl aromatic acids HCI vapour in a closed chamber various coloured spots
and amines
Ninhydrin amino acids, 0.3% ninhydrin in n-BuOH with 3% AcOH, blue spots
and amines followed by heating to 125°C/10 min
PdCl, S and Se compds  0.5% aq. PdCl, + few drops of conc. HCI red and yellow spots
Anisaldehyde  carbohydrates 0.5 mL anisaldehyde in 0.5 mL conc H,SO4  various blue spots

+ 95% EtOH + a few drops of AcOH
Heat at 100-110°C for 20-30 minutes
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TABLE 12.

Adsorbents (decreasing effectiveness)

GRADED ADSORBENTS AND SOLVENTS

Solvents (increasing eluting ability)

Fuller's earth (hydrated aluminosilicate)
Magnesium oxide
Charcoal

Alumina

Magnesium trisilicate
Silica gel

Calcium hydroxide
Magnesium carbonate
Calcium phosphate
Calcium carbonate
Sodium carbonate
Talc

Inulin

Sucrose = starch

Petroleum ether, b. 40-60°.
Petroleum ether, b. 60-80°.
Carbon tetrachloride.
Cyclohexane.

Benzene.

Diethy] ether.

Chloroform.

Ethyl acetate.

Acetone.

Ethanol.

Methanol.

Pyridine.

Acetic acid.

TABLE 13.

REPRESENTATIVE ION-EXCHANGE RESINS

Sulfonated polystyrene
Strong-acid cation exchanger
AG 50W-x8

Amberlite IR-120

Dowex 50W-x8

Duolite 225

Permutit RS

Permutite C50D

Carboxylic acid-type

Weak acid cation exchangers
Amberlite IRC-50

Bio-Rex 70

Chelex 100

Duolite 436

Permutit C

Permutits H and H-70

Aliphatic amine-type

weak base anion exchangers
Amberlites IR-45 and IRA-67
Dowex 3-x4A

Permutit E

Permutit A 240A

Streng Base, anion exchangers
AG 2x8

Amberlite IRA-400

Dowex 2-x8

Duolite 113

Permutit ESB

Permutite 330D

TABLE 14. MODIFIED FIBROUS CELLULOSES FOR ION-EXCHANGE

Cation exchange

CM cellulose (carboxymethyl)
CM 22, 23 cellulose

P cellulose (phosphate)

SE cellulose (sulfoethyl)

SM cellulose (suifomethyl)

Anion exchange

DEAE cellulose (diethylaminoethyl)
DE 22, 23 cellulose

PAB cellulose (p-aminobenzyl)
TEAE cellulose (triethylaminoethyl)
ECTEOLA cellulose

SE and SM are much stronger acids than CM, whereas P has two ionisable groups (pK 2-3, 6-7), one of which is stronger,
the other weaker, than for CM (3.5-4.5). For basic strengths, the sequence is: TEAE » DEAE (pK 8-95) > ECTEOLA (pK
5.5-7) > PAB. Their exchange capacities lie in the range 0.3 to 1.0 mg equiv/g.
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TABLE 15. BEAD FORM ION-EXCHANGE PACKAGINGS!
Cation exchange Capacity Anion exchange Capacity
(meq/g) (meq/g)

CM-Sephadex C-25, 4.5+0.5 DEAE-Sephadex A-25, 3.5+0.5

C-50.2(weak acid) A-50.7 (weak base)

SP-Sephadex C-25, 2.3+0.3 QAE-Sephadex A-25, 3.0£0.4

C-50.3(strong acid) A-50.8 (strong base)

CM-Sepharose DEAE-Sepharose

CL-6B.4 0.12+0.02 CL-6B.4 0.13+0.02
DEAE-Sephacel.? 1.4x0.1

Fractogel EMD,CO'2 (pK ~4.5) , Fractogel EMD, DMAE (pK ~9),

SO%‘ (PK ~<1) 3 DEAE (pK ~10.8), TMAE (pK >13).5

CM-32 Cellulose. DE-32 Cellulose.

CM-52 Cellulose.b DE-52 Cellulose

! May be sterilised by autoclaving at pH 7 and below 120°. 2 Carboxymethyl. 3 Sulfopropyl. 4 Crosslinked
agarose gel, no pre-cycling required, pH range 3-10. 5 Hydrophilic methacrylate polymer with very little volume
change on change of pH (equivalent to Toyopeari, Sigma), available in superfine 6508, and medium 650M particle
sizes. © Microgranular, pre-swollen, no pre-cycling required. 7 Diethylaminoethyl. 8 Diethyl(2-hydroxy-
propyl)aminoethyl. © Bead form cellulose, pH range 2-12, no pre-cycling required. Sephadex and Sepharose from
Pharmacia-Amersham Biosciences, Fractogel from Merck, Cellulose from Whatman.

TABLE 16. LIQUIDS FOR DRYING PISTOLS

Boiling points (760mm) Boiling points (760mm)

Ethyl chloride 12.2¢ Toluene 110.5°
Dichloromethane 39.8° Tetrachloroethylene 121.2°
Acetone 56.1° Chlorobenzene 132.0°
Chloroform 62.0° m-Xylene 139.3°
Methanol 64.5° Isoamyl acetate 142.5°
Carbon tetrachloride 76.5° Tetrachloroethane 146.3°
Ethanol 78.3° Bromobenzene 155.0°
Benzene 79.8° p-Cymene 176.0°
Trichloroethylene 86.0° Tetralin 207.0°

Water 100.0°
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TABLE 17. VAPOUR PRESSURES (mm Hg) OF SATURATED AQUEOUS
SOLUTIONS IN EQUILIBRIUM WITH SOLID SALTS
Salt Temperature % Humidity
10° 15° 20° 25° 30° at 20°
LiCLH,0 2.6 15
CaBr,.6H,0 2.1 2.7 3.3 4.0 4.8 19
KOAc 3.5 20
CaCl,.6H,0 3.5 4.5 5.6 6.9 8.3 20
CrO3 6.1 32
Zn(NO3)».6H,0 7.4 42
K5CO3.2H,0 7.7 10.7 44
KCNS 8.2 47
NayCr,07.2H,0 9.1 52
Ca(NO3),.4H,0 6.0 7.7 9.6 11.9 14.2 55
Mg(NO3),.6Hy0 9.8 56
NaBr.2H;0 5.8 7.8 10.3 13.5 17.5 58
NaNO, 11.6 66
NaClO3 13.1 75
NaCi 6.9 9.6 13.2 17.8 21.4 75
NaOAc 13.3 76
NH4Cl 13.8 79
(NH4)2804 14.2 81
KBr 14.7 84
KHSO4 15.1 86
KCli 15.1 20.2 27.0 86
K,CrO4 15.4 88
ZnS04.7H,0 15.8 90
NH4.H,PO, 16.3 93
KNO; 16.7 22.3 29.8 95
Pb(NO3); 17.2 98
H,O 9.21 12.79 17.53 23.76 31.82 100
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TABLE 18. DRYING AGENTS FOR CLASSES OF COMPOUNDS

Class Dried with

Acetals Potassium carbonate.

Acids (organic) Calcium sulfate, magnesium sulfate, sodium sulfate.

Acyl halides Magnesium sulfate, sodium sulfate.

Alcohols Calcium oxide, calcium sulfate, magnesium sulfate, potassium
carbonate, followed by magnesium and iodine.

Aldehydes Calcium sulfate, magnesium sulfate, sodium sulfate.

Alkyl halides Calcium chloride, calcium sulfate, magnesium sulfate,
phosphorus pentoxide, sodium sulfate.

Amines Barium oxide, calcium oxide, potassium hydroxide, sodium
carbonate, sodium hydroxide.

Aryl halides Calcium chloride, calcium sulfate, magnesium sulfate,
phosphorus pentoxide, sodium sulfate.

Esters Magnesium sulfate, potassium carbonate, sodium sulfate.

Ethers Calcium chloride, calcium sulfate, magnesium sulfate, sodium,
lithium aluminium hydride.

Heterocyclic bases Magnesium sulfate, potassium carbonate, sodium hydroxide.

Hydrocarbons Calcium chloride, calcium sulfate, magnesium sulfate,
phosphorus pentoxide, sodium (not for olefins).

Ketones Calcium sulfate, magnesium sulfate, potassium carbonate,
sodium sulfate.

Mercaptans Magnesium sulfate, sodium sulfate.

Nitro compounds and

Nitriles Calcium chloride, magnesium sulfate, sodium sulfate.
Sulfides Calcium chloride, calcium sulfate.
TABLE 19. STATIC DRYING FOR SELECTED LIQUIDS (25°C)
Liquid Water Linde Type |Linde Type Activated Silicic Acid
4 A 5 A Alumina Gel
MeOH Residual H,O % 0.54 0.55 — 0.60
Wt % absorbed 2.50 1.50 — —
E(OH Residual H,0 % 0.25 0.25 0.45 0.68
Wt % absorbed 7.00 6.80 1.50 -
1-Butylamine | Residual H,0 % 1.65 1.31 1.93 2.07
Wt % absorbed 10.40 18.20 3.40 -
2-Ethyl- Residual H,0 % 0.25 0.08 0.43 0.53
hexylamine | Wt % absorbed 15.10 21.10 6.10 1.70
Diethyl ether | Residual H,O % 0.001 0.013 0.16 0.27
Wt % absorbed 9.50 9.20 6.20 4.30
Amyl acetate | Residual H,0 % 0.002 — 0.33 0.38
Wt % absorbed 9.30 — 7.40 1.80
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TABLE 20. BOILING POINTS OF SOME USEFUL GASES AT 760 mm
Argon -185.6° Krypton -152.3°
Carbon dioxide -78.5° Methane -164.0°
(sublimes) Neon -246.0°
Carbon monoxide -191.3° Nitrogen -209.9°
Ethane -88.6° Nitrous oxide -88.5°
Helium -268.6° Nitric oxide -195.8°
Hydrogen -252.6° Oxygen -182.96°
TABLE 21. SOLUBILITIES OF HCl AND NH; AT 760mm (g/100g OF SOLUTION)
Gas Temperature °C MeOH EtOH Et,0
-10 54.6 — 37.5 (-9.29)
Hydrogen 0 51.3 45.4 35.6
Chloride™ 20 47.0 (18°) 41.0 24.9
30 43.0 38.1 19.47
Ammonia 15 21.6 13.2 —
(27.6g/100g MeOH) (9.2g/100mL soln)
25 16.5 10.0 —
(19.8g/100g MeOH) (6.0g/100mL soln)
* Saturated EtOH with HCl is ~ 5.7M at 25°C, i.e. 21.5g/100mL of solution.
TABLE 22, PREFIXES FOR QUANTITIES
deci centi | milli micro |nano | pico femto | atto
Fractional | (d) (© (m) (Y] (n) @) ® (atto)
10-! 1072 10-3 106 10-9 1012 [10-15 |10°18
deca hecto }kilo (k) | mega |giga |[tera penta |eka
Multiple | (d) (h) ™M G (D (P) (E)
10! 102 103 106 10° 1012 1015 1018
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CHAPTER 2

CHEMICAL METHODS
USED
IN PURIFICATION

GENERAL REMARKS

Greater selectivity in purification can often be achieved by making use of differences in chemical properties
between the substance to be purified and the contaminants. Unwanted metal ions may be removed by
precipitation in the presence of a collector (see p. 54). Sodium borohydride and other metal hydrides transform
organic peroxides and carbonyl-containing impurities such as aldehydes and ketones in alcohols and ethers.
Many classes of organic chemicals can be purified by conversion into suitable derivatives, followed by
regeneration. This chapter describes relevant procedures.

REMOVAL OF TRACES OF METALS FROM REAGENTS

METAL IMPURITIES
The presence of metal contaminants in reagents may sometimes affect the chemical or biochemical outcomes of
an experiment. In these cases, it is necessary to purify the reagents used.
Metal impurities can be determined qualitatively and quantitatively by atomic absorption spectroscopy and the
required purification procedures can be formulated. Metal impurities in organic compounds are usually in the
form of ionic salts or complexes with organic compounds and very rarely in the form of free metal. If they are
present in the latter form then they can be removed by crystallising the organic compound (whereby the
insoluble metal can be removed by filtration), or by distillation in which case the metal remains behind with the
residue in the distilling flask. If the impurities are in the ionic or complex forms, then extraction of the organic
compound in a suitable organic solvent with aqueous acidic or alkaline solutions will reduce their concentration
to acceptable levels.
When the metal impurities are present in inorganic compounds as in metals or metal salts, then advantage of the
differences in chemical properties should be taken. Properties of the impurities like the solubility, the solubility
product (product of the metal ion and the counter-ion concentrations), the stability constants of the metal
complexes with organic complexing agents and their solubilities in organic solvents should be considered.
Alternatively the impurities can be masked by the addition of complexing agents which could lower the
concentration of the metal ion impurities to such low levels that they would not interfere with the main
compound (see complexation below). Specific procedures and examples are provided below.

DISTILLATION

Reagents such as water, ammonia, hydrochloric acid, nitric acid, perchloric acid, and sulfuric acid can be
purified via distillation (preferably under reduced pressure and particularly with perchloric acid) using an all-
glass still. Isothermal distillation is convenient for ammonia: a beaker containing concentrated ammonia is
placed alongside a beaker of distilled water for several days in an empty desiccator so that some of the ammonia
distils over into the water. The redistilled ammonia should be kept in polyethylene or paraffin-waxed bottles.
Hydrochloric acid can be purified in the same way. To ensure the absence of metal contaminants from some
salts (e.g. ammonium acetate), it may be more expedient to synthesise the salts using distilled components
rather than to attempt to purify the salts themselves.
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USE OF ION EXCHANGE RESINS
Application of ion-exchange columns has greatly facilitated the removal of heavy metal ions such as Cu2*, Zn2+
and Pb2* from aqueous solutions of many reagents. Thus, sodium salts and sodium hydroxide can be purified
by passage through a column of a cation-exchange resin in its sodium form, prepared by washing the resin with
0.1M aqueous NaOH then washing with water until the pH of the effluent is ~7. Similarly, for acids, a resin in
its H* form [prepared by washing the column with 0.1M aqueous mineral acid (HCI, H,SOy4) followed by
thorough washing with water until the effluent has pH ~7 is used. In some cases, where metals form anionic
complexes, they can be removed by passage through an anion-exchange resin. Iron in hydrochloric acid
solution can be removed in this way.
Ion exchange resins are also useful for demineralising biochemical preparations such as proteins. Removal of
metal ions from protein solutions using polystyrene-based resins, however, may lead to protein denaturation.
This difficulty may be avoided by using a weakly acidic cation exchanger such as Bio-Rex 70.
Heavy metal contamination of pH buffers can be removed by passage of the solutions through a Chelex X-100
column. For example when a solution of 0.02M HEPES [4-(2-HydroxyEthyl)Piperazine- 1-Ethanesulfonic acid]
containing 0.2M KCI (1L, pH 7.5) alone or with calmodulin, is passed through a column of Chelex X-100 (60g)
in the K* form, the level of Ca2* ions falls to less than 2 x 10”7 M as shown by atomic absorption spectroscopy.
Such solutions should be stored in polyethylene containers that have been washed with boiling deionised water
(5min) and rinsed several times with deionised water. TES [N,N,N',N"-Tetraethylsulfamide] and TRIS [Tris-
(hydroxymethyl)aminomethane} have been similarly decontaminated from metal ions.
Water, with very low concentrations of ionic impurities (and approaching conductivity standards), is very
readily obtained by percolation through alternate columns of cation- and anion-exchange resins, or through a
mixed-bed resin, and many commercial devices are available for this purpose. For some applications, this
method is unsatisfactory because the final deionised water may contain traces of organic material after passage
through the columns. However, organic matter can also be removed by using yet another special column in
series for this purpose (see Milli Q water preparation, Millipore Corpn., www.millipore.com).

PRECIPITATION
In removing traces of impurities by precipitation it is necessary to include a material to act as a collector of the
precipitated substance so as to facilitate its removal by filtration or decantation. The following are a few
examples:

Removal of lead contaminants

Aqueous hydrofluoric acid can be freed from lead by adding ImL of 10% strontium chloride per 100mL of acid,
lead being co-precipitated as lead fluoride with the strontium fluoride. If the hydrofluoric acid is decanted from
the precipitate and the process repeated, the final lead content in the acid is less than 0.003 ppm. Similarly, lead
can be precipitated from a nearly saturated sodium carbonate solution by adding 10% strontium chloride
dropwise (1-2mL per 100mL) followed by filtration. (If the sodium carbonate is required as a solid, the solution
can be evaporated to dryness in a platinum dish.) Removal of lead from potassium chloride uses precipitation
as lead sulfide by bubbling H,S, followed, after filtration, by evaporation and recrystallisation of the potassium
chloride.

Removal of iron contaminants

Iron contaminants have been removed from potassium thiocyanate solutions by adding a slight excess of an
aluminium salt, then precipitating aluminum and iron as their hydroxides by adding a few drops of ammonia.
Iron is also carried down on the hydrated manganese dioxide precipitate formed in cadmium chloride or
cadmium sulfate solutions by adding 0.5% aqueous potassium permanganate (0.5mL per 100mL of solution),
sufficient ammonia to give a slight precipitate, and 1mL of ethanol. The solution is heated to boiling to
coagulate the precipitate, then filtered. Ferrous ion can be removed from copper solutions by adding some
hydrogen peroxide to the solution to oxidise the iron, followed by precipitation of ferric hydroxide by adding a
small amount of sodium hydroxide.

Removal of other metal contaminants
Traces of calcium can be removed from solutions of sodium salts by precipitation at pH 9.5-10 as the 8-
hydroxyquinolinate. The excess 8-hydroxyquinoline acts as a collector.

EXTRACTION
In some cases, a simple solvent extraction is sufficient to remove a particular impurity. For example, traces of
gallium can be removed from titanous chloride in hydrochloric acid by extraction with diisopropyl ether.
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Similarly, ferric chloride can be removed from aluminium chloride solutions containing hydrochloric acid by
extraction with diethy! ether. Usually, however, it is necessary to extract an undesired metal with an organic
solvent in the presence of a suitable complexing agent such as dithizone (diphenylthiocarbazone) or sodium
diethyl dithiocarbamate. When the former is used, weakly alkaline solutions of the substance containing the
metal impurity are extracted with dithizone in chloroform (at about 25mg/L of chloroform) or carbon
tetrachloride until the colour of some fresh dithizone solution remains unchanged after shaking. Dithizone
complexes metals more strongly in weakly alkaline solutions. Excess dithizone in the aqueous medium is
removed by extracting with the pure solvent (chloroform or carbon tetrachloride), the last traces of which, in
turn, are removed by aeration. This method has been used to remove metal impurities from aqueous solutions
of ammonium hydrogen citrate, potassium bromide, potassium cyanide, sodium acetate and sodium citrate. The
advantage of dithizone for such a purpose lies in the wide range of metals with which it combines under these
conditions. §-Hydroxyquinoline (oxine) can also be used in this way. Sodium diethyl dithiocarbamate has been
used to remove metals from aqueous hydroxylamine hydrochloride (made just alkaline to thymol blue by adding
ammonia) from copper and other heavy metals by repeated extraction with chloroform until no more diethyl
dithiocarbamate remained in the solution (which was then acidified to thymol blue by adding hydrochloric
acid).

COMPLEXATION
Although not strictly a removal of an impurity, addition of a suitable complexing agent such as
ethylenediaminetetraacetic acid often overcomes the undesirable effects of contaminating metal ions by
reducing the concentrations of the free metal species to very low levels, i.e. sequestering metal ions by
complexation. For a detailed discussion of this masking, see Masking and Demasking of Chemical Reactions,
D.D.Perrin, Wiley-Interscience, New York, 1970.

USE OF METAL HYDRIDES

This group of reagents is commercially available in large quantities; some of its members - notably lithium
aluminium hydride (LiAlH4), calcium hydride (CaHj), sodium borohydride (NaBH4) and potassium boro-
hydride (KBH,) - have found widespread use in the purification of chemicals.

LITHIUM ALUMINIUM HYDRIDE

This solid is stable at room temperature, and is soluble in ether-type solvents. It reacts violently with water,
liberating hydrogen, and is a powerful drying and reducing agent for organic compounds. It reduces aldehydes,
ketones, esters, carboxylic acids, peroxides, acid anhydrides and acid chlorides to the corresponding alcohols.
Similarly, amides, nitriles, aldimines and aliphatic nitro compounds yield amines, while aromatic nitro
compounds are converted to azo compounds. For this reason it finds extensive application in purifying organic
chemical substances by the removal of water and carbonyl containing impurities as well as peroxides formed by
autoxidation. Reactions can generally be carried out at room temperature, or in refluxing diethyl ether, at
atmospheric pressure. When drying organic liquids with this reagent it is important that the concentration of
water in the liquid is below 0.1% - otherwise a violent reaction or EXPLOSION may occur. LiAlH4should be
added cautiously to a cooled solution of organic liquid in a flask equipped with a reflux condenser.

CALCIUM HYDRIDE
This powerful drying agent is suitable for use with hydrogen, argon, helium, nitrogen, hydrocarbons,
chlorinated hydrocarbons, esters and higher alcohols.

SODIUM BOROHYDRIDE
This solid which is stable in dry air up to 3009, is a less powerful reducing agent than lithium aluminium
hydride, from which it differs also by being soluble in hydroxylic solvents and to a lesser extent in ether-type
solvents. Sodium borohydride forms a dihydrate melting at 36-37°, and its aqueous solutions decompose slowly
unless stabilised to above pH 9 by alkali. (For example, a useful sodium borohydride solution is one that is
nearly saturated at 30-40° and containing 0.2% sodium hydroxide.) Its solubility in water is 25, 55 and 88g per
100mL of water at 0°, 25° and 60°, respectively. Boiling or acidification rapidly decomposes aqueous sodium
borohydride solutions. The reagent, available either as a hygroscopic solid or as an aqueous sodium hydroxide
solution, is useful as a water soluble reducing agent for aldehydes, ketones and organic peroxides. This explains
its use for the removal of carbonyl-containing impurities and peroxides from alcohols, polyols, esters,
polyesters, amino alcohols, olefins, chlorinated hydrocarbons, ethers, polyethers, amines (including aniline),
polyamines and aliphatic sulfonates.
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Purifications using sodium borohydride can be carried out conveniently using alkaline aqueous or methanolic
solutions of sodium borohydride, allowing the reaction mixture to stand at room temperature for several hours.
Other solvents that can be used with this reagent include isopropyl alcohol (without alkali), amines (including
liquid ammonia, in which its solubility is 104g per 100g of ammonia at 259, and ethylenediamine), diglyme,
formamide, dimethylformamide and tetrahydrofurfuryl alcohol. Alternatively, the material to be purified can be
percolated through a column of the borohydride. In the absence of water, sodium borohydride solutions in
organic solvents such as dioxane or amines decompose only very slowly at room temperature. Treatment of
ethers with sodium borohydride appears to inhibit peroxide formation.

POTASSIUM BOROHYDRIDE
Potassium borohydride is similar in properties and reactions to sodium borohydride, and can similarly be used
as a reducing agent for removing aldehydes, ketones and organic peroxides. It is non-hygroscopic and can be
used in water, ethanol, methanol or water-alcohol mixtures, provided some alkali is added to minimise
decomposition, but it is somewhat less soluble than sodium borohydride in most solvents. For example, the
solubility of potassium borohydride in water at 25° is 19g per 100mL of water (as compared to sodium
borohydride, 55g).

PURIFICATION via DERIVATIVES

Relatively few derivatives of organic substances are suitable for use as aids to purification. This is because of
the difficulty in regenerating the starting material. For this reason, we list below, the common methods of
preparation of derivatives that can be used in this way.

Whether or not any of these derivatives is likely to be satisfactory for the use of any particular case will depend
on the degree of difference in properties, such as solubility, volatility or melting point, between the starting
material, its derivative and likely impurities, as well as on the ease with which the substance can be recovered.
Purification via a derivative is likely to be of most use when the quantity of pure material that is required is not
too large. Where large quantities (for example, more than 50g) are available, it is usually more economical to
purify the material directly (for example, in distillations and recrystallisations).

The most generally useful purifications via derivatives are as follows:

ALCOHOLS

Aliphatic or aromatic alcohols are converted to solid esters. p-Nitrobenzoates are examples of convenient esters
to form because of their sharp melting points, and the ease with which they can be recrystallised as well as the
ease with which the parent alcohol can be recovered. The p-nitrobenzoyl chloride used in the esterification is
prepared by refluxing dry p-nitrobenzoic acid with a 3 molar excess of thionyl chloride for 30min on a steam
bath (in a fume cupboard). The solution is cooled slightly and the excess thiony! chloride is distilled off under
vacuum, keeping the temperature below 40°. Dry toluene is added to the residue in the flask, then distilled off
under vacuum, the process being repeated two or three times to ensure complete removal of thionyl chloride,
hydrogen chloride and sulfur dioxide. (This freshly prepared p-nitrobenzoyl chloride cannot be stored without
decomposition; it should be used directly.) A solution of the acid chloride (1mol) in dry toluene or alcohol-free
chloroform (distilled from P,O5 or by passage through an activated Al;O3 column) under a reflux condenser is
cooled in an ice bath while the alcohol (1mol), with or without a solvent (preferably miscible with toluene or
alcohol-free chloroform), is added dropwise to it. When addition is over and the reaction subsides, the mixture
is refluxed for 30min and the solvent is removed under reduced pressure. The solid ester is then recrystallised
to constant melting point from toluene, acetone, low boiling point petroleum ether or mixtures of these, but not
from alcohols.

Hydrolysis of the ester is achieved by refluxing in aqueous N or 2N NaOH solution until the insoluble ester
dissolves. The solution is then cooled, and the alcohol is extracted into a suitable solvent, e.g. ether, toluene or
alcohol-free chloroform. The extract is dried (CaSO4, MgSQOy) and distilled, then fractionally distilled if liquid
or recrystallised if solid. (The p-nitrobenzoic acid can be recovered by acidification of the aqueous layer.) In
most cases where the alcohol to be purified can be readily extracted from ethanol, the hydrolysis of the ester is
best achieved with N or 2N ethanolic NaOH or 85% aqueous ethanolic N NaOH. The former is prepared by
dissolving the necessary alkali in a minimum volume of water and diluting with absolute alcohol. The ethanolic
solution is refluxed for one to two hours and hydrolysis is complete when an aliquot gives a clear solution on
dilution with four or five times its volume of water. The bulk of the ethanol is distilled off and the residue is
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extracted as above. Alternatively, use can be made of ester formation with benzoic acid, toluic acid or 3,5-
dinitrobenzoic acid, by the above method.

Other derivatives can be prepared by reaction of the alcohol with an acid anhydride. For example, phthalic or 3-
nitrophthalic anhydride (1 mol) and the alcohol (1mol) are refluxed for half to one hour in a non-hydroxylic
solvent, e.g. toluene or alcohol-free chloroform, and then cooled. The phthalate ester crystallises out, is
precipitated by the addition of low boiling petroleum ether or is isolated by evaporation of the solvent. It is
recrystallised from water, 50% aqueous ethanol, toluene or low boiling petroleum ether. Such an ester has a
characteristic melting point and the alcohol can be recovered by acid or alkaline hydrolysis.

ALDEHYDES
The best derivative from which an aldehyde can be recovered readily is its bisulfite addition compound, the
main disadvantage being the lack of a sharp melting point. The aldehyde (sometimes in ethanol) is shaken with
a cold saturated solution of sodium bisulfite until no more solid adduct separates. The adduct is filtered off,
washed with a little water, followed by alcohol. A better reagent to use is a freshly prepared saturated aqueous
sodium bisulfite solution to which 75% ethanol is added to near-saturation. (Water may have to be added
dropwise to render this solution clear.) With this reagent the aldehyde need not be dissolved separately in
alcohol and the adduct is finally washed with alcohol. The aldehyde is recovered by dissolving the adduct in the
least volume of water and adding an equivalent quantity of sodium carbonate (not sodium hydroxide) or
concentrated hydrochloric acid to react with the bisulfite, followed by steam distillation or solvent extraction.
Other derivatives that can be prepared are the Schiff bases and semicarbazones. Condensation of the aldehyde
with an equivalent of primary aromatic amine yields the Schiff base, for example aniline at 100° for 10-30min.
Semicarbazones are prepared by dissolving semicarbazide hydrochloride (ca 1g) and sodium acetate (ca 1.5g)
in water (8-10mL) and adding the aldehyde or ketone (0.5-1g) with stirring. The semicarbazone crystallises out
and is recrystallised from ethanol or aqueous ethanol. These are hydrolysed by steam distillation in the presence
of oxalic acid or better by exchange with pyruvic acid (Hershberg J Org Chem 13 542 1948) [see entry under
Ketones].

AMINES

Picrates
The most versatile derivative from which the free base can be readily recovered is the picrate. This is very
satisfactory for primary and secondary aliphatic amines and aromatic amines and is particularly so for
heterocyclic bases. The amine, dissolved in water or alcohol, is treated with excess of a saturated solution of
picric acid in water or alcohol, respectively, until separation of the picrate is complete. If separation does not
occur, the solution is stirred vigorously and warmed for a few minutes, or diluted with a solvent in which the
picrate is insoluble. Thus, a solution of the amine and picric acid in ethanol can be treated with petroleum ether
to precipitate the picrate. Alternatively, the amine can be dissolved in alcohol and aqueous picric acid added.
The picrate is filtered off, washed with water or ethanol and recrystallised from boiling water, ethanol,
methanol, aqueous ethanol, methanol or chloroform. The solubility of picric acid in water and ethano!l is 1.4
and 6.23 % respectively at 20°.
It is not advisable to store large quantities of picrates for long periods, particularly when they are dry due to
their potential EXPLOSIVE nature. The free base should be recovered as soon as possible. The picrate is
suspended in an excess of 2N aqueous NaOH and warmed a little. Because of the limited solubility of sodium
picrate, excess hot water must be added. Alternatively, because of the greater solubility of lithium picrate,
aqueous 10% lithium hydroxide solution can be used. The solution is cooled, the amine is extracted with a
suitable solvent such as diethyl ether or toluene, washed with SN NaOH until the alkaline solution remains
colourless, then with water, and the extract is dried with anhydrous sodium carbonate. The solvent is distilled
off and the amine is fractionally distilled (under reduced pressure if necessary) or recrystallised.
If the amines are required as their hydrochlorides, picrates can often be decomposed by suspending them in
acetone and adding two equivalents of 10N HC1. The hydrochloride of the base is filtered off, leaving the picric
acid in the acetone. Dowex No 1 anion-exchange resin in the chloride form is useful for changing solutions of
the more soluble picrates (for example, of adenosine) into solutions of their hydrochlorides, from which sodium
hydroxide precipitates the free base.

Salts
Amines can also be purified via their salts, e.g. hydrochlorides. A solution of the amine in dry toluene, diethyl
ether, dichloromethane or chloroform is saturated with dry hydrogen chloride (generated by addition of
concentrated sulfuric acid to dry sodium chloride, or to concentrated HCl followed by drying the gas through
sulfuric acid, or from a hydrogen chloride cylinder) and the insoluble hydrochloride is filtered off and dissolved
in water. The solution is made alkaline and the amine is extracted, as above. Hydrochlorides can also be
prepared by dissolving the amine in ethanolic HCI and adding diethyl ether or petroleum ether. Where
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hydrochlorides are too hygroscopic or too soluble for satisfactory isolation, other salts, e.g. nitrate, sulfate,
bisulfate or oxalate, can be used.

Double salts
The amine (1mol) is added to a solution of anhydrous zinc chloride (1mol) in concentrated hydrochloric acid
(42mL) in ethanol (200mL, or less depending on the solubility of the double salt). The solution is stirred for 1h
and the precipitated salt is filtered off and recrystallised from ethanol. The free base is recovered by adding
excess of 5-10N NaOH (to dissolve the zinc hydroxide that separates) and is steam distilled. Mercuric chloride
in hot water can be used instead of zinc chloride and the salt is crystallised from 1% hydrochloric acid. Other
double salts have been used, e.g. cuprous salts, but are not as convenient as the above salts.

N-Acetyl derivatives
Purification as their N-acetyl derivatives is satisfactory for primary, and to a limited extent secondary, amines.
The base is refluxed with slightly more than one equivalent of acetic anhydride for half to one hour, cooled and
poured into ice-cold water. The insoluble derivative is filtered off, dried, and recrystallised from water, ethanol,
aqueous ethanol or benzene (CAUTION toxic!). The derivative can be hydrolysed to the parent amine by
refluxing with 70% sulfuric acid for a half to one hour. The solution is cooled, poured onto ice, and made
alkaline. The amine is steam distilled or extracted as above. Alkaline hydrolysis is very slow.

N-Tosyl derivatives
Primary and secondary amines are converted into their tosyl derivatives by mixing equimolar amounts of amine
and p-toluenesulfonyl chloride in dry pyridine (ca 5-10mols) and allowing to stand at room temperature
overnight. The solution is poured into ice-water and the pH adjusted to 2 with HCl. The solid derivative is
filtered off, washed with water, dried (vac. desiccator) and recrystallised from an alcohol or aqueous alcohol
solution to a sharp melting point. The derivative is decomposed by dissolving in liquid ammonia (fume
cupboard) and adding sodium metal (in small pieces with stirring) until the blue colour persists for 10-15min.
Ammonia is allowed to evaporate (fume cupboard), the residue treated with water and the solution checked that
the pH is above 10. If the pH is below 10 then the solution has to be basified with 2N NaOH. The mixture is
extracted with diethyl ether or toluene, the extract is dried (KyCOj3), evaporated and the residual amine
recrystallised if solid or distilled if liquid.

AROMATIC HYDROCARBONS

Adducts
Aromatic hydrocarbons can be purified as their picrates using the procedures described for amines. Instead of
picric acid, 1,3,5-trinitrobenzene or 2,4,7-trinitrofluorenone can also be used. In all these cases, following
recrystallisation, the hydrocarbon can be isolated either as described for amines or by passing a solution of the
adduct through an activated alumina column and eluting with toluene or petroleum ether. The picric acid and
nitro compounds are more strongly adsorbed on the column.

Sulfonation
Naphthalene, xylenes and alkyl benzenes can be purified by sulfonation with concentrated sulfuric acid and
crystallisation of the sodium sulfonates. The hydrocarbon is distilled out of the mixture with superheated steam.

CARBOXYLIC ACIDS

4-Bromophenacyl esters
A solution of the sodium salt of the acid is prepared. If the salt is not available, the acid is dissolved in an
equivalent of aqueous NaOH and the pH adjusted to 8-9 with this base. A solution of one equivalent of 4-
bromophenacyl bromide (for a monobasic acid, two equivalents for a dibasic acid, etc) in ten times its volume
of ethanol is then added. The mixture is heated to boiling, and, if necessary, enough ethanol is added to clarify
the solution which is then refluxed for half an hour to three hours depending on the number of carboxylic
groups that have to be esterified. (One hour is generally sufficient for monocarboxylic acids.) On cooling, the
ester should crystallise out. If it does not, then the solution is heated to boiling, and enough water is added to
produce a slight turbidity. The solution is again cooled. The ester is collected, and recrystallised or fractionally
distilled.
The ester is hydrolysed by refluxing for 1-2h with 1-5% of barium carbonate suspended in water or with
aqueous sodium carbonate solution. The solution is cooled and extracted with diethyl ether, toluene or
chloroform. It is then acidified and the acid is collected by filtration or extraction, and recrystallised or
fractionally distilled.
p-Nitrobenzyl esters can be prepared in an analogous manner using the sodium salt of the acid and p-nitrobenzyl
bromide. They are readily hydrolysed.

Alkyl esters
Of the alkyl esters, methyl esters are the most useful because of their rapid hydrolysis. The acid is refluxed with
one or two equivalents of methanol in excess alcohol-free chloroform (or dichloromethane) containing about
0.1g of p-toluenesulfonic acid (as catalyst), using a Dean-Stark apparatus. (The water formed by the
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esterification is carried away into the trap.) When the theoretical amount of water is collected in the trap,
esterification is complete. The chloroform solution in the flask is washed with 5% aqueous sodium carbonate
solution, then water, and dried over anhydrous sodium sulfate or magnesium sulfate. The chloroform is distilled
off and the ester is fractionally distilled through an efficient column. The ester is hydrolysed by refluxing with
5-10% aqueous NaOH solution until the insoluble ester has completely dissolved. The aqueous solution is
concentrated a little by distillation to remove all of the methanol. It is then cooled and acidified. The acid is
either extracted with diethyl ether, toluene or chloroform, or filtered off and isolated as above. Other methods
for preparing esters are available.
Salts

The most useful salt derivatives for carboxylic acids are the isothiouronium salts. These are prepared by mixing
almost saturated solutions containing the acid (carefully neutralised with N NaOH using phenolphthalein
indicator) then adding two drops of N HCI and an equimolar amount of S-benzylisothiouronium chloride in
ethanol and filtering off the salt that crystallises out. After recrystallisation from water, alcohol or aqueous
alcohol the salt is decomposed by suspending or dissolving in 2N HCl and extracting the carboxylic acid from
aqueous solution into diethyl ether, chloroform or toluene.

HYDROPEROXIDES
These can be converted to their sodium salts by precipitation below 30° with aqueous 25% NaOH. The salt is
then decomposed by addition of solid (powdered) carbon dioxide and extracted with low-boiling petroleum
ether. The solvent should be removed under reduced pressure below 20°. The manipulation should be
adequately shielded at all times to guard against EXPLOSIONS for the safety of the operator.

KETONES

Bisulfite adduct
The adduct can be prepared and decomposed as described for aldehydes. Alternatively, because no Cannizzaro
reaction is possible, it can also be decomposed with 0.5N NaOH.

Semicarbazones
A powdered mixture of semicarbazide hydrochloride (1mol) and anhydrous sodium acetate (1.3mol) is
dissolved in water by gentle warming. A solution of the ketone (1mol) in the minimum volume of ethanol
needed to dissolve it is then added. The mixture is warmed on a water bath until separation of the
semicarbazone is complete. The solution is cooled, and the solid is filtered off. After washing with a little
ethanol followed by water, it is recrystallised from ethanol or dilute aqueous ethanol. The derivative should
have a characteristic melting point. The semicarbazone is decomposed by refluxing with excess of oxalic acid or
with aqueous sodium carbonate solution. The ketone (which steam distils) is distilled off. It is extracted or
separated from the distillate (after saturating with NaCl), dried with CaSO4 or MgSO, and fractionally distilled
using an efficient column (under vacuum if necessary). [See entry under Aldehydes.]

PHENOLS

The most satisfactory derivatives for phenols that are of low molecular weight or monohydric are the benzoate
esters. (Their acetate esters are generally liquids or low-melting solids.) Acetates are more useful for high
molecular weight and polyhydric phenols.

Benzoates
The phenol (1mol) in 5% aqueous NaOH is treated (while cooling) with benzoyl chloride (1mol) and the
mixture is stirred in an ice bath until separation of the solid benzoy! derivative is complete. The derivative is
filtered off, washed with alkali, then water, and dried (in a vacuum desiccator over NaOH). It is recrystallised
from ethanol or dilute aqueous ethanol. The benzoylation can also be carried out in dry pyridine at low
temperature (ca 0°) instead of in NaOH solution, finally pouring the mixture into water and collecting the solid
as above. The ester is hydrolysed by refluxing in an alcohol (for example, ethanol, n-butanol) containing two or
three equivalents of the alkoxide of the corresponding alcohol (for example sodium ethoxide or sodium »n-
butoxide) and a few (ca 5-10) millilitres of water, for half an hour to three hours. When hydrolysis is complete,
an aliquot will remain clear on dilution with four to five times its volume of water. Most of the solvent is
distilled off. The residue is diluted with cold water and acidified, and the phenol is steam distilled. The latter is
collected from the distillate, dried and either fractionally distilled or recrystallised.

Acetates
These can be prepared as for the benzoates using either acetic anhydride with 3N NaOH or acety] chloride in
pyridine. They are hydrolysed as described for the benzoates. This hydrolysis can also be carried out with
aqueous 10% NaOH solution, completion of hydrolysis being indicated by the complete dissolution of the
acetate in the aqueous alkaline solution. On steam distillation, acetic acid also distils off but in these cases the
phenols (see above) are invariably solids which can be filtered off and recrystallised.
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PHOSPHATE AND PHOSPHONATE ESTERS
These can be converted to their uranyl nitrate addition compounds. The crude or partially purified ester is
saturated with uranyl nitrate solution and the adduct filtered off. It is recrystallised from n-hexane, toluene or
ethanol. For the more soluble members crystallisation from hexane using low temperatures (-40°) has been
successful. The adduct is decomposed by shaking with sodium carbonate solution and water, the solvent is
steam distilled (if hexane or toluene is used) and the ester is collected by filtration. Alternatively, after
decomposition, the organic layer is separated, dried with CaCl, or BaO, filtered, and fractionally distilled under

high vacuum.

MISCELLANEOUS
Impurities can sometimes be removed by conversion to derivatives under conditions where the major
component does not react or reacts much more slowly. For example, normal (straight-chain) paraffins can be
freed from unsaturated and branched-chain components by taking advantage of the greater reactivity of the
latter with chlorosulfonic acid or bromine. Similarly, the preferential nitration of aromatic hydrocarbons can be
used to remove e.g. benzene or toluene from cyclohexane by shaking for several hours with a mixture of
concentrated nitric acid (25%), sulfuric acid (58%), and water (17%).

GENERAL METHODS FOR THE PURIFICATION OF CLASSES OF COMPOUNDS

Chapters 4, 5 and 6 list a large number of individual compounds, with a brief statement of how each one may be
purified. For substances that are not included in these chapters the following procedures may prove helpful.

PROCEDURES

If the laboratory worker does not know of a reference to the preparation of a commercially available substance,
he may be able to make a reasonable guess at the synthetic method used from published laboratory syntheses.
This information, in turn, can simplify the necessary purification steps by suggesting probable contaminants.
However, for other than macromolecules it is important that at least the 'H NMR spectrum and/or the mass
spectrum of the substance should be measured. These measurements require no more than two to three
milligrams of material and provide a considerable amount of information about the substance. From the
bibliography at the end of this chapter, references to NMR, IR and mass spectral data for a large number of the
compounds in the Aldrich catalogue are available and are extremely useful for identifying compounds and
impurities. If the material appears to have several impurities these spectra should be followed by examination
of their chromatographic properties and spot tests. Purification methods can then be devised to remove these
impurities, and a monitoring method will have already been established.

Physical methods of purification depend largely on the melting and boiling points of the materials. For gases
and low-boiling liquids use is commonly made of the freeze-pump-thaw procedure (see Chapter 1). Gas
chromatography is also useful, especially for low-boiling point liquids. Liquids are usually purified by
refluxing with drying agents, acids or bases, reducing agents, charcoal, etc., followed by fractional distillation
under reduced pressure. For solids, general methods include fractional freezing of the melted material, taking
the middle fraction. Another procedure is sublimation of the solid under reduced pressure. The other
commonly used method for purifying solids is by recrystallisation from a solution in a suitable solvent, by
cooling with or without the prior addition of a solvent in which the solute is not very soluble.

The nature of the procedure will depend to a large extent on the quantity of purified material that is required.
For example, for small quantities (50-250mg) of a pure volatile liquid, preparative gas chromatography is
probably the best method. Two passes through a suitable column may well be sufficient. Similarly, for small
amounts (100-500mg) of an organic solid, column chromatography is likely to be very satisfactory, the eluate
being collected as a number of separate fractions (ca 5-10mL) which are examined by FT-IR, NMR or UV
spectroscopy, TLC or by some other appropriate analytical technique. (For information on suitable adsorbents
and eluents the texts referred to in the bibliography at the end of Chapters 1 and 2 should be consulted.)
Preparative thin layer chromatography or HPLC can also be used successfully for purifying up to 500mg of
solid. HPLC is the more and more commonly used procedure for the purification of small molecules as well as
large molecules such as polypeptides and DNA.
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Where larger quantities (upwards of 1g) are required, most of the impurities should be removed by preliminary
treatments, such as solvent extraction, liquid-liquid partition, or conversion to a derivative (vide supra) which
can be purified by crystallisation or fractional distillation before being reconverted to the starting material. The
substance is then crystallised or distilled. If the final amounts must be in excess of 25g, preparation of a
derivative is sometimes omitted because of the cost involved. In all of the above cases, purification is likely to
be more laborious if the impurity is an isomer or a derivative with closely similar physical properties.

CRITERIA OF PURITY

Purification becomes meaningful only insofar as adequate tests of purity are applied: the higher the degree of
purity that is sought, the more stringent must these tests be. If the material is an organic solid, its melting point
should first be taken and compared with the recorded value. Note that the melting points of most salts, organic
or inorganic, are generally decomposition points and are not reliable criteria of purity. As part of this
preliminary examination, the sample might be examined by thin layer chromatography in several different
solvent systems and in high enough concentrations to facilitate the detection of minor components. On the other
hand, if the substance is a liquid, its boiling point should be measured. If, further, it is a high boiling liquid, its
chromatographic behaviour should be examined. Liquids, especially volatile ones, can be studied very
satisfactorily by gas chromatography, preferably using at least two different stationary and/or mobile phases.
Atomic absorption spectroscopy is a useful and sensitive method for detecting metal impurities and the
concentrations of metals and metal salts or complexes.

Application of these tests at successive steps will give a good indication of whether or not the purification is
satisfactory and will also show when adequate purification has been achieved. Finally elemental analyses, e.g.
of carbon, hydrogen, nitrogen, sulfur, metals etc. are very sensitive to impurities (other than with isomers), and
are good criteria of purity.

GENERAL PROCEDURES FOR THE PURIFICATION OF SOME CLASSES OF
ORGANIC COMPOUNDS

In the general methods of purification described below, it is assumed that the impurities belong essentially to a
class of compounds different from the one being purified. They are suggested for use in cases where substances
are not listed in Chapters 4, 5 and the low molecular weight compounds in Chapter 6. In such cases, the
experimenter is advised to employ them in conjunction with information given in these chapters for the
purification of suitable analogues. Also, for a wider range of drying agents, solvents for extraction and solvents
for recrystallisation, the reader is referred to Chapter 1. See Chapter 6 for general purification procedures used
for macromolecules.

ACETALS

These are generally diethyl or dimethyl acetal derivatives of aldehydes. They are more stable to alkali than to
acids. Their common impurities are the corresponding alcohol, aldehyde and water. Drying with sodium wire
removes alcohols and water, and polymerizes aldehydes so that, after decantation, the acetal can be fractionally
distilled. In cases where the use of sodium is too drastic, aldehydes can be removed by shaking with alkaline
hydrogen peroxide solution and the acetal is dried with sodium carbonate or potassium carbonate. Residual
water and alcohols (up to n-propyl) can be removed with Linde type 4A molecular sieves. The acetal is then
filtered and fractionally distilled. Solid acetals (i.e. acetals of high molecular weight aldehydes) are generally
low-melting and can be recrystallised from low-boiling petroleum ether, toluene or a mixture of both.

ACIDS
Carboxylic acids
Liquid carboxylic acids are first freed from neutral and basic impurities by dissolving them in aqueous alkali
and extracting with diethyl ether. (The pH of the solution should be at least three units above the pK; of the
acid, see pK in Chapter 1). The aqueous phase is then acidified to a pH at least three units below the pKj, of the
acid and again extracted with ether. The extract is dried with magnesium sulfate or sodium sulfate and the ether
is distilled off. The acid is fractionally distilled through an efficient column, It can be further purified by
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conversion to its methyl or ethyl ester (vide supra) which is then fractionally distilled. Hydrolysis yields the
original acid which is again purified as above.

Acids that are solids can be purified in this way, except that distillation is replaced by repeated crystallisation
(preferable from at least two different solvents such as water, alcohol or aqueous alcohol, toluene,
toluene/petroleum ether or acetic acid.) Water-insoluble acids can be partially purified by dissolution in N
sodium hydroxide solution and precipitation with dilute mineral acid. If the acid is required to be free from
sodium ions, then it is better to dissolve the acid in hot N ammonia, heat to ca 80°, adding slightly more than an
equal volume of N formic acid and allowing to cool slowly for crystallisation. Any ammonia, formic acid or
ammonium formate that adhere to the acid are removed when the acid is dried in a vacuum — they are volatile.
The separation and purification of naturally occurring fatty acids, based on distillation, salt solubility and low
temperature crystallisation, are described by K.S.Markley (Ed.), Fatty Acids, 2nd Edn, part 3, Chap. 20,
Interscience, New York, 1964.

Aromatic carboxylic acids can be purified by conversion to their sodium salts, recrystallisation from hot water,
and reconversion to the free acids.

Sulfonic acids

The low solubility of sulfonic acids in organic solvents and their high solubility in water makes necessary a
treatment different from that for carboxylic acids. Sulfonic acids are strong acids, they have the tendency to
hydrate, and many of them contain water of crystallisation. The lower-melting and liquid acids can generally be
purified with only slight decomposition by fractional distillation, preferably under reduced pressure. A common
impurity is sulfuric acid, but this can be removed by recrystallisation from concentrated aqueous solutions. The
wet acid can be dried by azeotropic removal of water with toluene, followed by distillation. The higher-melting
acids, or acids that melt with decomposition, can be recrystallised from water or, occasionally, from ethanol.
For a typical purification of aromatic sulfonic acids using their barium salts refer to benzenesulfonic acid in
Chapter 4.

Sulfinic acids
These acids are less stable, less soluble and less acidic than the corresponding sulfonic acids. The common
impurities are the respective sulfonyl chlorides from which they have been prepared, and the thiolsulfonates
(neutral) and sulfonic acids into which they decompose. The first two of these can be removed by solvent
extraction from an alkaline solution of the acid. On acidification of an alkaline solution, the sulfinic acid
crystallises out leaving the sulfonic acid behind. The lower molecular weight members are isolated as their
metal (e.g. ferric) salts, but the higher members can be crystallised from water (made slightly acidic), or alcohol.

ACID CHLORIDES

The corresponding acid and hydrogen chloride are the most likely impurities. Usually these can be removed by
efficient fractional distillation. Where acid chlorides are not readily hydrolysed (e.g. aryl sulfonyl chlorides) the
compound can be freed from contaminants by dissolving in a suitable solvent such as alcohol-free chloroform,
dry toluene or petroleum ether and shaking with dilute sodium bicarbonate solution. The organic phase is then
washed with water, dried with anhydrous sodium sulfate or magnesium sulfate, and distilled or recrystallised.
This procedure is hazardous with readily hydrolysable acid chlorides such as acetyl chloride and benzoyl
chloride. Solid acid chlorides should be thoroughly dried in vacuo over strong drying agents and are
satisfactorily recrystallised from toluene, toluene-petroleum ether, petroleum ethers, alcohol-free
chloroform/toluene, and, occasionally, from dry diethyl ether. Hydroxylic or basic solvents should be strictly
avoided. All operations should be carried out in a fume cupboard because of the irritant nature of these
compounds which also attack the skin.

ALCOHOLS
Monohydric alcohols
The common impurities in alcohols are aldehydes or ketones, and water. [Ethanol in Chapter 4 is typical.]
Aldehydes and ketones can be removed by adding a small amount of sodium metal and refluxing for 2 hours,
followed by distillation. Water can be removed in a similar way but it is preferable to use magnesium metal
instead of sodium because it forms a more insoluble hydroxide, thereby shifting the equilibrium more
completely from metal alkoxide to metal hydroxide. The magnesium should be activated with iodine (or a small
amount of methyl iodide), and the water content should be low, otherwise the magnesium will be deactivated.
If the amount of water is large it should be removed by azeotropic distillation (see below), or by drying over
anhydrous MgSO, (not CaCl, which combines with alcohols). Acidic materials can be removed by treatment
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with anhydrous NayCOj, followed by a suitable drying agent, such as calcium hydride, and fractional
distillation, using gas chromatography to establish the purity of the product [Ballinger and Long, J Am Chem
Soc 82 795 1960]. Alternatively, the alcohol can be refluxed with freshly ignited CaO for 4 hours and then
fractionally distilled [McCurdy and Laidler, Can J Chem 41 1867 1963].

With higher-boiling alcohols it is advantageous to add some freshly prepared magnesium ethoxide solution
(only slightly more than required to remove the water), followed by fractional distillation. Alternatively, in
such cases, water can be removed by azeotropic distillation with toluene. Higher-melting alcohols can be
purified by crystallisation from methanol or ethanol, toluene/petroleum ether or petroleum ether. Sublimation in
vacuum, molecular distillation and gas chromatography are also useful means of purification. For purification
via derivatives, vide supra.

Polyhydric alcohols

These alcohols are more soluble in water than are monohydric alcohols. Liquids can be freed from water by
shaking with type 4A Linde molecular sieves and can safely be distilled only under high vacuum. Carbohydrate
alcohols can be crystallised from strong aqueous solution or, preferably, from mixed solvents such as
ethanol/petroleum ether or dimethyl formamide/toluene. Crystallisation usually requires seeding and is
extremely slow. Further purification can be effected by conversion to the acetyl or benzoyl derivatives which
are much less soluble in water and which can readily be recrystallised, e.g. from ethanol. Hydrolysis of the
acetyl derivatives, followed by removal of acetate or benzoate and metal ions by ion-exchange chromatography,
gives the purified material. On no account should solutions of carbohydrates be concentrated above 40°
because of darkening and formation of caramel. Ion exchange, charcoal or cellulose column chromatography
has been used for the purification and separation of carbohydrates.

ALDEHYDES

Common impurities found in aldehydes are the corresponding alcohols, aldols and water from self-
condensation, and the corresponding acids formed by autoxidation. Acids can be removed by shaking with
aqueous 10% sodium bicarbonate solution. The organic liquid is then washed with water. It is dried with
anhydrous sodium sulfate or magnesium sulfate and then fractionally distilled. Water soluble aldehydes must
be dissolved in a suitable solvent such as diethyl ether before being washed in this way. Further purification can
be effected via the bisulfite derivative (see pp. 57 and 59) or the Schiff base formed with aniline or benzidine.
Solid aldehydes can be dissolved in diethyl ether and purified as above. Alternatively, they can be steam
distilled, then sublimed and crystallised from toluene or petroleum ether.

AMIDES

Amides are stable compounds. The lower-melting members (such as acetamide) can be readily purified by
fractional distillation. Most amides are solids which have low solubilities in water. They can be recrystallised
from large quantities of water, ethanol, ethanol/ether, aqueous ethanol, chloroform/toluene, chloroform or acetic
acid. The likely impurities are the parent acids or the alkyl esters from which they have been made. The former
can be removed by thorough washing with aqueous ammonia followed by recrystallisation, whereas elimination
of the latter is by trituration or recrystallisation from an organic solvent. Amides can be freed from solvent or
water by drying below their melting points. These purifications can also be used for sulfonamides and acid
hydrazides.

AMINES
The common impurities found in amines are nitro compounds (if prepared by reduction), the corresponding
halides (if prepared from them) and the corresponding carbamate salts. Amines are dissolved in aqueous acid,
the pH of the solution being at least three units below the pK, value of the base to ensure almost complete
formation of the cation. They are extracted with diethyl ether to remove neutral impurities and to decompose
the carbamate salts. The solution is then made strongly alkaline and the amines that separate are extracted into a
suitable solvent (ether or toluene) or steam distilled. The latter process removes coloured impurities. Note that
chloroform cannot be used as a solvent for primary amines because, in the presence of alkali, poisonous
carbylamines (isocyanides) are formed. However, chloroform is a useful solvent for the extraction of
heterocyclic bases. In this case it has the added advantage that while the extract is being freed from the
chloroform most of the moisture is removed with the solvent.
Alternatively, the amine may be dissolved in a suitable solvent (e.g. toluene) and dry HCI gas is passed through
the solution to precipitate the amine hydrochloride. This is purified by recrystallisation from a suitable solvent
mixture (e.g. ethanol/diethyl ether). The free amine can be regenerated by adding sodium hydroxide and
isolated as above.
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Liquid amines can be further purified via their acetyl or benzoyl derivatives (vide supra). Solid amines can be
recrystallised from water, alcohol, toluene or toluene-petroleum ether. Care should be taken in handling large
quantities of amines because their vapours are harmful (possibly carcinogenic) and they are readily absorbed
through the skin.

AMINO ACIDS
Because of their zwitterionic nature, amino acids are generally soluble in water. Their solubility in organic
solvents rises as the fat-soluble portion of the molecule increases. The likeliest impurities are traces of salts,
heavy metal ions, proteins and other amino acids. Purification of these is usually easy, by recrystallisation from
water or ethanol/water mixtures. The amino acid is dissolved in the boiling solvent, decolorised if necessary by
boiling with 1g of acid-washed charcoal/100g amino acid, then filtered hot, chilled, and set aside for several
hours to crystallise. The crystals are filtered off, washed with ethanol, then ether, and dried.
Amino acids have high melting or decomposition points and are best examined for purity by paper or thin layer
chromatography. The spots are developed with ninhydrin. Customary methods for the purification of small
quantities of amino acids obtained from natural sources (i.e. 1-5g) are ion-exchange chromatography (see
Chapter 1). For general treatment of amino acids see Greenstein and Winitz [The Amino Acids, Vols 1-3,
J.Wiley & Sons, New York 1961] and individual amino acids in Chapters 4 and 6.
A useful source of details such as likely impurities, stability and tests for homogeneity of amino acids is
Specifications and Criteria for Biochemical Compounds, 3rd edn, National Academy of Sciences, USA, 1972.

ANHYDRIDES

The corresponding acids, resulting from hydrolysis, are the most likely impurities. Distillation from phosphorus
pentoxide, followed by fractional distillation, is usually satisfactory. With high boiling or solid anhydrides,
another method involves boiling under reflux for 0.5-1h with acetic anhydride, followed by fractional
distillation. Acetic acid distils first, then acetic anhydride and finally the desired anhydride. Where the
anhydride is a solid, removal of acetic acid and acetic anhydride at atmospheric pressure is followed by heating
under vacuum. The solid anhydride is then either crystallised as for acid chlorides or (in some cases) sublimed
in a vacuum. A preliminary purification when large quantities of acid are present in a solid anhydride (such as
phthalic anhydride) is by preferential solvent extraction of the (usually) more soluble anhydride from the acid
(e.g. with CHCIj; in the case of phthalic anhydride). All operations with liquid anhydrides should be carried out
in a fume cupboard because of their LACHRYMATORY properties. Almost all anhydrides attack skin.

CAROTENOIDS

These usually are decomposed by light, air and solvents, so that degradation products are probable impurities.
Chromatography and adsorption spectra permit the ready detection of coloured impurities, and separations are
possible using solvent distribution, chromatography or crystallisation. Thus, in partition between immiscible
solvents, xanthophyll remains in 90% methanol while carotenes pass into the petroleum ether phase. For small
amounts of material, thin-layer or paper chromatography may be used, while column chromatography is suitable
for larger amounts. Colorless impurities may be detected by IR, NMR or mass spectrometry. The more
common separation procedures are described by P. Karrer and E. Jucker in Carotenoids, E.A. Braude
(translator), Elsevier, NY, 1950.

Purity can be checked by chromatography (on thin-layer plates, Kieselguhr, paper or columns), by UV or NMR
procedures.

ESTERS

The most common impurities are the corresponding acid and hydroxy compound (i.e. aicohol or phenol), and
water. A liquid ester from a carboxylic acid is washed with 2N sodium carbonate or sodium hydroxide to
remove acid material, then shaken with calcium chloride to remove ethyl or methyl alcohols (if it is a methyl or
ethyl ester). It is dried with potassium carbonate or magnesium suifate, and distilled. Fractional distillation
then removes residual traces of hydroxy compounds. This method does not apply to esters of inorganic acids
(e.g. dimethyl sulfate) which are more readily hydrolysed in aqueous solution when heat is generated in the
neutralisation of the excess acid. In such cases, several fractional distillations, preferably under vacuum, are
usually sufficient.

Solid esters are easily crystallisable materials. It is important to note that esters of alcohols must be
recrystallised either from non-hydroxylic solvents (e.g. toluene) or from the alcohol from which the ester is
derived. Thus methyl esters should be crystallised from methanol or methanol/toluene, but not from ethanol, n-
butanol or other alcohols, in order to avoid alcohol exchange and contamination of the ester with a second ester.
Useful solvents for crystallisation are the corresponding alcohols or aqueous alcohols, toluene,
toluene/petroleum ether, and chloroform (ethanol-free)/toluene. Esters of carboxylic acid derived from phenols
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are more difficult to hydrolyse and exchange, hence any alcoholic solvent can be used freely. Sulfonic acid
esters of phenols are even more resistant to hydrolysis: they can safely be crystallised not only from the above
solvents but also from acetic acid, aqueous acetic acid or boiling n-butanol.

Fully esterified phosphoric acid and phosphonic acids differ only in detail from the above mentioned esters.
Their major contaminants are alcohols or phenols, phosphoric or phosphonic acids (from hydrolysis), and
(occasionally) basic material, such as pyridine, which is used in their preparation. Water-insoluble esters are
washed thoroughly and successively with dilute acid (e.g. 0.2N sulfuric acid), water, 0.2N sodium hydroxide
and water. After drying with calcium chloride they are fractionally distilled. Water-soluble esters should first
be dissolved in a suitable organic solvent and, in the washing process, water should be replaced by saturated
aqueous sodium chloride. Some esters (e.g. phosphate and phosphonate esters) can be further purified through
their uranyl adducts (vide supra). Traces of water or hydroxy compounds can be removed by percolation
through, or shaking with, activated alumina (about 100g/L of liquid solution), followed by filtration and
fractional distillation in a vacuum. For high molecular weight esters (which cannot be distilled without some
decomposition) it is advisable to carry out distillation at as low a pressure as possible. Solid esters can be
crystallised from toluene or petroleum ether. Alcohols can be used for recrystallising phosphoric or phosphonic
esters of phenols.

ETHERS
The purification of diethyl ether (see Chapter 4) is typical of liquid ethers. The most common contaminants are
the alcohols or hydroxy compounds from which the ethers are prepared, their oxidation products (e.g.
aldehydes), peroxides and water. Peroxides, aldehydes and alcohols can be removed by shaking with alkaline
potassium permanganate solution for several hours, followed by washing with water, concentrated sulfuric acid
[CARE], then water. After drying with calcium chloride, the ether is distilled. It is then dried with sodium or
with lithium aluminium hydride, redistilled and given a final fractional distillation. The drying process should
be repeated if necessary.
Alternatively, methods for removing peroxides include leaving the ether to stand in contact with iron filings or
copper powder, shaking with a solution of ferrous sulfate acidified with N sulfuric acid, shaking with a copper-
zinc couple, passage through a column of activated alumina, and refluxing with phenothiazine. Cerium(III)
hydroxide has also been used .
A simple test for ether peroxides is to add 10mL of the ether to a stoppered cylinder containing 1mL of freshly
prepared 10% solution of potassium iodide containing a drop of starch indicator. No colour should develop
during one minute if free from peroxides. Alternatively, a 1% solution of ferrous ammonium sulfate, 0.1M in
sulfuric acid and 0.01M in potassium thiocyanate should not increase appreciably in red colour when shaken
with two volumes of the ether.
As a safety precaution against EXPLOSION (in case the purification has been insufficiently thorough) at least
a quarter of the total volume of ether should remain in the distilling flask when the distillation is discontinued as
peroxides are generally higher boiling. To minimize peroxide formation, ethers should be stored in dark bottles
and, if they are liquids, they should be left in contact with type 4A Linde molecular sieves, in a cold place, over
sodium amalgam. The rate of formation of peroxides depends on storage conditions and is accelerated by heat,
light, air and moisture. The formation of peroxides is inhibited in the presence of diphenylamine, di-tert-
butylphenol, or other antioxidants as stabiliser.
Ethers that are solids (e.g. phenyl ethers) can be steam distilled from an alkaline solution which will hold back
any phenolic impurity. After the distillate is made alkaline with sodium carbonate, the insoluble ether is
collected either by extraction (e.g. with chloroform, diethyl ether or toluene) or by filtration. It is then
crystallised from alcohols, alcohol/petroleum ether, petroleum ether, toluene or mixtures of these solvents,
sublimed in a vacuum and recrystallised if necessary.

HALIDES

Aliphatic halides are likely to be contaminated with halogen acids and the alcohols from which they have been
prepared, whereas in aromatic halides the impurities are usually aromatic hydrocarbons, amines or phenols. In
both groups the halogen is less reactive than it is in acid halides. Purification is by shaking with concentrated
hydrochloric acid, followed by washing successively with water, 5% sodium carbonate or bicarbonate, and
water. After drying with calcium chloride, the halide is distilled and then fractionally distilled using an efficient
column. For a solid halide the above purification is carried out by dissolving it in a suitable solvent such as
toluene. Solid halides can also be purified by chromatography using an alumina column and eluting with
toluene or petroleum ether. They can be crystallised from toluene, petroleum ethers, toluene/petroleum ether or
toluene/chloroform/petroleum ether. Care should be taken when handling organic halogen compounds because
of their TOXICITY. It should be noted that methyl iodide is a cancer suspect.

Liquid aliphatic halides are obtained alcohol-free by distillation from phosphorus pentoxide. They are stored in
dark bottles to prevent oxidation and, in some cases, the formation of phosgene.
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A general method for purifying chlorohydrocarbons uses repeated shaking with concentrated sulfuric acid
[CARE] until no further colour develops in the acid, then washing with water then a solution of sodium
bicarbonate, followed by water again. After drying with calcium chloride, the chlorohydrocarbon is fractionally
redistilled to constant boiling point.

HYDROCARBONS
Gaseous hydrocarbons are best freed from water and gaseous impurities by passage through suitable adsorbents
and (if olefinic material is to be removed) oxidants such as alkaline potassium permanganate solution, followed
by fractional cooling (see Chapter 1 for cooling baths) and fractional distillation at low temperature. To effect
these purifications and also to store the gaseous sample, a vacuum line is necessary.
Impurities in hydrocarbons can be characterised and evaluated by gas chromatography and mass spectrometry.
The total amount of impurities present can be estimated from the thermometric freezing curve.
Liquid aliphatic hydrocarbons are freed from aromatic impurities by shaking with concentrated sulfuric acid
[CARE] whereby the aromatic compounds are sulfonated. Shaking is carried out until the sulfuric acid layer
remains colourless for several hours. The hydrocarbon is then freed from the sulfuric acid and the sulfonic
acids by separating the two phases and washing the organic layer successively with water, 2N sodium
hydroxide, and water. It is dried with CaCl; or NapSQOy, and then distilled. The distillate is dried with sodium
wire, P,Os, or metallic hydrides, or passage through a dry silica gel column, or preferably, and more safely,
with molecular sieves (see Chapter 1) before being finally fractionally distilled through an efficient column. If
the hydrocarbon is contaminated with olefinic impurities, shaking with aqueous alkaline permanganate is
necessary prior to the above purification. Alicyclic and paraffinic hydrocarbons can be freed from water, non-
hydrocarbon and aromatic impurities by passage through a silica gel column before the final fractional
distillation. This may also remove isomers. (For the use of chromatographic methods to separate mixtures of
aromatic, paraffinic and alicyclic hydrocarbons see references in the bibliography in Chapter 1 under
Chromatography, Gas Chromatography and High Performance Liquid Chromatography). Another method of
removing branched-chain and unsaturated hydrocarbons from straight-chain hydrocarbons depends on the much
faster reaction of the former with chlorosuifonic acid.
Isomeric materials which have closely similar physical properties can be serious contaminants in hydrocarbons.
With aromatic hydrocarbons, e.g. xylenes and alkyl benzenes, advantage is taken of differences in ease of
sulfonation. If the required compound is sulfonated more readily, the sulfonic acid is isolated, crystallised (e.g.
from water), and decomposed by passing superheated steam through the flask containing the acid. The sulfonic
acid undergoes hydrolysis and the liberated hydrocarbon distils with the steam. It is separated from the
distillate, dried, distilled and then fractionally distilled. For small quantities (10-100mg), vapour phase
chromatography is the most satisfactory method for obtaining a pure sample (for column materials for packings
see Chapter 1).
Azeotropic distillation with methanol or 2-ethoxyethanol (cellosolve) has been used to obtain highly purified
saturated hydrocarbons and aromatic hydrocarbons such as xylenes and isopropylbenzenes.
Carbonyl-containing impurities can be removed from hydrocarbons (and other oxygen-lacking solvents such as
CHCI; and CCly) by passage through a column of Celite 545 (100g) mixed with concentrated sulfuric acid
(60mL). After first adding some solvent and about 10g of granular Na;SOy, the column is packed with the
mixture and a final 7-8cm of Na;SOy is added at the top [Hornstein and Crowe, Anal Chem 34 1037 1962].
Alternatively, Celite impregnated with 2,4-dinitrophenylhydrazine can be used.
With solid hydrocarbons such as naphthalene and polycyclic hydrocarbons, preliminary purification by
sublimation in vacuum (or high vacuum if the substance is high melting), is followed by zone refining and
finally by chromatography (e.g. on alumina) using low-boiling liquid hydrocarbon eluents. These solids can be
recrystallised from alcohols, alcohol/petroleum ether or from liquid hydrocarbons (e.g. toluene) and dried below
their melting points. Aromatic hydrocarbons that have been purified by zone melting include anthracene,
biphenyl, fluoranthrene, naphthalene, perylene, phenanthrene, pyrene and terphenyl, among others. Some
polycyclic hydrocarbons, e.g. benzpyrene, are CARCINOGENIC.
Olefinic hydrocarbons have a very strong tendency to polymerise and commercially available materials are
generally stabilised, e.g. with hydroquinone. When distilling compounds such as vinylpyridine or styrene, the
stabiliser remains behind and the purified olefinic material is more prone to polymerisation. The most common
impurities are higher-boiling dimeric or polymeric compounds. Vacuum distillation in a nitrogen atmosphere
not only separates monomeric from polymeric materials but in some cases also depolymerises the impurities.
The distillation flask should be charged with a polymerisation inhibitor and the purified material should be used
immediately or stored in the dark and mixed with a small amount of stabiliser (e.g. 0.1% of hydroquinone or di-
tert-butylcatechol). It is also advisable to add to the flask a small amount (ca 5-10% by volume of liquid in the
flask) of a ground mixture of Kieselguhr and NaCl which will provide nuclei for facilitating boiling and finally
for cleaning the flask from insoluble polymeric residue (due to the presence of the water soluble NaCl).
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IMIDES
Imides (e.g. phthalimide) can be purified by conversion to their potassium salts by reaction in ethanol with
ethanolic potassium hydroxide. The imides are regenerated when the salts are hydrolysed with dilute acid. Like
amides, imides readily crystallise from alcohols and, in some cases (e.g. quinolinic imide), from glacial acetic
acid.

IMINO COMPOUNDS
These substances contain the -C=NH group and, because they are strong, unstable bases, they are kept as their
more stable salts, such as the hydrochlorides. (The free base usually hydrolyses to the corresponding oxo
compound and ammonia.) Like amine hydrochlorides, the salts are purified by solution in alcohol containing a
few drops of hydrochloric acid. After treatment with charcoal, and filtering, dry diethyl ether (or petroleum
ether if ethanol is used) is added until crystallisation sets in. The salts are dried and kept in a vacuum
desiccator.

KETONES

Ketones are more stable to oxidation than aldehydes and can be purified from oxidisable impurities by refluxing
with potassium permanganate until the colour persists, followed by shaking with sodium carbonate (to remove
acidic impurities) and distilling. Traces of water can be removed with type 4A Linde molecular sieves.
Ketones which are solids can be purified by crystallisation from alcohol, toluene, or petroleum ether, and are
usually sufficiently volatile for sublimation in vacuum. Ketones can be further purified via their bisulfite,
semicarbazone or oxime derivatives (vide supra). The bisulfite addition compounds are formed only by
aldehydes and methyl ketones but they are readily hydrolysed in dilute acid or alkali.

MACROMOLECULES See Chapter 6.

NITRILES
All purifications should be carried out in an efficient fume cupboard because of the TOXIC nature of these
compounds.
Nitriles are usually prepared either by reacting the corresponding halide or diazonium salts with a cyanide salt
or by dehydrating an amide. Hence, possible contaminants are the respective halide or alcohol (from
hydrolysis), phenolic compounds, amines or amides. Small quantities of phenols can be removed by
chromatography on alumina. More commonly, purification of liquid nitriles or solutions of solid nitriles in a
solvent such as diethyl ether is by shaking with dilute aqueous sodium hydroxide, followed by washing
successively with water, dilute acid and water. After drying with sodium sulfate, the solvent is distilled off.
Liquid nitriles are best distilled from a small amount of P,Os which, besides removing water, dehydrates any
amide to the nitrile. About one fifth of the nitrile should remain in the distilling flask at the end of the
distillation (the residue may contain some inorganic cyanide). This purification also removes alcohols and
phenols. Solid nitriles can be recrystallised from ethanol, toluene or petroleum ether, or a mixture of these
solvents. They can also be sublimed under vacuum. Preliminary purification by steam distillation is usually
possible.
Strong alkali or heating with dilute acids may lead to hydrolysis of the nitrile, and should be avoided.

NITRO COMPOUNDS

Aliphatic nitro compounds are generally acidic. They are freed from alcohols or alkyl halides by standing for a
day with concentrated sulfuric acid, then washed with water, dried with magnesium sulfate followed by calcium
sulfate and distilled. The principal impurities are isomeric or homologous nitro compounds. In cases where the
nitro compound was originally prepared by vapour phase nitration of the aliphatic hydrocarbon, fractional
distillation should separate the nitro compound from the corresponding hydrocarbon. Fractional crystallisation
is more effective than fractional distillation if the melting point of the compound is not too low.

The impurities present in aromatic nitro compounds depend on the aromatic portion of the molecule. Thus,
benzene, phenols or anilines are probable impurities in nitrobenzene, nitrophenols and nitroanilines,
respectively. Purification should be carried out accordingly. Isomeric compounds are likely to remain as
impurities after the preliminary purifications to remove basic and acidic contaminants. For example, o-
nitrophenol may be found in samples of p-nitrophenol. Usually, the o-nitro compounds are more steam volatile
than the p-nitro isomers, and can be separated in this way. Polynitro impurities in mononitro compounds can be
readily removed because of their relatively lower solubilities in solvents. With acidic or basic nitro compounds
which cannot be separated in the above manner, advantage may be taken of their differences in pK values (see
Chapter 1). The compounds can thus be purified by preliminary extractions with several sets of aqueous buffers
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of known pH (see for example Table 19, Chapter 1) from a solution of the substance in a suitable solvent such
as diethyl ether. This method is more satisfactory and less laborious the larger the difference between the pK
value of the impurity and the desired compound. Heterocyclic nitro compounds require similar treatment to the
nitroanilines. Neutral nitro compounds can be steam distilled.

NUCLEIC ACIDS See Chapter 6.

PHENOLS

Because phenols are weak acids, they can be freed from neutral impurities by dissolution in aqueous N sodium
hydroxide and extraction with a solvent such as diethyl ether, or by steam distillation to remove the non-acidic
material. The phenol is recovered by acidification of the aqueous phase with 2N sulfuric acid, and either
extracted with ether or steam distilled. In the second case the phenol is extracted from the steam distillate after
saturating it with sodium chloride (salting out). A solvent is necessary when large quantities of liquid phenols
are purified. The phenol is fractionated by distillation under reduced pressure, preferably in an atmosphere of
nitrogen to minimise oxidation. Solid phenols can be crystallised from toluene, petroleum ether or a mixture of
these solvents, and can be sublimed under vacuum. Purification can also be effected by fractional crystallisation
or zone refining. For further purification of phenols via their acetyl or benzoyl derivatives (vide supra).

POLYPEPTIDES AND PROTEINS See Chapter 6.

QUINONES

These are neutral compounds which are usually coloured. They can be separated from acidic or basic impurities
by extraction of their solutions in organic solvents with aqueous basic or acidic solutions, respectively. Their
colour is a useful property in their purification by chromatography through an alumina column with, e.g.
toluene, as eluent. They are volatile enough for vacuum sublimation, although with high-melting quinones a
very high vacuum is necessary. p-Quinones are stable compounds and can be recrystallised from water,
ethanol, aqueous ethanol, toluene, petroleum ether or glacial acetic acid. ¢-Quinones, on the other hand, are
readily oxidised. They should be handled in an inert atmosphere, preferably in the absence of light.

SALTS (ORGANIC)
With metal ions
Water-soluble salts are best purified by preparing a concentrated aqueous solution to which, after decolorising
with charcoal and filtering, ethanol or acetone is added so that the salts crystallise. They are collected, washed
with aqueous ethanol or aqueous acetone, and dried. In some cases, water-soluble salts can be recrystallised
satisfactorily from alcohols. Water-insoluble salts are purified by Soxhlet extraction, first with organic solvents
and then with water, to remove soluble contaminants. The purified salt is recovered from the thimble.

With organic cations
Organic salts (e.g. trimethylammonium benzoate) are usually purified by recrystallisation from polar solvents
(e.g. water, ethanol or dimethyl formamide). If the salt is too soluble in a polar solvent, its concentrated
solution should be treated dropwise with a miscible nonpolar, or less polar, solvent (see Table 8, Chapter 1)
until crystallisation begins.

With sodium alkane sulfonates
Purified from sulfites by boiling with aqueous HBr. Purified from sulfates by adding BaBr,. Sodium alkane
disulfonates are finally pptd by addition of MeOH. [Pethybridge and Taba J Chem Soc Faraday Trans 1 18
1331 1982].

SULFUR COMPOUNDS
Disulfides
These can be purified by extracting acidic and basic impurities with aqueous base or acid, respectively.
However, they are somewhat sensitive to strong alkali which slowly cleaves the disulfide bond. The lower-
melting members can be fractionally distilled under vacuum. The high members can be recrystallised from
alcohol, toluene or glacial acetic acid.

Sulfones
Sulfones are neutral and very stable compounds that can be distilled without decomposition. They are freed
from acidic and basic impurities in the same way as disulfides. The low molecular weight members are quite
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soluble in water but the higher members can be recrystallised from water, ethanol, aqueous ethanol or glacial
acetic acid.

Sulfoxides
These compounds are odourless, rather unstable compounds, and should be distilled under vacuum in an inert
atmosphere. They are water-soluble but can be extracted from aqueous solution with a solvent such as diethyl
ether.

Thioethers
Thioethers are neutral stable compounds that can be freed from acidic and basic impurities as described for
disulfides. They can be recrystallised from organic solvents and distilled without decomposition. They have
sulfurous odours.

Thiols

Thiols, or mercaptans, are stronger acids than the corresponding aliphatic hydroxy or phenolic compounds, but
can be purified in a similar manner. However, care must be exercised in handling thiols to avoid their oxidation
to disulfides. For this reason, purification is best carried out in an inert atmosphere in the absence of oxidising
agents. Similarly, thiols should be stored out of contact with air. They can be distilled without change, and the
higher-melting thiols (which are usually more stable) can be crystallised, e.g. from water or dilute alcohol.
They oxidise readily in alkaline solution but can be separated from the disulfide which is insoluble in this
medium. They should be stored in the dark below 0°. All operations with thiols should be carried out in an
efficient fume cupboard because of their very unpleasant odour and their TOXICITY.

Thiolsulfonates (disulfoxides)

Thiolsulfonates are neutral and are somewhat light-sensitive compounds. Their most common impurities are
sulfonyl chlorides (neutral) or the sulfinic acid or disulfide from which they are usually derived. The first can
be removed by partial freezing or crystallisation, the second by shaking with dilute alkali, and the third by
recrystallisation because of the higher solubility of the disulfide in solvents. Thiolsulfonates decompose slowly
in dilute, or rapidly in strong, alkali to form disulfides and sulfonic acids. Thiolsulfonates also decompose on
distillation but they can be steam distilled. The solid members can be recrystallised from water, alcohols or
glacial acetic acid.
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CHAPTER 3

THE FUTURE OF PURIFICATION

INTRODUCTION

The essence of research is to seek answers wherever there are questions. Regardless of what the answers are the
experiments to be conducted must be carried out with utmost care. For this, one must ensure that the quality of
the reactants used and the products obtained are of the highest possible purity. In general terms, one can broadly
categorise experimental chemistry and biological chemistry into the following areas:
Isolation and identification of substances (natural products from nature, protein purification and
characterisation, etc).
Synthesis of substances (organic, or inorganic in nature; these substances may be known substances or
new compounds).
Analysis of substances (this is a key process in the identification of new or known chemical and
biological substances. Methods of analysis include spectroscopic methods, derivatisation and sequencing
methods).
Measurements of particular properties of a compound or substance (enzyme kinetics, reaction kinetics,
FACS, fluorescence-activated cell sorting, assay).

Impressive and sophisticated strategies, in the form of new reagents, catalysts and chemical transformations, are
currently available for the syntheses of molecules. In recent years there is a deviation in focus from developing
new synthetic routes and reactions to improving methods for carrying out reactions. In particular, traditional
reactions can be carried out in new ways such that those efficiencies of reactions are greatly improved. The
efficiencies of reactions can be measured in terms of the yields of the desired product(s), or in terms of the time
taken to obtain the desired product(s). Some of the ‘new’ lateral ways of thinking to improve efficiencies of
reactions recognise the importance of purification of products in the planning of a synthetic sequence. Thus
methods such as solid phase synthesis, fluorous chemistry as well as the use of ionic liquids minimise purification
procedures and thus improve the ability to rapidly access pure compounds. These techniques also contribute to the
efficiencies of reactions in terms of yields. In looking ahead to synthesis in the 21* century, a brief outline of the
key aspects of these techniques are presented. In time many commercially available chemicals will be prepared
using methods described in this chapter, and knowledge of these now should be useful to the experimenter. Some
of these compounds (e.g. peptides) have already been synthesised by such methods (e.g. SPPS, see below).

SOLID PHASE SYNTHESIS

Solid phase synthesis (SPS) has emerged as an important methodology for the rapid and efficient synthesis of
molecules. The ease of work-up and purification procedures in solid phase as compared to solution phase
chemistry, as well as the scope for combinatorial chemistry provides impetus for further development in this field.
The earliest studies on solid phase chemistry were focused on solid phase peptide synthesis (SPPS). The concept
of carrying out reactions on a polymer support as distinct to reactants in solution, was conceived by R.B.
Merrifield who received the Nobel Prize in Chemistry in 1984 for his pioneering work. However since the mid
1990's, advances in solid phase chemistry have moved beyond the routine (often robotic) synthesis of small to
medium peptides and oligonucleotides. SPOS (solid phase organic synthesis) has gained much prominence due to
the wealth of compounds (combinatorial libraries) that can be synthesised rapidly. This is especially important for
pharmaceutical companies, screening for compounds with certain biological profiles or for chemical companies,
screening for new catalysts or reagents. In SPOS, it is envisaged that difficult reactions can be driven to
completion by using a large excess of reagents, which are easily removed by filtration. Furthermore, expensive
reagents in the form of catalysts or chiral auxiliaries may be recycled easily if supported on a polymer and hence
solid phase reactions provide economy in terms of costs and labour. Another strength of SPS is the ease in
purification procedures which generally involves filtration of polymer supported products (solid) from soluble
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reaction components (liquid) in what is effectively a solid-liquid extraction. In the final step of the synthetic
sequence, the desired product is then cleaved from the polymer support.

Despite the relative infancy in the development of solid phase reactions, a wide range of functionalised resins are
commercially available. The main uses of these functionalised resins can be roughly classified as follows:

SOLID PHASE PEPTIDE SYNTHESIS (SPPS)

Extensive studies on the synthesis of peptides on solid phase have been carried out, so much so that the technique
of SPPS can be reliably and routinely used for the synthesis of short peptides by novices in the field. A large
number of resins and reagents have been developed specifically for this purpose, and much is known on problems
and avoidance of racemisation, difficult couplings, compatibility of reagents and solvents. Methods for
monitoring the success of coupling reactions are available. Automated synthesisers are available commercially
(e.g. from Protein Technologies, Rainin Inst Inc, Tuscon AZ; protan@dakotacom.net) which can carry out as
many as a dozen polypeptide syntheses simultaneously. The most satisfactory chemistry currently used is Fmoc
(9-fluorenylmethoxycarbonyl) chemistry whereby the amino group of the individual amino acid residues is
protected as the Fmoc. A large number of Fmoc-amino acids are commercially available as well as polymer resins
to which the specific Fmoc-amino acid (which will eventually become the carboxy terminal residue of the peptide)
is attached. With automated synthesisers, the solvent used is N-methylpyrrolidone and washings are carried out
with dimethylformamide. Deprotection of the polypeptide is carried out with anhydrous trifluoroacetic acid (TFA).
A cycle for one residue varies with the residue but can take an hour or more. This means that 70-80 mer
polypeptides could take more than a week to prepare. This is not a serious drawback because several different
polypeptides can be synthesised simultaneously. The success of the synthesis is dependent on the amino acid
sequence since there are some twenty or more different amino acids and the facility of forming a peptide bond
varies with the pair of residues invloved. However, generally 70 to 80 mers are routinely prepared, and if the
sequence is favourable, up to 120 mer polypeptides can be synthesised. After deprotection with TFA the
polypeptide is usually purified by HPLC using a C18 column with reverse phase chromatography. There are
many commercial firms that will supply custom made polypeptides at a price depending on the degree of purity
required.

SOLID PHASE DEOXYRIBONUCLEOTIDE SYNTHESIS

The need for oligodeoxyribonucleotides mainly as primers for the preparation of deoxyribonucleic acids (DNA) and
for DNA sequencing has resulted in considerable developments in oligodeoxyribonucleotide synthesis. The solid
phase procedure is the method commonly used. Automated synthesisers are commercially avalable, but with the
increase in the number of firms which will provide custom made oligodeoxyribonucleotides, it is often not
economical to purchase a synthesiser to make one's own oligodeoxyribonucleotides. Unlike in polypeptide
synthesis where there are some twenty different residues to "string" together, in DNA synthesis there are only four
deoxyribonucleotides, consequently there is usually little difficulty is synthesising 100 mers in quantities from 10
yg to 10 milligrams of material. The deprotected deoxyribonucleic acid which is separated from the solid support
is purified on an anion exchange column followed by reverse phase HPLC using C8 to C18 columns for desalting.
As for the polypeptides, the cost of DNA will depend on the purification level required.

SOLID PHASE OLIGOSACCHARIDE SYNTHESIS

Although automated solid phase peptide and oligonucleotide synthetic procedures are well established, automated
solid phase oligosaccharide synthesis is considerably more difficult. The current awareness of the importance of
polysaccharides as surface recognition molecules and in glycoproteins and glycolipids has prompted much interest
in oligosaccharide synthesis and some progress has been made (see Kochetkov Russ Chem Rev 69 795 2000; Ito
and Manabe Curr Opin Chem Biol 2 701 1998; Seeberger and Danishefsky Acc Chem Res 31 685 1998). A
general method for automated oligosaccharide synthesis is not as yet availble. An example of an automated
synthesis of specific glycosides has been reported by Seeberger (Science 291 1523 2001, see also Houlton Chem
Br 38 (4) 46 2002).

SOLID PHASE ORGANIC SYNTHESIS (SPOS)
At the time of writing this book, SPOS is in an area of relative infancy but has considerable potential. One of the
main difficulties in SPOS lies in the lack of techniques available to monitor reactions carried out on polymer
supports. Unlike reactions in solution phase, reactions on solid support cannot be monitored with relative ease
and this has hindered the progress as well as the efficacy of solid supported synthesis of small non-peptidic
molecules. Despite these difficulties, a large body of studies is available for SPOS. Recent reviews incorporate
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information on the types of reactions that can be carried out, as well as outline the difficulties and differences with
SP (solid phase) reactions as compared with their solution phase counterparts (see bibliography). An interesting
application of such procedures is the synthesis of polymeric esters (e.g. polycaprolactones, polyhydroxybutyrates,
polylactates) and starch- and cellulose- like polymers using a plasticised starch support. These have been useful for
making biodegradable trays and containers for foodstuffs (BenBrahim Chem Br 38(4) 40 2002).

POLYMER SUPPORTED REACTANTS

These have become of increasing importance in synthesis and a broad classification of polymer supported reactants
are as follows: Polymer bound bases (e.g. dimethylaminopyridine, morpholine, piperidine); Polymer supported
catalysts (e.g. Grubbs catalyst for metathesis reactions, palladium for hydrogenation reactions,
tributylmethylammonium chloride for phase transfer reactions); Polymer supported condensation reagents {e.g.
DEAD (diethy] azodicarboxylate) for Mitsonobu reactions, DEC [1-(3-dimethylamino-propyl)-3-ethylcarbodiimide
hydrochloride] {or EDCI [1-ethyl-3-(3-di-methylaminopropyl) carbodiimide HCIl]} for peptide synthesis, HOBt (1-
hydroxybenzotriazole) for peptide synthesis; Polymer supported oxidizing agents (e.g. osmium tetroxide,
perruthenate, pyridinium chlorochromate); Polymer supported reducing agents (e.g. borohydride, tributyltin
fluoride); Polymer supported phosphines (for miscellaneous applications depending on the structure) and so on.
Commercially available polymer supported reactants are identified in Chapters 4 and 5 of this book.

SCAVENGER RESINS
Though not as extensively utilised as polymer supported reactants, the use of resins to clean up reactions is
gaining favour. The type of commercially available scavenger resins are electrophilic scavenger resins (e.g.
benzaldehyde derivatised resins to scavenge amines; isocyanate resins to scavenge amines, anilines and hydrazines;
tosyl chloride resins to scavenge nucleophiles) and nucleophilic scavenger resins (e.g. diethylenetriamine resins to
scavenge acids, acid chlorides, anhydrides; sulfonyl amide resins to scavenge acids, acid chlorides, aldehydes,
isocyanates and chloroformates).

RESIN SUPPORT

The common resin matrixes comprise of polystyrene crosslinked with divinylbenzene, graft polymers of
polystyrene-polyethylene glycol (PS-PEG) and polyethyleneglycol acrylamide (PEGA) composite resins. For each
type of resin matrixes, a range of functionalised polymer supports are available. In addition, a number of these
resins are available with different percentage of crosslinking as well as a range of loadings of the reactive
functionality. Polystyrene based resins are the most extensively used. Unfortunately these resins do not swell,
i.e. do not imbibe water, in polar solvents such as water and methanol and thus cannot be used for carrying out
reactions in these solvents. In contrast grafted PS-PEG resins swell in a range of solvents from toluene to water.
Examples of grafted PS-PEG resins are NovaSyn® TG and NovaGel® resins. As the success of transformations
to be carried out on SPOS depends in part on the swelling properties as well as the robustness of the resin, the
choice of resin matrix to be used must be carefully considered. The swelling properties of a number of resin types
in a variety of solvents have been documented (see NovaBiochem catalog and also Santini, Griffith and Qi
Tetrahedron Lett 39 8951 1998). For example, the swelling of a polystyrene resin in DMF is 3 mL/g of resin
as compared to that in dichloromethane which is 7 mL/g of resin. It is thought that swelling of resins in the order
of greater than 4 mL/g constitutes a good solvent, between 2-4 mL/g a moderate solvent and that less than 2 mL/g
a poor solvent choice for carrying out solid phase reactions.

Lightly crosslinked resins are less robust but have greater ability to swell in appropriate solvents. Typically a 1-
2% crosslinked divinyl benzene polystyrene resin is employed in organic synthesis.

An extensive list of the commercially available resins is available from Sigma-Aldrich (www.sigmaaldrich.com),
Novabiochem (www.novabiochem.com), Fluka and other chemical companies. Sigma-Aldrich and Novabiochem
have excellent catalogs. In addition, the Novabiochem catalog and website are a rich source of useful technical
information.

CHOICE OF RESIN FOR SPOS
There is a large range of resins available for SPOS. These resins are derivatised polymer supports with a range of
linkers. The roles of linkers are (i) to provide point(s) of attachment for the tethered molecule, akin to a solid
supported protecting group(s), (ii) to provide distance from the polymeric backbone in order to minimise
interactions with the backbone, (iii) to enable cleavage of product molecules under conditions compatible with the
stability of the molecules and the reaction conditions employed for chemical transformations. Hence in order to
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choose an appropriate resin for use in SPOS, one would need to consider the nature of the attachment of the
reactant molecule onto the solid support (e.g. in order to tether the carboxy group in a reactant as an ester linkage
on a solid support, one may choose to use a hydroxy functionalised linker), the stability of the resin under
conditions employed in the chemical transformations (e.g. issues of orthogonality - will the conditions utilised
cause premature cleavage of the linker or premature cleavage of the products?), the solvents and reactants needed in
the transformations (e.g. will the solvents swell the resin?), conditions of cleavage of products (e.g. will this cause
racemisation or rearrangement of the product?), the functionality of the resultant product after cleavage (e.g. will
cleavage of the product result in a residual functionality in the molecule?) and so on. Linkers which leave no
residual functionalities in the products upon cleavage are known as traceless linkers and those which need to be
activated in order to be cleaved are known as safety catch linkers. A fascinating array of linkers (commercial or
otherwise) is available and some excellent reviews are cited in the bibliography at the end of this chapter.

COMBINATORIAL CHEMISTRY
The major impetus for the development of solid phase synthesis centers around applications in combinatorial
chemistry. The notion that new drug leads and catalysts can be discovered in a high throughput fashion has been
demonstrated many times over as is evidenced from the number of publications that have arisen (see references at
the end of this chapter). A number of approaches to combinatorial chemistry exist. These include the split-mix
method, serial techniques and parallel methods to generate libraries of compounds. The advances in combinatorial
chemistry are also accompanied by sophisticated methods in deconvolution and identification of compounds from
libraries. In a number of cases, innovative hardware and software has been developed for these purposes.
Depending on the size of the combinatorial library to be generated as well as the scale of the reactions to be carried
out, a wide range of specialised glassware and equipment are commercially available. For example, in order to
carry out parallel combinatorial synthesis, reaction stations equipped with temperature and stirring control are
available from a number of sources (e.g. www.fisher.co.uk; www.radleys.com; www.sigmaaldrich.com). These
reaction stations are readily adapted, using appropriate modules, for conditions under reflux or under inert
atmosphere. For automated synthesis of large libraries of compounds, reactions can be carried out using reaction
blocks on microtiter plates.
Ready to use CombiKits™ which contain a variety of pre-weighed building blocks are available from Aldrich
Chemical Company.

MONITORING SOLID PHASE REACTIONS

This remains the bane of solid phase reactions. Unlike solution phase reactions, where the progress of reactions
can be monitored rapidly via TLC, GC or HPLC methods, procedures for the rapid monitoring of progress in solid
phase reactions are limited. Although a number of spectroscopic methods have been developed for direct
monitoring of reactions on solid supports, these methods usually require specialised equipment, not routinely
available in chemical laboratories. These methods include on-bead IR analysis (e.g. Huber et al. Anal Chim Acta
393 213 1999; Yan and Gremlich J Chromatogr, B. 725 91 1999; Yan et al. J Org Chem 60 5736 1995) and
solid state magic angle spinning NMR techniques (e.g. Warrass and Lippens J Org Chem 65 2946 2000;
Rousselot-Pailley, Ede and Lippens J. Comb. Chem. 3 559 2001).

The most common methods for monitoring solid phase reactions utilized in normal research laboratories are:

Infrared analysis of resin
This is a destructive method in which the resin is ground and pelleted as a KBr disc and analysed by FT-IR
analysis. This method works best for systems where distinct functional group transformations (C=0, C-OH,
C=C, etc) are expected. No special equipment is needed.

Qualitative and quantitative analyses

There are a number of colour or UV tests which are available for monitoring the presence or absence of certain
functional groups. Although some of these tests are routinely used for the quantitative analysis of functional
groups in solution phase, the quantification on solid phase is less than reliable. An exception to this is the Fmoc
(9-fluorenylmethoxycarbonyl) assay, which is routinely used for quantification of coupling in SPPS using Fmoc
amino acids. It should also be noted that the generality of some of these colour tests on a variety of solid phase
resins is not known and hence these tests serve only as a guide to functional group identification. Some (not an
exhaustive list) of the reported methods of analyses are outlined below.



76 The Future of Purification

DETECTION OF REACTIVE GROUPS ON RESINS

Detection of hydroxy groups on resin

A method in which the resin is treated with cyanuric chloride (trichlorotriazine, TCT) in DMF followed by a
nucleophilic dye (AliR or Mordant Orange 1, beads appear red in the presence of hydroxyl groups, or with fuschin,
beads appear fuschia, or with fluorescein, they become fluorescent) has been reported (Attardi and Taddei
Tetrahedron Lett 42 2927 2001; Attardi, Falchi and Taddei Tetrahedron Lett 41 7395 2001). Another
colorimetric test for the detection of polymer supported tertiary alcohols utilizes the conversion of the alcohols to
the polymer supported diphenylsilylchloride ether, followed by subsequent treatment with methyl red. The beads
form a readily distinguishable orange/red colour. The test is also positive for the hydroxy Wang resin and the
aminomethylpolystyrene resin [Burkett, Brown and Meloni Tetrahedron Lett 42 5773 2001]. Alternatively the
conversion of polymer supported alcohols to the tosylate followed by displacement by p-nitrobenzylpyridine
(PNBP) gives a strongly coloured salt upon treatment with bases such as piperidine, followed by gentle heating
[Kuisle et al. Tetrahedron 55 14807 1999).

Detection of aldehyde groups om resin

The use of an acidic solution of p-anisaldehyde in ethanol to detect aldehyde functionalities on polystyrene polymer
supports has been reported (beads are treated with a freshly made solution of p-anisaldehyde (2.55 mL), ethanol (88
mL), sulfuric acid (9 mL), acetic acid (1 mL) and heated at 110°C for 4 min). The colour of the beads depends on
the percentage of CHO content such that at 0% of CHO groups, the beads are colourless, ~50% CHO content, the
beads appear red and at 98% CHO the beads appear burgundy [Vézquez and Albericio Tetrahedron Lett 42 6691
2001]. A different approach utilises 4-amino-3-hydrazino-5-mercapto-1,2,4-triazole (Purpald) as the visualizing
agent for CHO groups. Resins containing aldehyde functionalities turn dark brown to purple after a 5 min reaction
followed by a 10 minute air oxidation {Cournoyer et al. J Comb Chem 4 120 2002].

Detection of carboxy groups on resin
The presence of a COOH functionality on a polystyrene resin can be detected using a 0.25% solution of malachite
green-oxalate in ethanol in the presence of a drop of triethylamine. Beads with COOH functionalities are coloured
dark green or appear as clear gel beads [Attardi, Porcu and Taddei Tetrahedron Lett 41 7391 2000].

Detection of amino groups on resin

The methods for the detection of amine functional groups are well established. For example the Kaiser test can be
used to detect the presence of amine groups on resins (blue colour is observed). In the Kaiser test, two reagents are
prepared. Reagent 1 comprises of a mixture of two solutions: A and B. A is a solution of phenol in absolute
ethanol (40g of phenol in 10 mL of absolute ethanol, followed by treatment of this clear solution with 4g of
Amberlite mixed bed resin MB-3 for 45 mins. The solution is then filtered.). Solution B is made up of 65 mg of
KCN in 100 mL water; 2 mL of this solution is diluted to 100 mL of freshly distilled pyridine. The solution is
then stirred with 4 g of Amberlite mixed-bed resin MB-3 and filtered. Solutions A and B are then mixed. Reagent
2 is a solution of ninhydrin (2.5g) in absolute ethanol (50 mL). For a qualitative Kaiser test, 6 drops of reagent 1
and 2 drops of reagent 2 are added to the well washed dried resin (2-5 mg) and mixed, followed by heating to 100°C
for 4-6 min. A method for the quantitative determination of amino groups using this test has also been reported
[Sarin et al. Anal Biochem 117 147 1981]. It is however known that the Kaiser test does not give a positive test
with a secondary amino acid such as proline or some ‘unnatural’ amino acids. In addition some deprotected amino
acids (Ser, Asn, Asp) do not show the expected intense blue colour typical of free primary amino groups.

A test for secondary amines (e.g. proline) is the Chloranil test (1 drop of a 2% acetaldehyde solution in DMF,
followed by one drop of a 2% solution of p-chloranil in DMF, leave for 5 mins). A positive test gives blue stained
beads.

Other tests for the detection of amino functionalities on solid supports include the TNBS (2,4,6-
trinitrobenzenesulfonic acid, picrylsulfonic acid) [Hancock and Battersby Anal Biochem 71 260 1976], the
DABITC [Shah et al. Anal. Commun. 34 325 1997] and the NF31 [Madder et al. Eur J Org Chem 2787 1999)
tests.

Detection of thiol groups on resin
For quantitative analysis of solid supported thiol residues on free macroporous or PEG grafts, Ellman's reagent has
been used [5,5'-dithio-bis-(2-nitrobenzoic acid]. However only qualitative information can be gained using lightly
crosslinked polystyrene resins [Badyal et al. Tetrahedron Lett 42 8531 2001].

Fmoc assay
This is a very important and well tested method for the quantitative determination of loading of Fmoc protected
compounds particularly that of Fmoc (fluorenylmethoxycarbonyl) amino acids on solid support. Fmoc groups can
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be readily deprotected in the presence of base. Generally, in the deprotection and quantification procedures, a
known amount of resin is treated with 20% piperidine in DMF at room temperature for 30 mins. The resin is
washed with more DMF and the pooled filtrates are combined in a volumetric flask and made up to an accurate
volume (e.g. to 10 mL) with more DMF. The UV absorbance at 301 nm of the piperidine-dibenzofulvene adduct
which is formed can then be measured against a blank solution of piperidine in DMF [Meienhofer et al. Int J Pept
Protein Res 13 35 1979]. The loading L is then determined using the equation :

L = (Absorbance value) x (Solution volume in litres)
7.8 x (Weight of resin in mg)

IONIC LIQUIDS

Ionic liquids are organic or inorganic salts that are liquid at room or reaction temperatures. Although ionic liquids
are themselves not new discoveries (e.g. the ionic liquid [EtNH,] [NO,] was described in 1914), the use of ionic
liquids in synthesis is only recent. In particular, the potential applications of ionic liquids as solvents in synthesis
and in catalysis have recently been realised. The physical properties of ionic liquids make them unique solvents for
synthesis. For example, ionic liquids are good solvents for both organic and inorganic substances and hence can be
used to bring reagents into the same phase for reaction. Ionic liquids are also immiscible with a number of organic
solvents and thus provide a non-aqueous, polar alternative for two-phase extraction systems. As ionic liquids are
non-volatile, they can be used in high vacuum systems without the possibility of loss or contaminants. In
addition, this also facilitates the isolation of products as the products can be distilled from the ionic liquid or
alternatively extracted with an organic solvent that is immiscible with the ionic liquid. Although ionic liquids are
frequently composed of poorly coordinating ions, they are highly polar which are important characteristics in the
activation of catalysts.

Commonly used ionic liquids are N-alkylpyridinium, N,N’-dialkylimidazolium, alkylammonium and
alkylphosphonium salts.

To date a number of reactions have been carried out in ionic liquids [for examples, see Dell'Anna et al. J Chem
Soc, Chem Commun 434 2002; Nara, Harjani and Salunkhe Tetrahedron Lett 43 1127 2002; Semeril et al. J
Chem Soc Chem Commun 146 2002; Buijsman, van Vuuren and Sterrenburg Org Lett 3 3785 2001]. These
include Diels-Alder reactions, transition-metal mediated catalysis, e.g. Heck and Suzuki coupling reactions, and
olefin metathesis reactions. An example of ionic liquid acceleration of reactions carried out on solid phase is given
by Revell and Ganesan [Org Lett 4 3071 2002].

FLUOROUS CHEMISTRY

This new approach to synthesis was introduced by Curran early in 1997 and involves the attachment of fluorous
phase labels to substrates such that the subsequent fluorinated products can be extracted into the fluorous phase.
For example in liquid-liquid extractions (typical work-up procedures), a three-phase extraction is now possible
(organic, fluorous and aqueous phases). As organic and inorganic compounds have little or no tendency to dissolve
in highly fluorinated solvents and compounds, phase labeling a compound as fluorous will enable successful
extraction into the fluorous phase. However in order to carry out homogenous reactions with these fluorinated
compounds, organic solvents with a good dissolving power for fluorous compounds or miscible organic and
fluorous solvents can be used. Alternatively organic solvents with a few fluorine atoms e.g. trifluoroethanol,
benzotrifluoride (‘hybrid solvents’) will dissolve both organic and fluorous compounds. A number of synthetic
applications utilising fluorous chemistry have been reported in the literature. [For examples, see Schneider and
Bannwarth Helv Chim Acta 84 735 2001; Galante, Lhoste and Sinou Tetrahedron Lett 42 5425 2001; Studer and
Curran Tetrahedron 53 6681 1997; Studer et al. J Org Chem 62 2917 1997, Crich and Neelamkavil Tetrahedron
58 3865 2002].
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CHAPTER 4

PURIFICATION OF ORGANIC CHEMICALS

The general principles, techniques and methods of purification in Chapters 1 and 2 are applicable to this chapter.
Most organic liquids and a number of solids can readily be purified by fractional distillation, usually at
atmospheric pressure. Sometimes, particularly with high boiling or sensitive liquids, or when in doubt about
stability, distillation or fractionation under reduced pressure should be carried out. To save space, the present
chapter omits many substances for which the published purification methods involve simple distillation. Where
boiling points are given, purification by distillation is another means of removing impurities. Literature
references are omitted for methods which require simple recrystallisation from solution if the correct solvent can
be guessed readily, and where no further information is given, e.g. spectra. Substances are listed alphabetically,
usually with some criteria of purity, giving brief details of how they can be purified. Also noted are the
molecular weights (to the first decimal place), melting points and/or boiling points together with the respective
densities and refractive indexes for liquids, and optical rotations when the compounds are chiral. When the
temperatures and/or the wavelengths are not given for the last three named properties then they should be
assumed to be 20°C and the average of the wavelengths of the sodium D lines repectively; and densities are
relative to water at 4°.

The present chapter includes commercially available organic chemicals. Most of the inorganic, metalorganic,
organo- bismuth, boron, phosphorus, selenium, silicon and alkali metal compounds and metal ion salts of
organic acids are in Chapter 5. Naturally occurring commercially available organic compounds for use in
biochemistry, molecular biology and biology are in Chapter 6. Commercially available polymer supported
reagents are indicated with § under the appropriate reagent.

Rapid purification procedures are noted for commonly used solvents and reagents which make them
suitable for general use in synthetic chamistry.

Abbreviations of titles of periodicals are defined as in the Chemical Abstracts Service Source Index (CASSI).
Other abbreviations are self evident (see Chapter 1, p. 30).

Ionisation constants of ionisable compounds are give as pK values (published from the literature) and refer
to the pKa values at room temperature (~ 15°C to 25°C). The values at other temperatures are given as
superscripts, e.g. pK?’ for 25°C. Estimated values are entered as pKgg (see Chapter 1, p. 7 for further
information).

As a good general rule, all low boiling (<100°) organic liquids should be treated as highly
flammable and toxic (because they can be inhaled in large quantities) and the necessary
precautions should be taken.

Benzene, which has been used as a solvent successfully and extensively in the past for reactions and
purification by chromatography and crystallisation is now considered a very dangerous substance so it
hasto be used with extreme care. We emphasise that an alternative solvent system to benzene (e.g. toluene,
toluene-petroleum ether, or a petroleum ether to name a few) should be used first. However, if no other solvent
system can be found then all operations involving benzene have to be performed in an efficient fumehood and
precautions must be taken to avoid inhalation and contact with skin and eyes. Whenever benzene is mentioned
in the text an asterisk e.g. *C6H6 or “benzene, is inserted to remind the user that special precaution should be
adopted.
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Abietic acid /514.10-37 M 302.5, m 172-175°, [0]3° -116° (-106°)(c 1, EtOH), pK
5.27. Crystd by dissolving 100g of acid in 95% EtOH (700mL), adding to H,O (600mL) and cooling. Filter,
dry in a vacuum (over KOH or CaSQ,) store in an O,-free atmosphere. A in EtOH nm(log €): 2343(4.3),
241(4.4), 2505(4.2), 235(4.34) and 240(4.36). [Org Synth 2311952 ;J Am Chem Soc 35 3736 1949;
Monatsh Chem 116 1345 1985.]

S-Abscisic acid [27293-29-8] M 264.3, m 160-161°, 161-163° (sublimation), [a];g7 +
24,000°, [a]z245 -69,000° (¢ 1-50pg/mL in acidified MeOH or EtOH), pKg ., ~3.9. Crystd
from CCly-pet.ether, EtOH + hexane and sublimes at 120°.

Acenaphthalene [208-96-8] M 152.2, m 92-93°. Dissolved in warm redistd MeOH, filtered through a
sintered glass funnel and cooled to -78° to ppte the material as yellow plates [Dainton, Ivin and Walmsley Trans
Faraday Soc 56 1784 1960]. Alternatively can be sublimed in vacuo.

Acenaphthaquinone [82-86-0] M 182.2, m 260-261°. Extracted with, then recrystd twice from
*CgHg. [LeFevre, Sundaram and Sundaram J Chem Soc 974 1963].

Acenaphthene [83-32-9]/ M 154.2, m 94.0°. Crystd from EtOH. Purified by chromatography from
CCly on alumina with *benzene as eluent [McLaughlin and Zainal J Chem Soc 2485 1960].

RS-Acenaphthenol [6306-07-6] M 170.2, m 144.5-145.5°, 146°, 148°. If highly coloured
(yellow), dissolve in boiling *benzene (14g in 200mL), add charcoal (0.5g), filter through a heated funnel,
concentrate to 100mL and cool to give almost colourless needles. *Benzene vapour is TOXIC use an efficient
Jume cupboard. The acetate has b 166-168°/5mm (bath temp 180-185°). [Org Synth Col.Vol.IIl 3 1955.] It
can also be recrystd from *CgHg or EtOH [Fieser and Cason J Am Chem Soc 62 432 1940]. It forms a brick-
red crystalline complex with 2,4,5,7-tetranitrofluoren-9-one which is recrystd from AcOH and dried in a
vacuum over KOH and P;0j5 at room temp, m 170-172° [Newman and Lutz J Am Chem Soc 78 2469 1956].

Acetal (acetaldehyde diethylacetal) [/05-57-7] M 118.2, b 103.7-104°, d 0.831, n 1.38054,
n25 1.3682. Dried over Na to remove alcohols and water, and to polymerise aldehydes, then fractionally distd.
Or, treat with alkaline H>O5 soln at 40-45° to remove aldehydes, then the soln is saturated with NaCl, separated,
dried with K»COs5 and distd from Na [Vogel J Chem Soc 616 1948].

Acetaldehyde [75-07-0] M 44.1, b 20.2°, d 0.788, n 1.33113, pK?% 13.57 (hydrate). Usually
purified by fractional distn in a glass helices-packed column under dry N», discarding the first portion of
distillate. Or, shaken for 30min with NaHCO3, dried with CaSOy4 and fractionally distd at 760mm through a
70cm Vigreux column. The middle fraction was taken and further purified by standing for 2h at 0° with a small
amount of hydroquinone, followed by distn [Longfield and Walters J Am Chem Soc 77 810 1955].

Acetaldehyde ammonia trimer (hexahydro-2,4,6-trimethyl-1,3,5-triazine trihydrate) [76231-
37-3] M 183.3, m 94-96°, 95-97°, 97°, b 110°(partly dec). Crystd from EtOH-Et;O. When
prepared it separates as the trihydrate which can be dried in a vacuum over CaCl; at room temp to give the
anhydrous compound with the same melting point. The dihydrate melts at 25-28° then resolidifies and melts
again at 94-95°. IRRITATES THE EYES AND MUCOUS MEMBRANES. [J Org Chem 38 3288 1973.]

Acetaldehyde dimethyl acetal [534-15-6] M 90.1, b 63-65°, d3°0.852, n%°1.36678. Distd
through a fractionating column and fraction boiling at 63.8%/751mm is collected. It forms an azeotrope with
MeOH. It has been purified by GLC.

Acetamide [60-35-5] M 59.1, m 81°, pKi5 -1.4, pK 22 5 4+0.37. Crystd by soln in hot MeOH
(0.8mL/g), diltd with Et,O and allowed to stand [Wagner J Chem Educ 7 1135 1930). Alternate crystns are
from acetone, *benzene, chloroform, dioxane, methyl acetate or from *benzene-ethyl acetate mixture (3:1 and
1:1). It has also been recrystd from hot water after treating with HCl-washed activated charcoal (which had been
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repeatedly washed with water until free from chloride ions), then crystd again from hot 50% aq. EtOH and finally
twice from hot 95% EtOH [Christoffers and Kegeles J Am Chem Soc 85 2562 1963]. Final drying is in a
vacuum desiccator over PyOs5. Acetamide is also purified by distn (b 221-223°) or by sublimation in vacuo.
Also purified by recrystn twice from cyclohexane containing 5% (v/v) of *benzene. Needle-like crystals
separated by filtn, washed with a small volume of distd H,O and dried with a flow of dry Nj. [Slebocka-Tilk et
al. J Am Chem Soc 109 4620 1987.]

Acetamidine hydrochloride [/24-42-5] M 94.5, m 164-166°, 165-170° (dec), 174°, pK 25
12.40. It can be recrystd from small volumes of EtOH. Alternatively dissolve in EtOH, filter, add Et,0, filter
the crystalline salt off under N5, dry in a vacuum desiccator over HySO4. The salt is deliquescent and should be
stored in a tightly stoppered container. Solubility in HyO is 10% at room temperature, soluble in Me;CO. The
free base reacts strongly alkaline in HyO. It has Apax 224nm (€ 4000) in HyO. The picrate has m 252°
(sintering at ~245°). [Dox Org Synth Coll Vol 15 1941; Davies and Parsons Chem Ind (London) 628 1958,
Barnes et al. J Am Chem Soc 62 1286 1940 give m 177-178°.]

N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) [7365-82-4] M 182.2, m > 220°(dec),
PKgst ~1.5, pK2 6.9. Recrystd from hot aqueous EtOH.

4-Acetamidobenzaldehyde [7/22-85-0] M 163.2, m 156°. Recrystd from water.

p-Acetamidobenzenesulfonyl chloride (N-acetylsulfanilyl chloride) [127-60-8] M 233.7, m
149°(dec). Crystd from toluene, CHCl3, or ethylene dichloride.

o.-Acetamidocinnamic acid [5469-45-4] M 205.2, m 185-186° (2H,0), 190-191°(anhydr),
193-195°, pKgg ~3.2. Recrystd from H,O as the dihydrate and on drying at 100° it forms the anhydrous
compound which is hygroscopic. Alkaline hydrolysis yields NH3 and phenylpyruvic acid. [Erlenmeyer and
Friistiick Justus Liebigs Ann Chem 284 47 1895.]

Z-0-(2-Acetamido-2-deoxy-D-glycopyranosylideneamino) N-phenylcarbamate (PUGNAC)
[132063-05-9] M 335.3, m 171-174°(dec), 174-180°(dec), [oc]%,0 +67.5° (¢ 0.2, MeOH).
Purified by flash chromatography (silica gel and eluted with AcOEt-hexane 3:2) evaporated, and the foam
recrystallised from AcOEt-MeOH. TLC on Merck SiO, gel 60 F;s4 and detected by spraying with 0.025M I, in
10% aqueous H,SO, and heat at 200° gave Rg 0.21. The acetate is hydrolysed with NH;-MeOH. [Helv Chim
Acta 68 2254 1985;73 1918 1990.]

2-Acetamidofluorene [53-96-3] M 223.3, m 194°, 196-198°. Recrystd from toluene (1.3mg in
100mL). Solubility in HyO is 1.3mg/L; UV Apax nm(log €) : 288(4.43), 313(4.13). [J Org Chem 21 271
1956.] It can also be recrystd from 50% AcOH and sol in H;O is 1.3mg/100mL at 25° [Chem Ber 3§ 3285
1902). 9-14C and w-14C 2-acetamidofluorene were recrystd from aqueous EtOH and had m 194-195° and 194°
respectively. Potent CARCINOGEN. [Cancer Res 10 616 1950; Sadin et al. J Am Chem Soc 74 5073
1952

N-(2-Acetamido)iminodiacetic acid (ADA) [26239-55-4] M 190.2, m 219° (dec), pK; ~2.3,
PK2 6.6. Dissolved in water by adding one equivalent of NaOH soln (to final pH of 8-9), then acidified with
HCl to ppte the free acid. Filtered and washed with water.

Acetamidomethanol [625-51-4] M 89.1, m 47-50°, 54-56°, 55°. Recryst from freshly distd
Me,CO, wash the crystals with dry Et;O and dry in a vacuum desiccator over P;O5. Rp 0.4 on paper
chromatography with CHCI3/EtOH (2:8) as solvent and developed with ammoniacal AgNOj3. Also crystallises
in needles from EtOAc containing a few drops of Me,CO. It is hygroscopic and should be stored under dry
conditions. [J Am Chem Soc 73 2775 1951, Chem Ber 99 3204 1966; Justus Liebigs Ann Chem 343 265
1905.]

2-Acetamido-5-nitrothiazole [/40-40-9] M 187.2, m 264-265°. Recrystd from EtOH or glacial
acetic acid.
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2-Acetamidophenol [6]4-80-2] M 151.2, m. 209°, pKgg ~9.4. Recrystd from water or aqueous
EtOH.

3-Acetamidophenol [621-42-1] M 151.2, m 148-149°, pK 25 959, Recrystd from water.

4-Acetamidophenol [103-90-2]M 151.2, m 169-170.5°, pKg; ~10.0. Recrystd from water or
EtOH.

4-Acetamido-2,2,6,6-tetramethylpiperidine-1-oxyl (acetamidoTEMPO) [14691-89-5] M
213.3, m 144-146°, 146-147°. Dissolve in CH,Cl,, wash with saturated KoCQ;, then saturated aqueous
NaCl, dry (Na,S0O,), filter and evaporate. The red solid is recrystd from aqueous MeOH, m 147.5°. [J Org
Chem 56 6110 1991, Bull Acad Sci USSR, Div Chem Sci 15 1422 1966.]

5-Acetamido-1,3,4-thiadiazole-2-sulfonamide [59-66-5] M 222.3, m 256-259° (dec). Recrystd
from water.

Acetanilide [103-84-4] M 135.2, m 114°, pK >* 0.5. Recrystd from water, aqueous EtOH, *benzene or
toluene.

Acetic acid (glacial) [64-19-7] M 60.1, m 16.6°, b 118°, d 1.049, n 1.37171, n?’ 1.36995,
pK " 4.76. Usual impurities are traces of acetaldehyde and other oxidisable substances and water. (Glacial

acetic acid is very hygroscopic. The presence of 0.1% water lowers its m by 0.2°.) Purified by adding some
acetic anhydride to react with water present, heating for 1h to just below boiling in the presence of 2g CrO3 per

100mL and then fractionally distilling [Orton and Bradfield J Chem Soc 960 1924, 983 1927]. Instead of CrOs,
2-5% (wiw) of KMnQy, with boiling under reflux for 2-6h, has been used.

Traces of water have been removed by refluxing with tetraacetyl diborate (prepared by warming 1 part of boric
acid with 5 parts (w/w) of acetic anhydride at 60°, cooling, and filtering off), followed by distn [Eichelberger and
La Mer J Am Chem Soc 55 3633 1933].

Refluxing with acetic anhydride in the presence of 0.2g % of 2-naphthalenesulfonic acid as catalyst has also been
used [Orton and Bradfield J Chem Soc 983 1927]. Other suitable drying agents include CuSO4 and chromium
triacetate: PpO5 converts some acetic acid to the anhydride. Azeotropic removal of water by distn with
thiophene-free *benzene or with butyl acetate has been used [Birdwhistell and Griswold J Am Chem Soc 77 873
1955]. An alternative purification uses fractional freezing.

Rapid procedure: Add 5% acetic anhydride, and 2% of CrO3. Reflux and fractionally distil.

Acetic anhydride [7108-24-7] M 102.1, b 138°, d 1.082, n 1.3904. Adequate purification can
usually be obtained by fractional distn through an efficient column. Acetic acid can be removed by prior
refluxing with CaC, or with coarse Mg filings at 80-90° for 5days, or by distn from a large excess of quinoline
(1% AcOH in quinoline) at 7Smm pressure. Acetic anhydride can also be dried by standing with Na wire for up
to a week, removing the Na and distilling from it under vacuum. (Na reacts vigorously with acetic anhydride at
65-70°). Dippy and Evans [J Org Chem 15 451 1950] let the anhydride (500g) stand over P>O5 (50g) for 3h,
then decanted it and stood it with ignited K,CO3 for a further 3h. The supernatant liquid was distd and the
fraction b 136-138°, was further dried with P»Os for 12h, followed by shaking with ignited KyCO3, before two
further distns through a five-section Young and Thomas fractionating column. The final material distd at 137.8-
138.0°. Can also be purified by azeotropic distn with toluene: the azeotrope boils at 100.6°. After removal of
the remaining toluene, the anhydride is distd [sample had a specific conductivity of 5 x 10-® ohmlcm-1].

Rapid procedure: Shake with P,Os, separate, shake with dry K,CO; and fractionally distil.

Acetic hydrazide [1068-57-1] M 74.1, m 67°, b 127°/18mm. Cryst as needles from EtOH.
Reduces NH,/AgNO;.

Acetoacetamide [5977-14-0] M 101.1, m 54-55°, 54-56°. Recrystallise from CHCIl;, or Me,CO/pet
ether. Crystallises from pyridine with 4mol of solvent. Slightly soluble in H,O, EtOH and AcOH but
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insoluble in Et;O. Phenylhydrazone has m 128°, [Beilstein 3, 4th Suppl, p 1545; Kato Chem Pharm Bull
Jpn 15 921,923 1967; Chem Ber 35 583 1902.]

Acetoacetanilide [102-01-2] M 177.2, m 86°, pK 10.68. Crystd from H,O, aqueous EtOH or pet
ether (b 60-80°).

Acetoacetylpiperidide [//28-87-6] M 169.2, b 88.9°/0.1mm, n52 1.4983. Dissolved in *benzene,
extracted with 0.5M HCI to remove basic impurities, washed with water, dried, and distd at 0.1mm [Wilson J
Org Chem 28 314 1963).

o-Acetobromoglucose (2,3,4,6-tetraacetyl-o.-D-glucopyranosyl bromide) [572-09-8] M
411.2, m 88-89°, [0]p25 +199.3° (¢ 3, CHCl3). Crystd from isopropyl ether or pet ether (b 40-60°)
[Org Synth 65 236 1897).

Acetone [67-6;!5-1] M 58.1, b 56.2°, d 0.791, n 1.35880, pK f * .61 (basic, mono-
protonated), pK: " 20.0 (acidic) The commercial preparation of acetone by catalytic dehydrogenation of
isopropyl alcohol gives relatively pure material. Analytical reagent quality generally contains less than 1%
organic impurities but may have up to about 1% H;0O. Dry acetone is appreciably hygroscopic. The main
organic impurity in acetone is mesityl oxide, formed by the aldol condensation. It can be dried with anhydrous
CaSOQy4, K7COj or type 4A Linde molecular sieves, and then distd. Silica gel and alumina, or mildly acidic or
basic desiccants cause acetone to undergo the aldol condensation, so that its water content is increased by passage
through these reagents. This also occurs to some extent when P,O5 or sodium amalgam is used. Anhydrous
MgSOy is an inefficient drying agent, and CaCl, forms an addition compound. Drierite (anhydrous CaSQOy)
offers the minimum acid and base catalysis of aldol formation and is the recommended drying agent for this
solvent [Coetzee and Siao Inorg Chem 14v 2 1987; Riddick and Bunger Organic Solvents Wiley-Interscience,
N.Y,, 3rd edn, 1970]. Acetone was shaken with Drierite (25g/L) for several hours before it was decanted and
distd from fresh Drierite (10g/L) through an efficient column, maintaining atmospheric contact through a
Drierite drying tube. The equilibrium water content is about 102M. Anhydrous Mg(ClO4), should not be
used as drying agent because of the risk of EXPLOSION with acetone vapour.

Organic impurities have been removed from acetone by adding 4g of AgNO3 in 30mL of water to 1L of acetone,
followed by 10mL of M NaOH, shaking for 10min, filtering, drying with anhydrous CaSO4 and distilling
[Werner Analyst (London) 58 335 1933]. Alternatively, successive small portions of KMnO4 have been added
to acetone at reflux, until the violet colour persists, followed by drying and distn. Refluxing with chromium
trioxide (CrOj3) has also been used. Methanol has been removed from acetone by azeotropic distn (at 35°) with
methyl bromide, and treatment with acetyl chloride.

Small amounts of acetone can be purified as the Nal addition compound, by dissolving 100g of finely powdered
Nal in 400g of boiling acetone, then cooling in ice and salt to -8° Crystals of Nal.3Me,CO are filtered off and,
on warming in a flask, acetone distils off readily. [This method is more convenient than the one using the
bisulfite addition compound.] Also purified by gas chromatography on a 20% free fatty acid phthalate (on
Chromosorb P) column at 100°-

For efficiency of desiccants in drying acetone see Burfield and Smithers [J Org Chem 43 3966 1978]. The water
content of acetone can be determined by a modified Karl Fischer titration [Koupparis and Malmstadt Anal Chem
54 1914 1982].

Rapid procedure: Dry over anhydrous CaSO, and distil.

Acetone cyanohydrin [75-86-5] M 85.1, b 48°/2.5mm, 68-70°/11mm, 78-82°/15mm, dio
0.93. Dry with Na,;SOy, and distil as rapidly as possible under vacuum to avoid decomposition. Discard
fractions boiling below 78-82°/15mm. Store in the dark. USE AN EFFICIENT FUME HOOD as
HCN (POISONOUS) is always present. [Org Synth Col.Vol. II 7 1940.]

Acetonedicarboxylic acid [542-05-2] M 146.1, m 138° (dec), pK25 3.10. Crystd from ethyl acetate
and stored over P,Os. Decarboxylates in hot water.

Acetone semicarbazone [/10-20-3]M 115.1, m 187°, pK25 1.33. Crystd from water or from
aqueous EtOH.
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Acetonitrile (methyl cyanide) [75-05-8] M 41.1, b 81.6°, d25 0.77683, n 1.3441, n25
1.34163. Commercial acetonitrile is a byproduct of the reaction of propylene and ammonia to acrylonitrile.
The following procedure that significantly reduces the levels of acrylonitrile, allyl alcohol, acetone and *benzene
was used by Kiesel [Anal Chem 52 2230 1988]. Methanol (300mL) is added to 3L of acetonitrile fractionated
at high reflux ratio until the boiling temperature rises from 64° to 80°, and the distillate becomes optically clear
down to A = 240nm. Add sodium hydride (1g) free from paraffin, to the liquid, reflux for 10min, and then distil
rapidly until about 100mL of residue remains. Immediately pass the distillate through a column of acidic
alumina, discarding the first 150mL of percolate. Add 5g of CaH, and distil the first 50mL at a high reflux
ratio. Discard this fraction, and collect the following main fraction. The best way of detecting impurities is by
gas chromatography.

Usual contaminants in commercial acetonitrile include H,O, acetamide, NH4OAc and NH3. Anhydrous CaSO4
and CaCl; are inefficient drying agents. Preliminary treatment of acetonitrile with cold, satd aq KOH is
undesirable because of base-catalysed hydrolysis and the introduction of water. Drying by shaking with silica
gel or Linde 4A molecular sieves removes most of the water in acetonitrile. Subsequent stirring with CaH;
until no further hydrogen is evolved leaves only traces of water and removes acetic acid. The acetonitrile is then
fractionally distd at high reflux, taking precaution to exclude moisture by refluxing over CaH; [Coetzee Pure
Appl Chem 13 429 1966]. Alternatively, 0.5-1% (w/v) P,Os is often added to the distilling flask to remove
most of the remaining water. Excess P;O5 should be avoided because it leads to the formation of an orange
polymer. Traces of P,Os can be removed by distilling from anhydrous K,COs.

Kolthoff, Bruckenstein and Chantooni [J Am Chem Soc 83 3297 1961] removed acetic acid from 3L of
acetonitrile by shaking for 24h with 200g of freshly activated alumina (which had been reactivated by heating at
250° for 4h). The decanted solvent was again shaken with activated alumina, followed by five batches of 100-
150g of anhydrous CaCly. (Water content of the solvent was then less than 0.2%). It was shaken for 1h with
10g of P,Os, twice, and distd in a Im x 2cm column, packed with stainless steel wool and protected from
atmospheric moisture by CaCl; tubes. The middle fraction had a water content of 0.7 to 2mM.

Traces of unsaturated nitriles can be removed by an initial refluxing with a small amount of ag KOH (1mL of
1% solution per L). Acetonitrile can be dried by azeotropic distn with dichloromethane, *benzene or
trichloroethylene. Isonitrile impuritics can be removed by treatment with conc HCI until the odour of isonitrile
has gone, followed by drying with K;CO3 and distn.

Acetonitrile was refluxed with, and distd from alkaline KMnQO4 and KHSOy, followed by fractional distn from
CaH;. (This was better than fractionation from molecular sieves or passage through a type H activated alumina
column, or refluxing with KBHy for 24h and fractional distn){Bell, Rodgers and Burrows J Chem Soc, Faraday
Trans 1 73 315 1977; Moore et al. J Am Chem Soc 108 2257 1986].

Material suitable for polarography was obtained by refluxing over anhydrous AICl; (15g/L) for 1h, distilling,
refluxing over Li»CO3 (10g/L) for 1h and redistg. It was then refluxed over CaH, (2g/L) for 1h and fractionally
distd, retaining the middle portion. The product was not suitable for UV spectroscopy use. A better purification
procedure used refluxing over anhydrous AICl3 (15g/L) for 1h, distg, refluxing over alkaline KMnOy (10g
KMnOy, 10g LioCO4/L) for 15min, and distg. A further reflux for 1h over KHSO4 (15g/L), then distn, was
followed by refluxing over CaH, (2g/L) for 1h, and fractional distn. The product was protected from
atmospheric moisture and stored under nitrogen [Walter and Ramalay Anal Chem 45 165 1973]. Purificaton of
"General Purity Reagent” for this purpose is not usually satisfactory because very large losses occur at the
KMnOy4, LiCO; step. For electrochemical work involving high oxidation fluorides, further reflux over P,Os5
(1g/mL for 0.5h) and distilling (discarding 3% of first and last fractions) and repeating this step is necessary.
The distillate is kept over molecular sieves in vac after degassing, for 24h and vac distd onto freshly activated 3A
molecular sieves. The MeCN should have absorption at 200nm of <0.05 (H,O reference) and UV cutoff at ca
175nm. Also the working potential range of purified Et;N* BF,~ (0.1mol.dem3 in the MeCN) should be +3.0
to -2.7V vs Ag*/Ag®. If these criteria are not realised then further impurities can be removed by treatment with
activated neutral alumina (60 mesh) in vacuo before final molecular sieves treatment {Winfield J Fluorine Chem
25 91 1984].

Acetonitrile has been distd from AgNOs;, collecting the middle fraction over freshly activated AlyO3. After
standing for two days, the liquid was distd from the activated Al;O3. Specific conductivity 0.8-1.0 x 108 mhos
[Harkness and Daggett Can J Chem 43 1215 1965). Acetonitrile 14C was purified by gas chromatography and
is water free and distd at 81°. [J Mol Biol 87 541 1974.]
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Rapid procedure: Dry over anhydrous K,CO; for 24h, followed by further drying for 24h over 3A molecular
sieves or boric anhydride, followed by distn. Alternatively, stir over P,O5 (5% w/v) for 24h then distil.
However this last method is not suitable for use in reactions with very acid sensitive compounds.

Acetonylacetone (2,5-hexanedione)20 [110-13-;1({ M 1142, m -9°, b 76-78°/13mm,
88°/25mm, 137°/150mm, 188°/atm, d4 0.9440, npy 1.423, pK18.7. Purified by dissolving in
Et,0, stirred with KoCO3 (a quarter of the wt of dione), filtered, dried over anhydrous Na;SO4 (not CaCly),
filtered, evapd and distd in a vacuum. It is then redistd through a 30cm Vigreux column (oil bath temp 150°).
It is miscible with H,O and EtOH. The dioxime has m 137° (plates from *CgHg), mono-oxime has b
130°/11mm, and the 2,4-dinitrophenylhydrazone has m 210-212° (red needles from EtOH). [Chem Ber 22
2100 1989; for enol content see J Org Chem 19 1960 1954.]

4-Acetophenetidine (phenacetin) [62-44-2] M 179.2, m 136°. Crystd from H,O or purified by soln
in cold dilute alkali and reppted by addn of acid to neutralisation point. Air-dried.

Acetophenone [98-86-2] M 120.2, m 19.6°, b 54°/2.5mm, 202°/760mm, d25 1.0238, n 25
1.5322, pK 19.2. Dried by fractional distn or by standing with anhydrous CaSQO4 or CaCl; for several days,
followed by fractional distn under reduced pressure (from P,Os, optional), and careful, slow and repeated partial
crystns from the liquid at 0° excluding light and moisture. It can also be crystd at low temperatures from
isopentane. Distn can be followed by purification using gas-liquid chromatography [Earls and Jones J Chem
Soc, Faraday Trans 171 2186 1975.]

§ A commercial polystyrene supported version is available — scavanger resin (for diol substrate).

Aceto-o-toluidide [120-66-1] M 149.2, m 110°, b 296°/760mm. Crystd from H,O, EtOH or
aqueous EtOH.

Aceto-m-toluidide [537-92-8] M 149.2, m 65.5°, b 182-183%°/14mm, 303°/760mm. Crystd
from HyO, EtOH or aqueous EtOH.

Aceto-p-toluidide [103-89-9] M 149.2, m 146°, b 307°/760mm. Crystd from aqueous EtOH.

Acetoxime (acetone oxime) [/27-06-0] M 73.1, m 63% b 135%/760mm, pK40 0.99. Crystd
from pet ether (b 40-60°). Can be sublimed.

Acetoxyacetone (acetol acetome) [592-20-1] M 116.1, b 65°/11mm, 73-75°/17mm, 174-
176°/atm, dﬁo 1.0757, n"y 1.4141. Distil under reduced pressure, then redistil at atm pressure. It is
miscible with H,O but is slowly decomposed by it. Store in dry atmosphere. The 2,4-dinitrophenylhydrazone
has m 115-115.5° (from CHCls/hexane). [J Chem Soc 59 789 1891;J Org Chem 21 68 1956; Justus
Liebigs Ann Chem 335 260 1904.]

4-Acetoxy-2-azetidinone [28562-53-0] M 129.1, m 38-41°, Dissolve in CHCl;, dry (MgSO,)
concentrate at 40°/70mm, or better at room temperature to avoid decomposition. Wash and stir the residual oil
with hexane by decantation and discard wash. Dry the oil at high vacuum when it should solidify, m 34°. It
can be distd at high vacuum, 80-82°/10-3mm, but this results in extensive losses. The purity can be checked
by TLC using Merck Silica Gel Fys4 and eluting with EtOAc. The azetidinone has Rg 0.38 (typical impurities
have Ry 0.67). The spots can be detected by the TDM spray. This is prepared from (A) 2.5g 4,4'-
tetramethyldiaminodiphenylmethane (TDM) in 10mL AcOH and diluted with 50mL of H,0, (B) 5g Kl in
100mL of H,O and (C) 0.3g ninhydrin in 10mL of AcOH and 90mL of H,O. The spray is prepared by mixing
(A) and (B) with 1.5mL of (C) and stored in a brown bottle. [Justus Liebigs Ann Chem 539 1974; Org Synth
65 135 1987.]

1-Acetoxy-1,3-butadiene (1,3-butadienyl acetate) cis-trans mixture [1515-76-0] M 112.1, b
42-43°/16mm, 51-52°/20mm, 60-61°/40mm, d 2°0.9466, n 2’ 1.4622. The commercial sample

is stabilised with 0.1% of p-tert-butylcatechol. If the material contains crotonaldehyde (by IR, used in its
synthesis) it should be dissolved in Et,0, shaken with 40% aqueous sodium bisulfite, then 5% aqueous
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Na,CO,, water, dried (Na,SO,) and distilled several times in a vac through a Widmer (Helv Chim Acta 7 59
1924) or Vigreux column [Wicterle and Hudlicky Collect Czech Chem Commun 12 564 1947; Hagemeyer and
Hull Ind Eng Chem 41 2920 1949].

1-Acetoxy-2- butoxyethane [112-07- 2] M 160.2, b 61-62°/0.2mm, 75-76°/12mm, 185.5°/
740mm, 188-192°%atm, d3 4 0.9425, nD 1.4121. Shake with anhydrous Na;COj3, filter and distil in a
vacuum. Redistn can be then be carried out at atmospheric pressure. [J Org Chem 21 1041 1956.]

3R,4R,1'R-4-Acetoxy-3-[1-(tert-butylmethylsilyloxy)ethyl]-2-azetinone see Chapter 5.

2-Acetoxyethanol [542-59-6] M 104.1, b 187°/761mm, 187-189°/atm, dﬁo 1.108, nZD0 1.42.
Dry over K»CO3 (not CaCly), and distil. [J Chem Soc 3061 1950; rate of hydrolysis: J Chem Soc 2706
1951]

1-Acetoxy-2-ethoxyethane [/11-15-9] M 132.2, b 156-159°, d3° 0.97, n?) 1.406. Shake with
anhydr NayCO,, filter and distil in vac. Redistn can then be carried out at atm pressure. [J Org Chem 21 1041
1956.]

1- Acetoxy 2-methoxyethane [710-49-6] M 118.1, b 141°/732mm, 140144°/atm, d 1 009,
nD 1.4011. Shake with anhydrous Na,COj3, filter and distil in a vacuum. Redistn can be then be camed out
at atmospheric pressure. [J Org Chem 21 1041 1956.]

R-(-)-a-Acetoxyphenylacetic (acetyl mandelic) acid [51019-43-3] M 194.2, m 96-98°, [oc]D
-153.7° (¢ 2.06, Me,CO), [0(]546 -194° (¢ 2.4, Me,CO), pKggt ~2.9 Recrysts from H,O with
1mol of solvent which is removed on drying, or from solvents as for the S-isomer. [J Chem Soc 227 1943.]

S-(+)- a-Acetoxyphenylacetlc (acetyl mandehc) acid [7322-88-5] M 194.2, m 80-81°, 95-
97.5°, [a]p +158° (¢ 1.78, Me, CO), [a]s.us +186° (¢ 2, Me,CO). Recryst from *benzene-hexane
or toluene and has characteristic NMR and IR spectra. [Justus Liebigs Ann Chem 622 10 1959; J Org Chem
39 1311 1974.]

21-Acetoxypregnenolone [566-78-9] M 374.5, m 184-185°, Crystd from Me;CO.

S-(-)-2-Acetoxypropionyl chloride [36394-75-9] M 150.6, b 51-53%/11mm, a2’ 119, n%!
1.423, [(x]n <332, (¢ 4, CHCly), [a] 546 -38° (¢ 4, CHCl3). It is moisture sensitive and is
hydrolysed to the corresponding acid. Check the IR spectrum. If the OH band above 3000cm -1 is too large and
broad then the mixture should be refluxed with pure acety! chloride for 1h, evapd and distd under reduced
pressure.

S-Acetoxysuccinic anhydnge [59025-03-5] M 158.1, m 58° (RS 81.5-82.5°, 86-87°), [(x]n
-26.0° (c 19, Me,CO), [OL]D -28.4° (¢ 13, Ac0). Recrystd from AcyO and dry in a vacuum over
KOH, or by washing with dry Et;O due to its deliquescent nature. [J Chem Soc 788 1933; Synth Commun
16 183 1986, J Org Chem 52 1040 1988; RS : J Am Chem Soc 88 5306 1966.]

Acetylacetonse (2,4-pentanedione) []123- 5;156] M 100.1, b 45°/30mm, d3%2 0.9630, nl3-5
1.45178, pK1 -5.0 (enol), -6.6 (keto), pK2 8.95 Small amounts of acetic acid were removed by
shaking with small portions of 2M NaOH until the aqueous phase remained faintly alkaline. The sample, after
washing with water, was dried with anhydrous Na;SOy, and distd through a modified Vigreux column [Cartledge
J Am Chem Soc 73 4416 1951]. An additional purification step is fractional crystn from the liquid.
Alternatively, there is less loss of acetylacetone if it is dissolved in four volumes of *benzene and the soln is
shaken three times with an equal volume of distd water (to extract acetic acid): the *benzene is then removed by
distn at 43-53° and 20-30mm through a helices-packed column. It is then refluxed over P,O5 (10g/L) and
fractionally distd under reduced pressure. The distillate (sp conductivity 4 x 10-8 ohmlem1) was suitable for
polarography [Fujinaga and Lee Talanta 24 395 1977]. To recover used acetylacetone, metal ions were stripped
from the soln at pH 1 (using 100mL 0.1M H,SO4/L of acetylacetone). The acetylacetone was washed with
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(1:10) ammonia soln (100mL/L) and with distd water (100mL/L, twice), then treated as above. It complexes
with Al, Be, Ca, Cd, Ce , Cu, Fe2+, Fe3*, Mn, Mg, Ni, Pb and Zn.

N-Acetyl-L-alaninamide [15962-47-7] M 130.2, m 162°. Crystd repeatedly from EtOH-diethyl ether.
N-Acetyl-B-alanine [3025-95-4] M 127.2, m 78.3-80.3°, pK254.45. Crystd from acetone.

N-Acetyl-L-alanyl-L-alaninamide [30802-37-0] M 201.2, m 250-251°. Crystd repeatedly from
EtOH/diethy] ether.

N-Acetyl-L-alanyl-L-alanyl-L-alaninamide [29428-34-0] M 272.3, m 295-300°. Crystd from
MeOH/diethy] ether.

N-Acetyl-L-alanylglycinamide [76571-64-7] M 187.2, m 148-149°. Crystd repeatedly from
EtOH/diethyl ether.

Acetyl-o-amino-n-butyric acid [34271-24-4] M 145.2, pK25 3.72. Crystd twice from water
(charcoal) and air dried [King and King J Am Chem Soc 78 1089 1956].

9-Acetylanthracene [784-04-3] M 220.3, m 75-76°. Crystd from EtOH. [Masnori et al. J Am Chem
Soc 108 1126 1986.]

N-Acetylanthranilic acid [89-52-1] M 179.1, m 182-184°, 185-186°, 190°(dec), pK20 3.61.
Wash with distilled HyO and recrystallise from aqueous AcOH, dry and recrystallise again from EtOAc. Also
recryst from water or EtOH. [J Chem Soc 2495 1931; J Am Chem Soc 77 6698 1955.]

2-Acetylbenzoic acid [577-56-0] M 164.2, m 115-116°, 116-118°, pK25 4.10. Recrystallises
from *CgHg and H,O (15g/100mL). The oxime has m 156-157°, and the 2,4-dinitrophenylhydrazone has m
185-186°(needles from EtOH). [J Am Chem Soc 69 1547 1947.]

4-Acetylbenzoic acid [586-89-0] M 164.2, m 207.5-209.5°, 208.6-209.4°, pK25 3.70, 5.10
(EtOH). Dissolve in 5% aqueous NaOH, extract with Et;O, and acidify the aqueous soln. Collect the ppte,
and recrystallise from boiling H,O (100 parts) using decolorising charcoal [J Org Chem 24 504 1959; J Chem
Soc 265 1957, J Am Chem Soc 72 2882 1050, 74 1058 1952].

Acetylbenzonitrile [1443-80-7] M 145.2, m 57-58°. Recrystd from EtOH [Wagner et al. J Am Chem
Soc 108 7727 1986].

4-Acetylbiphenyl [92-9/-1] M 196.3, m 120-121°, b 325-327°/760mm. See 4'-phenyl-
acetophenone on p. 327.

Acetyl-5-bromosalicylic acid [/503-53-3] M 259.1, m 168-169°, pKgg ~3.0. Crystd from
EtOH.

2-Acetylbutyrolactone “651 7-23-7] M 128.1, b 105°/5Smm, 120-123°/11mm, 142-
143°/30mm, dﬁo 1.1846, n‘y 1.459. Purified by distillation, which will convert any free acid to the
lactone, alternatively dissolve in Et;O, wash well with 0.5N HCl, dry the organic layer and distil. The
solubility in H;O is 20% v/v. The 2,4-dinitrophenylhydrazone forms orange needles from MeOH, m 146°.
The lactone hydrolyses in mineral acid to 2-acetyl-4-hydroxybutyric acid which can be converted to the di-n-
propylamine salt with m 68-70°. The lactone is a SKIN IRRITANT. [Yakugaku Zasshi (J Pharm Soc
Japan) 62 417(439) 1942; Helv Chim Acta 35 2401 1952.]

Acetyl chloride [75-36-5] M 78.5, b 52°,d 1.1051, n 1.38976. Refluxed with PCls for several
hours to remove traces of acetic acid, then distd. Redistd from one-tenth volume of dimethylaniline or quinoline
to remove free HCl. A.R. quality is freed from HCI by pumping it for 1h at -78° and distg into a trap at -196°.
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Acetyl bromide [506-96-7] M 123.0, b 76-77°, d 1.65. Boiled with PBr3/Ac,0 for 1h then distd off
and redistd. Store dry. [Burton and Degering J Am Chem Soc 62 227 1940.] LACHRYMATORY.

Acetylcyclohexane (cyclohexyl methylketone) [823-76-7] M 126.2, b 64°/11mm, 76.2-
77°/25mm, d3 0.9178, nD 1.4519. Dissolve in Et;0O, shake with H,O, dry, evaporate and fractionate
under reduced pressure. [UV:J Am Chem Soc 74 518 1952; enol content: J Org Chem 19 1960 1954.] The
semicarbazone has m 174°; the 2,4-dinitrophenylhydrazone has m 139-140° [Helv Chim Acta 39 1290 1956].

2- Acetylcyclo%loexanone2 [874-23-7] M 140.2, m -11°, b 62-64°/2.5mm, 95-98°/10mm, 111-
112°/18mm, d4 1.08, nD 1.51. Dissolve in ligroin (b 30-60°), wash with saturated aqueous NaHCO3
dry over Drierite and fractionate in a vacuum. [J Am Chem Soc 75 626, 5030 1953; Chem Ber 87 108 1954.]
It forms a Cu salt which crystallises in green leaflets from EtOH, m 162-163° [UV: J Chem Soc 4419 1957].

2- Acetylcyclopentanone [1670-46-8] M 126.2, b. 72-75°/8mm, 82-86°/12mm, 88°/18mm,
d4 1.043, “21) 1.490. Dissolve in pet ether (b 30-60°), wash with satd ag NaHCO3, dry over Drierite and
fractionate in a vacuum. It gives a violet colour with ethanolic FeCls and is only slowly hydrolysed by 10% aq
KOH but rapidly on boiling to yield 6-oxoheptanoic acid. [J Am Chem Soc 75 5030 1953; J Chem Soc 4232
1956; UV: J Am Chem Soc 81 2342 1959 ] It gives a gray green Cu salt from Et;O-pentane, m 237-238° [J
Am Chem Soc 79 1488 1957].

Acetyldigitoxin-o [25395-32-8] M 807.0, m 217-221°, [@]3+5.0 (¢ 0.7, pyridine). Crystd
from MeOH as plates.

Acetylene [74-86-2] M 26.0, m -80.8°, b -84°, pK ~25. If very impure it should be purified by
successive passage through spiral wash bottles containing, in this order, satd aq NaHSOy4, H;0, 0.2M iodine in
aq KI (two bottles), sodium thiosulfate soln (two bottles), alkaline sodium hydrosulfite with sodium
anthraquinone-2-sulfonate as indicator (two bottles), and 10% aqueous KOH soln (two bottles). The gas was
then passed through a Dry-ice trap and two drying tubes, the first containing CaCl,, and the second, Dehydrite
[Mg(Cl104),] [Conn, Kistiakowsky and Smith J Am Chem Soc 61 1868 1939]. Acetone vapour can be
removed from acetylene by passage through H,O, then concd H,SO,, or by passage through two gas traps at
-65° and -80°, concd H,S0, and a soda lime tower, a tower of 1-mesh Al,O; then into H,SO, [Org Synth Coll
Vol 1229 1941, 3 853 1955,4 793 1963]. Sometimes it contains acetone and air. These can be removed by
a series of bulb-to-bulb distns, e.g. a train consisting of a conc HySOy trap and a cold EtOH trap (-73°), or
passage through H,O and H;SOy, then over KOH and CaCl,. [See Brandsma Preparative Acetylenic Chemistry,
1st Edn Elsevier 1971, for pK p15, ISBN 0444409475; 2nd Edn Elsevier 1988, ISBN 0444429603, and Chapter
5 for sodium acetylide.] It is also available commercially as 10ppm in helium, and several concentrations in N,
for instrument calibration.

Sodium acetylide [1066-26-8] M 48.0, was prepd by dissolving Na (23g) in liquid NH; (1L) and bubbling
acetylene until the blue color was discharged (ca 30min) and evapd to dryness [Saunders Org Synth Coll Vol III
416 1955]; and is available commercially as a suspension in xylene/light mineral oil. [See entry in Chapter 5.]

Acetylenedicarboxamide [543-2/-5] M 112.1, m 294°(dec). Crystd from MeOH.

Acetylenedicarboxylic acid [/42-45-0] M 114.1, m 179°(anhydrous), pK}9 1.04, pK129 2.50.
Crystd from aqueous ether as dipicrate. For mono K salt see entry in Chapter 5.

N-Acetylethylenediamine [12001 -53-2] M 102.1, m 50-51°, 51°, b 128°/3mm, 125-
130°/5Smm, 133-139°/27mm, pK"™ " 9.28. It has been fractionated under reduced pressure and fraction b
125-130%5mm was refractionated; fraction b 132-135%/4mm was collected and solidified. It is a low melting
hygroscopic solid which can be recrystd from dioxane-Et,O. It is soluble in Hy;O, Et;O and *CgHg. The p-
toluenesulfonate salt can be recrystd from EtOH-EtOAc 1:8, has m 125-126° but the free base cannot be
recovered from it by basifying and extracting with CH,Cl,.The picrate has m 175° (from EtOH) [J Am Chem
Soc 63 853 1941, 78 2570 1956].

2-Acetylfluorene [781-73-7] M 208.3, m 132°, Crystd from EtOH.
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Acetyl fluoride (557-99-3] M 62.0, b 20.5°/760mm, d 1.032. Purified by fractional distn.

N-Acetyl-D-galactosamine []4215-68-0] M 221.2, m 160-161°, [o]s4¢ +102° (¢ 1, H,0).
Crystd from MeOH/Et,0.

N-Acetyl-D-glucosamine [7512-17-6] M 221.2, m ca 215°, [0])s4¢6 +49° after 2h (¢ 2, H,0).
Crystd from MeOH/Et,0.

N-Acetylglutamic acid [1/88-37-0] M 189.2, m 185° (RS); 201° (S), [0]35 -16.6° (in H,0),
PKEst (1) ~3.4, pKgse(2) ~4.3. Likely impurity is glutamic acid. Crystd from boiling water.

N-Acetylglycinamide [2620-63-5] M 116.1, m 139-139.5°. Repeated crystn from EtOH/Et;O.
Dried in a vacuum desiccator over KOH.

N-Acetylglycine [543-24-8] M 117.1, m 206-208°, pK;® -1.92, pK3’3.69. Treated with acid-
washed charcoal and recrystd three times from water or EtOH/Et;O and dried in vacuo over KOH [King and King
J Am Chem Soc 78 1089 1956].

N-Acetylglycyl-L-alaninamide [34017-20-4] M 175.2. Repeated crystn from EtOH/Et;O. Dried in a
vacuum desiccator over KOH.

N-Acetylglycylglycinamide [27440-00-2] M 173.2, m 207-208°. Repeated crystn from
EtOH/Et;0. Dried in a vacuum desiccator over KOH.

N-Acetylglycylglycylglycinamide [35455-24-4] M 230.2, m 253-255°, Repeated crystn from
EtOH/Et0. Dried in a vacuum desiccator over KOH.

N-Acetylhistidine (H,0) [39145-52-3] M 171.2, m 148° (RS); 169° (S) [0 ]25 +46.2° (H,0).
Likely impurity is histidine. Crystd from water, then 4:1 acetone:water.

N-Acetyl-RS-homocysteine thiolactone (Citiolone) [1195-16-0] [17896-21-8 for £] M 159.2,
m 110°, 109-111°, 111.5-112,5°. Dry in a vacuum desiccator and recrystallise from toluene as needles.
It is a ninhydrin -ve substance which gives a "slow" nitroprusside test. Amax 238nm (¢ 4,400 M-lcml); v
(nujol) 1789s and 851ms cm!. [J Am Chem Soc 78 1597 1956; J Chem Soc 2758 1963.]

N-Acetylimidazole [2466-76-4] M 110.1, m 101.5-102.5°, pK25 3.6. Crystd from isopropenyl
acetate. Dried in a vacuum over P;0s.

3-Acetylindole [703-80-0] M 159.2, m 188-190°, 191-193°, 194°, pK25 12.99 (acidic).
Recrystd from MeOH or *CgHg containing a little EtOH. The phenylureido derivative has m 154°. [J Chem
Soc 461 1946.]

Acetyl iodide [507-02-8] M 170.0, b 108°/760mm. Purified by fractional distn.

N-Acetyl-L-leucinamide [28529-34-2] M 177.2, m 133-134°, Recrystd from CHCIl3 and pet ether (b
40-60°).

3-(S-Acetylmercapto)isobutyric acid [RS 33325-40-5] M 162.2, m 40-40.5°, b ca
120°/1.25mm, pKgg ~4.0. Distil under vacuum and recrystd from *CgHy. [Chem Abstr 38 3616 1944.]

Acetyl methanesulfonate [5539-53-7] M 170.2, b <120°/<0.01mm. The main impurity is
methanesulfonic acid. Reflux with redistd acetyl chloride for 6-10h, i.e. until no further HCl is absorbed in a
trap, and exclude moisture. Dist off excess of AcCl and carefully dist below 0.001mm with the bath temp
below 120° to give the anhydride as a pale yellow oil which solidifies below 0°. Below ~130° it decomp to the
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disulfonic anhydride and above ~130° polymers are formed. It is used for cleaving ethers [Prep, IR, NMR:
Karger and Mazur J Org Chem 36 528, 532 1971].

N-Acetyl-L-methionine [65-82-7] M 191.3, m 104°, [0]546 -24.5° (¢ 1, in H;0), pKgg ~3.4.
Crystd from water or ethyl acetate. Dried in a vacuum over P,Os,

Acetylmethionine nitrile [538-714-7] M 172.3, m 44-46°- Crystd from diethyl ether.
5-Acetyl-2-methoxybenzaldehyde [531-99-7] M 166.2 , m 144°, Crystd from EtOH or Et,O.

N-Acetyl-N'-methyl-L-alanimide [1970]1-83-8] M 144.2. Crystd from EtOAc/Et,0, then from EtOH
and Et,O.

4-Acetyl-1-methyl-1-cyclohexene [6090-09-1] M 138.2, b 73-75°/7.5mm, 85-86°/13mm,
94-94.7°/20mm, 204.5-206°/747mm, d%°1.0238, n2) 1.469. Purified by fractionation under
reduced pressure in vacuo, and when almost pure it can be fractionated at atmospheric pressure, preferably in an
inert atm. Forms two semicarbazones one of which is more soluble in *CgHg, and both can be recryst from
EtOH, more soluble has m 149°(1519), and the less soluble has m 172-175°(191°). 4-Nitrophenylhydrazone
has m 166-167° and the 2,4-dinitrophenylhydrazone has m 114-115°. [Helv Chim Acta 17 129, 140 1934,
Justus Liebigs Ann Chem 564 109 1949.]

N-Acetyl-6N'-methylglycinamide [7606-79-3] M 130.2. Recrystd from EtOH/Et;O mixture.
N-Acetyl-6N'-methyl-L-leucine amide [32483-15-1] M 186.3. Recrystd from EtOH/hexane mixture.

4-Acetylmorpholine [1696-20-4!0 M 129.2,2(}11 13.8-14°, 14°, 14.5°, b 96-97°/6mm, 113-
128°/22mm, 242-247°/760mm, d4 1.0963, np 1.4830. Distd through an 8inch Fenske (glass
helices packing) column with a manual take-off head. Purified by fractional distn. The hydrobromide has m
172-175°. [J Am Chem Soc 75 357 1953, J Org Chem 21 1072 1956.]

1-Acetylnaphthalene [941-98-0] M 170.1, m 10.5°, b 93-95%/0.1mm, 167°/12mm,
302%atm, dio 1.12, pK-6.22 (H, scale, aq H,SOy). If the NMR spectrum indicates the presence of
impurities, probably 2-acetylnaphthalene, convert the substance to its picrate by dissolving in *benzene or
EtOH and adding excess of satd picric acid in these solvents until separation of picrates is complete. Recryst the
picrate till m is 118°. Decompose the picrate with dil NaOH and extract with Et;O. Dry the extract (Na,SOy,),
filter, evap and dist. The 2,4-dinitrophenylhydrazone crysts from EtOH and has m 259°. [Justus Liebigs Ann
Chem 38095 1911;J Am Chem Soc 61 3438 1939.]

2-Acetylnaphthalene (2-acetonaphthenone, 3-Acetonaphthone, 2-acetonaphthalene, methyl-
2-naphthylketone) [93-08-3] M 170.2, m 52-53°, 55°, 55.8°, b 164-166°/8mm, 171-
173°/17mm, 301-303°/atm, pK-6.16 (H, scale, aq H,SOy4). Separated from the 1-isomer by
fractional crystn of the picrate in EtOH (see entry for the 1-isomer above) m 82°. Decomposition of the picrate
with dil NaOH and extraction with Et,0 then evaporation gives purer 2-acetylnaphthalene. If this residue
solidifies it can be recrystd from pet ether, EtOH or acetic acid; otherwise it should be distild in a vac and the
solid distillate is recrystd [Gorman and Rodgers J Am Chem Soc 108 5074 1986; Levanon et al. J Phys Chem
91 14 1987]. Purity should be checked by high field NMR spectroscopy. Oxime has m 145° decomp, and the
semicarbazone has m 235°. [Justus Liebigs Ann Chem 380 95 1911;J Am Chem Soc 72 753 and 5626
1950, J Org Chem 5 512 1940.]

N-Acetyl-D-penicillamine [/5537-71-0] M 191.3, m 189-190° (dec), [0]p +18° (¢ 1, in 50%
EtOH). See N-acetyl penicillamine on p. 507 in Chapter 6.

N-Acetyl-L-phenylalanine [2018-61-3] M 207.2, m 170-171°, [a]p +41° (¢ 1, EtOH), (DL)
m 152.5-153°, pKgg 3.5. Crystd from CHCl; and stored at 4°. (DL)-isomer crystd from water or acetone.
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N-Acetyl-L-phenylalanine ethyl ester [2361-96-8] M 235.3, m 93-94°, Crystd from aq EtOH or
H720. [Izumiya and Fruton J Biol Chem 218 59 1956.]

1-Acetyl-2-phenylhydrazine [/14-83-0] M 150.2, m 128.5°, pK’° 1.3. Crystd from aq EtOH.

1-Acetylpiperazine [13889-98-0] M 128.2, m 32-34°, 52°, pK25 7.94. Purified by recrystn from
40% aqueous EtOH or from EtOH-Et;O. It is an irritant, and is Aygroscopic. The hydrochloride has m 191°
(from EtOH), and the tosylate has m 148-149° (from EtOH-EtOAc, 1:16). The free base, however, cannot be
isolated by basifying the tosylate salt and extractn with CH,Cl,. [Chem Ber 66 113 1933;J Am Chem Soc
75 4949 1953, 2570 78 1956.]

1-Acetyl-4-piperidone [32161-06-1] M 141.2, b 124-128°/0.2mm, 218°/760mm, d%s 1.1444,
n|2)5 1.5023. Purified by fractional distn through a short Vigreux column (15mm). The 2,4-
dinitrophenylhydrazone has m 212-213° (from EtOH). It is freely soluble in H,O but insoluble in Et;O. [/
Am Chem Soc 901 71 1949.]

3-Acetylpyridine [350-03-8] M 121.1, m 13-14°, b 65-66°/1Imm, 92-95°/8-9mm,
105°(113°)/16mm, 219-221°/760mm, d2°1.1065, np 1.1065, pK>®3.18. It is purified by
dissolving in HCI, extracting with Et;O to remove the possible impurity of nicotinic acid, basified with NaOH
and extracted with EtyO. The dried extract is filtered, evaporated and the residual oil distd. If the NMR spectrum
indicates further impurities then convert to the phenylhydrazone (m 137°, yellow needles from EtOH). This is
hydrolysed with HC1 [Chem Ber 22 597 1889], the phenylhydrazine HCI is removed by filtration, NaNO is
added, the soln is basified with aq NaOH and extracted with Et;O as before and distd at atmospheric pressure to
give 3-acetylpyridine as a colourless oil. Purification can be achieved by shaking with 50% aq KOH, extracting
with Et,O, drying the extract and distilling at atmospheric pressure or in a vacuum. [J Am Chem Soc 79 4226
1957). The hydrochloride has m 180-181° (from MeOH-EtOH), the picrate has m 133.8-134.8° (from H,0),
and the phenylhydrazone has m 137° (129-130)° (from EtOH) [J Am Chem Soc 71 2285 1949]. The
ketoxime has m 112° (from EtOH or *C¢Hg. [J Am Chem Soc 55 816 1933, 63 490 1941, 67 1468 1945,
79 4226 1957.]

Acetylsalicylic acid (Aspirin) /50-78-2] M 180.2, m 133.5-135°, pK’°3.38, (pK'’4.56).
Crystd twice from toluene, washed with cyclohexane and dried at 60° under vacuum for several hours [Davis and
Hetzer J Res Nat Bur Stand 60 569 1958]. Has also been recrystd from isopropanol and from diethyl ether/pet
ether (b 40-60°),

O - Acetylsalicyloyl chloridg0 [5538-51-2] M 198.6, m 45°, 46-49°, 48-52°, b 107-
110%/0.1mm, 135°/12mm, np 1.536. Check first the IR to see if an OH frequency is present. If so
then some free acid is present. Then reflux with acetyl chloride for 2-3h and fractionate at high vac. The
distillate should crystallise. It can be recryst from hexane. [J Chem Soc 89 1318 1906.]

O-Acetylsalicylsalicylic acid [530-75-6] M 300.3, m 1599, Crystd from dilute acetic acid.
N-(4)-Acetylsulfanilamide [/44-80-9] M 214.2, m 216°. Crystd from aqueous EtOH.

2-Acetylthiazole [24295-03-2] M 127.2, b 89-91°¢ (90-95°)/12mm, 95-105°/15mm, dﬁo 1.23,
np 1.55. Check NMR spectrum, if not too bad, distil through an efficient column in a vacuum. The oxime
sublimes at 140-145° m 159° (cryst from H,O) has m 163-165.5° [Helv Chim Acta 31 1142 1948;J Am
Chem Soc 79 4524 1957, Helv Chim Acta 40 554 1957].

2-Acetylthiophene (methyl 2-thienyl ketone) [88-15-3] M 126.2, m 9.2-10.5°, 10.459,
10-11°2, b 77°/4mm, 89-91°/9mm, 94.5-96.5°/13mm, 213-214°atm, dﬁo 1.17, nﬁ)o 1.5666.
Fractionally distd through a 12 plate column and fraction b 77°/4mm was collected. Also wet the
acetylthiophene in order to remove and free thiophene which forms an azeotrope with H,O, b 68°, Store in a
brown bottle and the clear colourless liquid remains thus for extended periods. [Org Synth 28 1 1948;J Am
Chem Soc 69 3093 1947.] The red 4-nitrophenylhydrazone crysts from EtOH, m 181-182°,
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3-Acetylthiophene (methyl 3-thienyl ketone) [/468-83-3] M 126.2, m 57°, 60-63°, b 106-
107°/25mm, 208-210°/748mm. Recrystd from pet ether (b 30-60°) or EtOH. 2,4-
dinitrophenylhydrazone crystallises from CHCl;, m 265°, and the semicarbazone crystallises from EtOH, m

174-175°. [J Am Chem Soc 70 1555 1948.]

N-Acetylthiourea [59/-08-2] M 118.2, m 164-165°, 165-168°. Recrystd from AcOH, the solid is
washed with Et,O and dried in air then at 100°. [Collect Czech Chem Commun 24 3678 1959.]

Acetyl p-toluenesulfonate [26908-82-7] M 214.2, m 54-56°. The most likely impurity is p-
toluenesulfonic acid (could be up to 10%). This can be removed by dissolving in dry Et,O and cooling until the
anhydride crystallises out. It decomp on heating; below ~130° it gives the disulfonic anhydride and above ~130°
polymers are formed. It is used for cleaving ethers [Prep, IR, NMR: Karger and Mazur J Org Chem 36 528,
532 1971].

1-0-Acetyl-2,3,5-tr%-OO-benzoyl-B-D-ribofuranose [6974-32-9] M 504.5, m 128-130°, 130-
131°, 131-132°, [o]p +44.2° (¢ 1, CHCl3). Recrystd from EtOH or isoPrOH. [Helv Chim Acta 42
1171 1959; NMR: J Org Chem 33 1799 1968; IR: Chem Pharm Bull Jpn 11 188 1963.]

N-Acetyltryptophan M 246.3, [87-32-1] m 206° (RS), pKgq ~3.8; [1218-34-4] m 188° (S),
[a]25 +30.1° (aq NaOH). Likely impurity is tryptophan. Crystd from EtOH by adding water.

N-Acetyl-L-valine amide [37933-88-3] M 158.2, m 275° Recrystd from CH3OH/Et,0.

cis-Aconitic acid [585-84-2] M 174.1, m 126-129°(dec). Crystd from water by cooling (sol: 1g in
2ml. of water at 259). Dried in a vacuum desiccator.

trans-Aconitic acid (1,2,3-propenetriscarboxylic acid) [4023-65-8] M 174.1, m 195°(dec),
m 198-199°(dec), 204-205°(dec), pKi  2.81, pK3’ 4.46. Purified by dissolving in AcOH
(77g/150mL), filtering and cooling. The acid separates (55g) as colourless needles. A further quantity (10g) can
be obtained by reducing the vol of the filtrate. The acid is dried in air then in a vacuum desiccator over NaOH.
The acid can be recrystd from Me;CO-CHCl3. The highest m is obtained with the very dry acid. The m
(2099°) is obtained on a Dennis bar [J Am Chem Soc 52 3128 1930, Org Synth Coll Vol II 12 1943].

cis-Aconitic anhydride [6318-55-4] M 156.1, m 75°, 76-78°, 78-78.5°. Reflux in xylene (7.5
parts) for 1h, then evaporate and recrystallise the residue from *CgHg. Alternatively, reflux in AcyO, evaporate
and recrystallise from *CgHg. It is sensitive to moisture. [IR: Acta Chem Scand 21 291 1967, Chem Ber 61
2523 1928; NMR: Biochemistry § 2335 1966.]

Aconitine [302-27-2] M 645.8, m 204°, [a]s46 +20° (¢ 1, CHCl3), pK15 8.35. Crystd from
EtOH, CHCl; or toluene.

Aconitine hydrobromide [6034-57-7] M 726.7, m 207°. Crystd from water or EtOH/ether.

Acridine (2,3-benzoquinoline) [260-94-6] M 179.2, m 111° (sublimes), b 346°, pK 5.58
(pK?3 of excited state 10.65). Crystd twice from *benzene/cyclohexane, or from aqueous EtOH, then
sublimed, removing and discarding the first 25% of the sublimate. The remainder was again crystd and
sublimed, discarding the first 10-15% [Wolf and Anderson J Am Chem Soc 77 1608 1955].

Acridine can also be purified by crystn from n-heptane and then from ethanol/water after pre-treatment with
activated charcoal, or by chromatography on alumina with pet ether in a darkened room. Alternatively, acridine
can be ppted as the hydrochloride from *benzene soln by adding HCI, after which the base is regenerated, dried at
110°/50mm, and crystd to constant melting point from pet ether [Cumper, Ginman and Vogel J Chem Soc
4518 1962]. The regenerated free base may be recrystd, chromatographed on basic alumina, then vac-sublimed
and zone-refined. [Williams and Clarke, J Chem Soc, Faraday Trans 173 514 1977, Albert, The Acridines



94 Purification of Organic Chemicals

Arnold Press 1966]. It can exists in five crystalline forms and is steam volatile. It is a strong IRRITANT to
skin and mucous membranes and can become a chronic irritant— handle with CARE.

Acridine Orange [494-38-2] M 349.94, m 181-182° (free base). The double salt with ZnCl; (6g)
was dissolved in water (200mL) and stirred with four successive portions (12g each) of Dowex-50 ion-exchange
resin (K* form) to remove the zinc. The soln was then concentrated in vacuum to 20mL, and 100mL of ethanol
was added to ppte KCl which was removed. Ether (160mL) was added to the soln from which, on chilling, the
dye crystallises as its chloride. It was separated by centrifuging, washed with chilled ethanol and ether, and dried
under vac, before being recryst from ethanol (100mL) by adding ether (50mL), and chilling. Yield 1g. [Pal and
Schubert J Am Chem Soc 84 4384 1962].

It was recrystd twice as the free base from ethanol or methanol/water by dropwise addition of NaOH (less than
0.1M). The ppte was washed with water and dried under vacuum. It was dissolved in CHCl; and
chromatographed on alumina: the main sharp band was collected, concentrated and cooled to -20°. The ppte was
filtered, dried in air, then dried for 2h under vacuum at 70° [Stone and Bradley J Am Chem Soc 83 3627 1961,
Blauer and Linschitz J Phys Chem 66 453 1962.]

Acridine Yellow G [135-49-9] M 273.8, m 325°, CI 46025. Crystd from 1:1 *benzene/methanol.

Acridone [578-95-0] M 195.2, m >300°, pK; -0.32 (basic), pK: 14 (acidic). Dissolve ~1g in ca
1% NaOH (100mL), add 3M HCI to pH 4 when acridone separates as a pale yellow solid with m just above
3500 (sharp). It can be recrystd from large vols of HyO to give a few mg. It is soluble in 160 parts of boiling
EtOH (540 parts at 22°) [J Chem Soc 1294 1956). A few decigms are best crystallised as the hydrochloride
from 400 parts of 10N HCl (90% recovery) from which the free base is obtained by washing the salt with H,O.
A small quantity can be recrystd (as the neutral species) from boiling AcOH. Larger quantities are best
recrystallised from a mixture of 5 parts of freshly distd aniline and 12.5 parts of glacial acetic acid. Acridone
distils unchanged at atmospheric pressure, but the boiling point was not recorded, and some sublimation occurs
below 3500°. It has UV: Ayax 399nm. [see Albert, The Acridines Arnold Press pp. 201, 372 1966.]

N-(9-Acridinyl)maleimide (NAM) [49759-20-8] M 274.3, m 248°, 255-258°. Purified by
chromatography on silica gel using CH;Cl, as eluant. Evaporation of pooled fractions that gave the correct
NMR spectra gave a solid which was recrystd from Me,CO as pale yellow prisms. IR v (nujol): 1710 (imide);
UV (MeOH): Amax (nm), (€ M~lcm™1): 251 (159 500), 343 shoulder (7 700), 360 (12 400) and 382shoulder (47
000). [Chem Pharm Bull Jpn 26 596 1978; Eur J Biochem 25 64 1972.]

Acriflavine [8048-52-0] M 196.2, pK >12. Treated twice with freshly ppted AgOH to remove
proflavine, then recrystd from absolute methanol [Wen and Hsu J Phys Chem 66 1353 1962].

Acriflavin Mixture (Euflavin, 3,6-diamino-10-methylacridinium chloride) [8063-24-9] M
259.7, m 179-181°, Purified by dissolving in 50 parts of HO, shake with a small excess of freshly ppted
and washed Ag)O. The mixture is set aside overnight at 0° and filtered. The cake is not washed. The pH of the
filtrate is adjusted to 7.0 with HCI and evaporated to dryness. The residue is then crystd twice from MeOH,
twice from H,O and dried at 1209 Ap,,y at 452nm has a loge value of 4.67. It is a red powder which readily
absorbs H>O. The solubility is increased in the presence of proflavin. The dihydrochloride is a deep red crystn
powder. It is available as a mixture of 3,6-diaminoacridinium chloride (35%) and its 10-metho-chloride (65%).
[see Albert, The Acridines Arnold Press p. 346 1966; Chem Ber 45 1787 1912].

Acrolein (acraldehyde) [107-02-8] M 56.1, b 52.1°, n 1.3992, d 0.839. Purified by fractional
distn. under nitrogen, drying with anhydrous CaSOy, and then distilling under vac. Blacet, Young and Roof [/
Am Chem Soc 59 608 1937] distd under nitrogen through a 90cm column packed with glass rings. To avoid
formation of diacryl, the vapour was passed through an ice-cooled condenser into a receiver cooled in an ice-salt
mixture and containing 0.5g catechol. The acrolein was then distd twice from anhydrous CuSOy4 at low
pressure, catechol being placed in the distilling flask and the receiver to avoid polymerization. [Alternatively,
hydroquinone (1% of the final soln) can be used.]
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Acrolein diacetyl aczesal (1,1-diacetoxy-2-propene). [869-29-4] M 158.2, b 75°/10mm,
184°/atm, d2°1.08, np 1.4203. Check the NMR spectrum. If it is not satisfactory then add Ac,O and a
drop of conc HpSOy4 and heat at 50° for 10min. Then add anhydrous NaOAc (ca 3g/ 100g of liquid) and
fractionate. Note that it forms an azeotrope with H,O, so do not add H,O at any time. It is a highly
flammable and TOXIC liquid, keep away from the skin. [J Am Chem Soc 73 5282 1951.]

Acrolein diethyl acetal [3054-95-3] M 130.2, b 120-125°/atm, n;' 1.398-1.407. Add Na,COs;
(ca 3.5%) and distil using an efficient column, or better a spinning band column. [Org Synth 251 1945.]

Acrolein dimethyl acetal (li‘l)-dimethozxa/-Z-propene) [6044-68-4] M 102.1, b 87.5-
88°/750mm, 89-90°/760mm, d’; 0.86, n'p 1.3962. Fractionally distil (after adding 0.5g of
hydroquinone) under reduced press through an all glass column (40cm x 2.5 cm) packed with glass helices and
provided with a heated jacket and a total reflux variable take-off head. Stainless steel Lessing rings (1/8 x 1/8
in) or gauze have been used as packing. It is a highly flammable and TOXIC liquid, keep away from the

skin. [J Chem Soc 2657 1955.]
Acrolein semicarbazone [6055-71-6] M 113.1, m 171% Crystd from water.

Acrylamide [79-06-1] M 71.1, m 84° b 125°/25mm. Crystd from acetone, chloroform, ethyl acetate,
methanol or *benzene/chloroform mixture, then vac dried and kept in the dark under vac. Recryst from CHCl3
(200g dissolved in 1L heated to boiling and filtered without suction in a warmed funnel through Whatman 541
filter paper. Allowed to cool to room temp and kept at -15° overnight). Crystals were collected with suction in
a cooled funnel and washed with 300mL of cold MeOH. Crystals were air-dried in a warm oven. [Dawson et al.
Data for Biochemical Research, Oxford Press 1986 p. 449.]

CAUTION: Acrylamide is extremely TOXIC and precautions must be taken to avoid skin contact or
inhalation. Use gloves and handle in a well ventilated fume cupboard.

Acrylic acid (79-10-7] M 72.1, m 13°, b 30°/3mm, d 1.051, pK25 4.25. Can be purified by
steam distn, or vacuum distn through a column packed with copper gauze to inhibit polymerisation. (This
treatment also removes inhibitors such as methylene blue that may be present.) Azeotropic distn of the water
with *benzene converts aqueous acrylic acid to the anhydrous material.

Acrylonitrile [107-13-1] M 53.1, b 78°, d 0.806, n25 1.3886. Washed with dilute H,SO4 or dilute
H3PO4, then with dilute NayCO3 and water. Dried with Na;SOj4, CaCl; or (better) by shaking with molecular
sieves. Fractionally distd under nitrogen. Can be stabilised by adding 10ppm tert-butyl catechol. Immediately
before use, the stabilizer can be removed by passage through a column of activated alumina (or by washing with
1% NaOH soln if traces of water are permissible in the final material), followed by distn. Alternatively, shaken
with 10% (w/v) NaOH to extract inhibitor, and then washed in turn with 10% H3SOy4, 20% NayCO3 and distd
water. Dried for 24h over CaCl; and fractionally distd under N5 taking the fraction boiling at 75.0 to 75.5°C (at
734mm Hg). Stored with 10ppm terz-butyl catechol. Acrylonitrile is distilled off as required. [Burton et al, J
Chem Soc, Faraday Trans 1 75 1050 1979.]

Acryloyl chloride [814-68-6] M 90.5, b 72-74°/740mm, 74°/760mm, dﬁo 1.1127, n2[)0 1.4337.
Distil rapidly through an efficient 25cm column after adding 0.5g of hydroquinone/200g of chloride, and then
redistil carefully at atmospheric pressure preferably in a stream of dry Ny. [J Am Chem Soc 72 72, 2299
1950.]1 The liquid is an irritant and is TOXIC.

Actarit (p-acetamidophenylacetic acid) [18699-02-0] M 193.2, m 174-175°. Crystd from MeOH
+ Me,CO or aq EtOH.

Adamantane [28]-23-2] M 136.2, m 269.6-270.8° (sublimes). Crystd from acetone or cyclohexane,
sublimed in a vacuum below its melting point. [Butler et al. J Chem Soc, Faraday Trans 1 82 535 1986.]
Adamantane was also purified by dissolving in n-heptane (ca 10mL/g of adamantane) on a hot plate, adding
activated charcoal (2g/100g of adamantane), and boiling for 30min, filtering the hot soln through a filter paper,
concentrating the filtrate until crystn just starts, adding one quarter of the original volume n-heptane and
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allowing to cool slowly over a period of hours. The supernatant was decanted off and the crystals were dried on
a vacuum line at room temperature. [Walter et al. / Am Chem Soc 107 793 1985.]

1-Adamantane acetic acid [4942-47-6] M 194.3, m 136°, pKgs ~4.8. Dissolve in hot N NaOH,
treat with charcoal, filter and acidify. Collect solid, wash with H,O, dry and recryst from MeOH. [Chem Ber
92 1629 1959.]

1-Adamantane carboxylic acid [828-5/-3] M 180.3, m 175-176.5°, 177°, pKgg ~4.9. Possible
impurities are trimethylacetic acid and C9 and C13 acids. Dissolve 15g of acid in CCl, (300mL) and shake with
110mL of 15N aqueous NH; and the ammonium salt separates and is collected. Acid impurities form soluble
ammonium salts. The salt is washed with cold Me,CO (20mL) and suspended in HyO (250mL). This is treated
with 12N HCI and extracted with CHCl; (100mL). The dried (Na,;SOy,) is evaporated and the residue recrystd
from a mixture of MeOH (30mL) and H,0 (ca 10mL) to give the pure acid (10-11g). [Org Synth Coll Vol.V
20 1973.) Also recrystd from absolute EtOH and dried under vacuum at 100°.

Alternatively, the acid (5g) is refluxed for 2h with 15mL of MeOH and 2mL of 98% H2S04 (cool when mixing
this soln). Pour into 10 volumes of H,O and extract with the minimum volume of CHCI; to give clear
separation of phases. The extract is washed with H,O and dried (CaCl,) and distd. The methyl ester is collected
at 77-79°/1mm, m 38-39°. The ester is hydrolysed with the calculated amount of N KOH and refluxed until
clear. Acidification with HCI provides the pure acid with 90% recovery. [Org Synth 4 1 1964.] The amide
crysts from cyclohexane, m 189°. [Chem Ber 62 1629 1959.]

1,3-Adamantane diamine dihydrochloride [26562-81-2] M 239.2, m >310°, pKgs1) ~8.1,
PKEsi(2) ~10.1. Dissolve in boiling conc HCl (400mg in 15mL) and evaporate to dryness. Dissolve in
absolute EtOH and add dry Et,0 to crystallise the dihydrochloride. [Chem Ber 93 1366 1960.]

1,3-Adamantane dicarboxylic acid [39269-10-8] M 224.3, m 276°, 276-278°, 279°, pKgsi)
~4.9. pKgg2) 5.9. Dissolve in ag NaOH, treat with charcoal, filter and acidify with dilute HCl. Recryst
from MeOH. [Chem Ber 93 1366 1960.]

1-Adamantane methylamine [17768-41-1] M 165.3, b 83-85°/0.3mm, d§° 0.93, pKggt ~10.2.
Dissolve in Et,0, dry over KOH and distil. The N-Tosy! derivative has m 134-135° (from EtOH). [Chem Ber
96 550 1963.]

1-Adamantanol (1-hydroxyadamantane) [768-95-6] M 152.4, m 288.5-290°, If 2-adamantanol
is a suspected impurity then dissolve substance (10g) in acetone (100mL) and Jones's reagent {CrO; (10.3g) in
H,0 (30mL)} and conc H,SO, (8.7mL) is added dropwise (turns green in colour) until excess reagent is present
(slight red colour). Allow to stir overnight, decant the acetone soln from the Cr salts and adamantan-2-one, and
dry (Na,SOy) and evaporate to dryness. The residue (ca 7g) is chromatographed through Al,O; (250g) and
washed with 50% *benzene-pet ether (b 40-60°), then 100% EtO (to remove any adamantan-2-one present) and
the 1-adamantanol is then eluted with 5% MeOH in Et,0. The eluate is evaporated, and the residue is recrystd
from pet ether (b 30-60°) at -70°, m 287.2-288.5°. It has characteristic IR, v 3640, 1114, 1086, 982 and
930cm1. [J Am Chem Soc 83 182 1961.]

Alternatively, if free from the 2-isomer, dissolve in tetrahydrofuran, dilute with H,O to ppte the alcohol.
Collect, dry and sublime in a vacuum at 130°, [Chem Ber 92 1629 1959.]

2-Adamantanol (2-hydroxyadamantane) [700-57-2] M 152.4, m 296.2-297.7°. Can be purified
by chromatography as for the 1-isomer. It crystallises from cyclohexane and has characteristic IR, v 3600,
1053, 1029 and 992cm! [J Am Chem Soc 8 182 1961].

2-Adamantanone [700-58-3] M 150.2, m 256-258°(sublimes). Purified by repeated sublimation in
vacuo. [Butler et al. J Chem Soc, Faraday Trans 1 82 535 1986.]

N-(1-Adamantyl)acetamide [880-52-4] M 193.3, m 149°. Wash well with H,O, dry and recrystallise
from cyclohexane. It is an irritant. [Chem Ber 92 1629 1959.]
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1-Adamantylamine [768-94-5] M 151.2, m 160-190°, 208-210°, pK25 10.58. Dissolve in Et,0,
dry over KOH, evaporate and sublime in a vacuum. [Chem Ber 93 226 1960.]

1-Adamantylamine hydrochloride [665-66-7] M 187.7, m 360° (dec). Dissolve in dry EtOH, add
a few drops of dry EtOH saturated with HCI gas, followed by dry Et,0 to crystallise the hydrochloride. Dry the
salt in vacuum. [Chem Ber 93 226 1960.]

2-Adamantylamine hydrochloride [/0523-68-9] M 187.7, m >300°, pKgs ~10.4. The free
amine in Et,0, liberated by the action of alkali in H,O, is dried over KOH, filtered, evap and sublimed at
110°/12Torr, m 230-236°. The base is dissolved in EtOH and crystd by the addition of Et;O, and dried in vac.
[Justus Liebigs Ann Chem 658 151 1962].

1-Adamantyl bromide [768-90-1] M 215.1, m 117-119°, 118°, 119.5-120°. If coloured,
dissolve in CCl,, wash with H,O, treat with charcoal, dry (CaCl,), filter, evap to dryness. Dissolve in a small
volume of MeOH and cool in a CO,/trichloroethylene bath and collect the crystals. Sublime at 90-100°/water
pump vacuum. [Chem Ber 92 1629 1959; J Am Chem Soc 83 2700 1961.]

1-Adamantyl bromomethylketone [57/22-82-7] M 257.2, m 76-79°, 78-79°, Dissolve in Et,0,
wash with H,O, dry (MgSO,), evaporate and crystallise residue from small volumes of MeOH.
LACHRYMATORY. [Chem Ber 93 2054 1960.]

1-Adamantyl chloride [935-56-8] M 170.7, m 164.3-165.6°. Crystd from aqueous MeOH and
sublimed at 100°/12Torr. Also crystd from MeOH at -70°. [Chem Ber 92 1629 1959; J Am Chem Soc 83
2700 1961.]

1-Adamantyl fluoride (1-fluoroadamantane) [768-92-3] M 154.2, m 210-212° (dec), 259-
260° (dec). Dissolve in Etp0, dry over Na;SO,4 evaporate to dryness and sublime the residue at 90-
100°/12mm. Recryst sublimate from MeOH, m 259-260°. [Zh Org Khim 30 1609 1965.] To remove 1-
hydroxyadamantane impurity, dissolve in cyclohexane cool for many hours, filter off the hydroxyadamantane,
and evaporate to dryness. Recrystallise the residue from pet ether at -77° and sublime in vacuum, m 210-212°
dec (sealed tube). [J Org Chem 30 789 1965.]

1-Adamantyl fluoroformate [62087-82-5] M 198.2, m 31-32°. Dissolve in n-hexane (ca 10g in
150 mL) and keep at 0° for 24h. Any 1-adamantanol present will separate. Filter and evaporate to dryness.
Crystalline residue has m 31-32° (v 1242, 1824 and 2340 cm‘l). There should be no OH str band above 2500
cml. [Z Phys Chem 357 1647 1976; Haas et al. ] Am Chem Soc 88 1988 1966.]

1-Adamantyl iodide (l-iodoadamantane) [768-93-4] M 262.1, m 75.3-76.4°, Dissolve in Et,0,
shake with aqueous NaHSO;, aqueous K,COs, and H,O, dry (Na,SOy), evaporate and recrystallise from MeOH
at -70° (to avoid alcoholysis) giving white crystals. [J Am Chem Soc 83 2700 1961; lit m of 151-152.5° is
incorrect.] Also purified by recrystn from pet ether (40-60°C) followed by rigorous drying and repeated
sublimation.

1-Adamantyl isocyanate [441]-25-0] M 177.3, m 144-145° Recryst from n-hexane and sublime.
Irritant. [Chem Ber 95 2302 1962.]

1-Adamantyl isothiocyanate [4417-26-1] M 193.3, m 168-169°. Dissolve in Et,0, wash with
H,0, dry (Na,SO,), evaporate and sublime the residue in a vacuum at 140°, and recryst from MeOH. Irritant.
[Chem Ber 95 2302 1962.]

N-(1-Adamantyl)urea [/3072-69-0] M 194.2, m >250° (dec), 268-272° (dec). Wash with H,O
and dioxane and recryst from EtOH. [Chem Ber 95 2302 1962.]

Adenine [73-24-5] M 135.1, m 360-365° (dec rapid heating), pK: 4.12, pK3® 9.83. Crystd
from distd water.
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Adenosine [58-61-7] M 267.3, m 234-236°, [a]ls4s -85° (¢ 2, 5% NaOH), pKi5 3.48, [.)Kz25
12.5. Crystd from distilled water.

Adipic acid [124-04-9] M 146.1, m 154°, pKi~ 4.44, pK3’ 5.45. For use as a volumetric standard,
adipic acid was crystd once from hot water with the addition of a little animal charcoal, dried at 120° for 2h, then
recrystd from acetone and again dried at 120° for 2h. Other purification procedures include crystn from ethyl
acetate and from acetone/petroleum ether, fusion followed by filtration and crystn from the melt, and preliminary
distn under vac.

175°/26mm, 184°/30mm, 295%atm, d2°0.9396, n7 1.4371. Reflux over P,Os and POCIl3, and

fractionally distil, then fractionate through an efficient column. The liquid is TOXIC and is an
IRRITANT. [Chem Ber 67 1770 1934; Justus Liebigs Ann Chem 596 127 1955; Can J Chem 34 1662
1956, J Am Chem Soc 62 228 1940.]

Adiponitrile (1,4-dicyanobutane) [/11-69-3] M 1(())8.14, m 2.4° b 123°/0.5mm, 153°/6mm,

Adonitol (Ribitol) [488-81-3] M 152.2, m 102°. Crystallise from EtOH by addition of diethyl ether.
Adrenalin see epinephrine.

Adrenochrome [54-06-8] M 179.2, m 125-130°. Crystd from MeOH/formic acid, as hemihydrate, and
stored in a vacuum desiccator.

Adrenosterone (Reichstein's G) [382-45-6] M 300.4, m 220-224°. Crystd from EtOH. Can be
sublimed under high vacuum.

Agaricic acid [1-(n-hexadecyl)citric acid] [666-99-9] M 416.6, m 142°(dec), [a]p -9.8° (in
NaOH), pKgsi1) ~2.7, pKest2) ~4.2, pKgs3) ~5.5. Crystd from EtOH.

Agmatine sulfate [5-guanidinopent-1-ylamine sulfate] [2482-00-0] M 228.3, m 231°, pKgsq)
~9.1, pKEsie) ~13.0. Crystd from aqueous MeOH.

Agroclavin [548-42-5] M 238.3, m 198-203°(dec), 205-206°, [a]f;o-155° (¢ 1, CHCl3), pKEst
~8.0. Crystd from diethyl ether.

Ajmalicine [483-04-5] M 352.4, m 250-252°(dec), [0]s4¢ -76° (c 0.5, CHCIl;), pKgst ~7.4.
Crystd from MeOH.

Ajmalicine hydrochloride [4373-34-6] M 388.9, m 290°(dec), [a]p -17° (¢ 0.5, MeOH).
Crystd from EtOH.

Ajmaline [y-yohimbine] [4360-12-7] M 326.4, m 160° (MeOH), 205-206° (anhyd), [OL]%)0
+144° (¢ 0.8, CHCl3), pKEgst ~7.5. Crystd from MeOH.

Ajmaline hydrochloride [4410-48-4] M 388.9, m 140°, Crystd from water.

Alanine (RS)2£302-72-7]25M 89.1, m 295-296°, (S) [56-41-7] m 297°(dec), [a]pl5 +14.7° (in
1M HCI), pKi 2.34, pK? 9.87. Crystd from water or aqueous EtOH, e.g. crystd from 25% EtOH in
water, recrystd from 62.5% EtOH, washed with EtOH and dried to constant weight in a vacuum desiccator over
P>0s5. [Gutter and Kegeles J Am Chem Soc 75 3893 1953.] 2,2'-Iminodipropionic acid is a likely impurity.

B-Alanine [/07-95-9] M 89.1, m 205°(dec), pKi 3.55, pK3’10.24. Crystd from filtered hot
saturated aqueous soln by adding four volumes of absolute EtOH and cooling in an ice-bath. Recrystd in the
same way and then finally, crystd from a warm saturated soln in 50% EtOH by adding four volumes of absolute
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EtOH cooled in an ice bath. Crystals were dried in a vacuum desiccator over P05 [Donovan and Kegeles J
Am Chem Soc 83 255 1961.]

S-Alaninol [S-2-Aminopropan-1-ol} [225749-1 1-3] M 75.1, b 167-169°/760mm, dio 0.961, nzDo
1.456, [0]s46 +26.0° (c 2, EtOH), pK" ™ 9.43. Purification as for S-2-amino-3-methylbutan-1-o0l

Aldol (3-hydroxybutanal) [107-89-1] M 88.1, b 80-81°/20mm. An ethereal soln was washed with
a saturated aqueous soln of NaHCOj, then with water. The non-aqueous layer was dried with anhydrous CaCl,
and distd immediately before use. The fraction, b 80-81°/20mm, was collected, [Mason, Wade and Pouncy J
Am Chem Soc 76 2255 1954].

Aldosterone [52-39-1] M 360.5, m 108-112°(hydrate), 164°(anhydr), [a]b +1 61° (¢ 1,
CHCI3). Crystd from aqueous acetone. Acetate, cryst from Me,CO + Et;O, has m 198-199°, [a]p +121.7°
(c 0.7, CHCly)

Aldrin [309-00-2] M 354.9, m 103-104.5° Crystd from MeOH. POISONOUS

Aleuritic acid [RS-erythro-9,10,16-trihydroxyhexadecanoic acid] [533-87-9] M 3044, m
100-101°. Crystd from aqueous EtOH. Hydrazide cryst from EtOH has m 139-140°.

Alginic acid [9005-32-7] M 48,000-186000. To 5g in 550mL water containing 2.8g KHCO3, were
added 0.3mL acetic acid and 5g potassium acetate. EtOH to make the soln 25% (v/v) in EtOH was added and
any insoluble material was discarded. Further addition of EtOH, to 37% (v/v), ppted alginic acid. [Pal and
Schubert J Am Chem Soc 84 4384 1962.]

Aliquat 336 (methyltricaprylylammonium chloride, tri-n-octylmethylammonium chloride)
[5137-55-3] M 404.2, d 0.884. A 30% (v/v) soln in *benzene was washed twice with an equal volume of
1.5M HBr. [Petrow and Allen, Anal Chem 33 1303 1961.] Purified by dissolving 50g in CHCl3 (100mL) and
shaking with 20% NaOH soln (200mL) for 10min, and then with 20% NaCl (200mL) for 10min. Washed with
small amount of HyO and filtered through a dry filter paper [Adam and Pribil Talanta 18 733 1971].

Alizarin (1,2-dihydroxyanthraquinone) [72-48-0] M 240.2, m 290°, d 0.884, pK";s 7.45,
pK%s 11.80. Crystd from glacial acetic acid or 95% EtOH. Can also be sublimed at 110°/2mm.

Alizarin-3-methyliminodiacetic acid (Alizarin Complexone) (2H,0) [3952-78-1] M 421.4, m
189%(dec), pKgst1)~4.9, pKgsi2)~7.5. Purified by suspending in 0.1M NaOH (1g in 50mL), filtering the
solution and extracting alizarin with 5 successive portions of CH,Cl,. Then add HCI dropwise to precipitate the
reagent, stirring the solution in a bath. Filter ppte on glass filter, wash with cold water and dry in a vacuum
desiccator over KOH [Ingman Talanta 20 135 1973].

Alizarin Yellow R [S-(4-nitrophenylazosalicylic acid), Mordant Orange I [2243-76-7] M
287-2, m 253-254°(dec), >300°, pK?25 11.17. The free acid is ppted by adding HCI to an aq soln of the
Na salt. After 2 recrystns from aq AcOH, it has m 255%dec); [m 253-254° dec was reported J Chem Soc 79 49
1901]. The free acid can be recrystd from dilute AcOH as orange brown needles. The Na salt changes colour
from yellow to red when the pH is increased from 10.2 to 12.0. [J Am Chem Soc 75 5838 1953.]

n-Alkylammonium chloride n=2,4,6. Recrystd from EtOH or an EtOH/EtyO mixture. [Hashimoto and
Thomas J Am Chem Soc 107 4655 1985; Chu and Thomas J Am Chem Soc 108 6270 1986.]

n-Alkyltrimethylammonium bromide n=10,12,16. Recrystd from an EtOH/Et;O mixture.
[Hashimoto and Thomas J Am Chem Soc 107 4655 1985.]

Allantoin [97-59-6] M 158.1, m 238°(dec). Crystd from water or EtOH.
Next Page
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Allene (prodiene) [463-49-0] M 40.1, m -146°%, b -32°. Frozen in liquid nitrogen, evacuated, then
thawed out. This cycle was repeated several times, then the allene was frozen in a methyl cyclohexane-liquid
nitrogen bath and pumped for some time. Also purified by HPLC. [Cripps and Kiefer Org Synth 42 12
1962.]

(- -Alloaromzazc‘lendrene [25246-27-9] M 204.4, b 96°/2mm, 265-267°/atm, [OL]%)5 -229 (neat),
dy 0.923, n'p 1.501. Fractionally distd from Na. IR has bands at 6.06 and 11.27u due to C=CH,. [J
Chem Soc 715 1953; ¢f J Am Chem Soc 91 6473 1969.]

neo-Allocnmene (¢tc-2,6-dimethyl-2,4,6-octatriene) [7216-56-0] M 136.2, b 80°/13mm,196-
198¢%/atm, d4 0.8161, n'p 1.5437. Fractionally distd through an efficient column and stabilised with ca
0.1% of hydroquinone. UV: Apax nm(e M~lcm1) 290 (32 500), 279 (41 900) and 270 (32 600). [Justus
Liebigs Ann Chem 609 1 1957; Anal Chem 26 1726 1954.]

S5a-Allopregnane-30,20a-diol [566-58-5] M 320.5, m 248-248.5°, [a]lp+17° (¢ 0.15, EtOH).
Crystd from EtOH.

D- A%Iothreonme [2R,3R(-)- g.gomer] [24;2230 94-2] M 119.1, m 272-273°dec), 276°(dec),
[OL]D -9.1° (¢ 3.9, H,0), pK7i 2.11, pK3> 9.10. Recrystd from aqueous EtOH or 50% EtOH. [J
Chem Soc 62 1950, J Am Chem Soc 194 455 1952; IR: Greenstein & Winitz The Chemistry of the Amino
Acids J. Wiley, Vol 3 1961.]

Alloxan [2,4,5,6(1H ,3H ]pyrimidine, tetrone] [50-7/-5] M 142.0, m ~170°(dec), pK?25 6.64.
Crystn from water gives the tetrahydrate. Anhydrous crystals are obtained by crystn from acetone, glacial acetic
acid or by sublimation in vacuo.

Alloxan monohydrate [2244-]11-3] M 160.1, m 255°(dec), pK 6.64. Recryst from H,O as the
tetrahydrate in large prisms or thombs. On heating at 100°, or on exposure to air, this is converted to the
monohydrate. Dissolve it in its own weight of boiling H;O and cool for several days below 0° [the tetrahydrate
crystallises from soln much more slowly when free from HNOsj. It is less sol in HCO3 solns than in HO].
Drying the solid over HySO4 yields the monohydrate. The anhydrous crystals can be obtained by recrystn from
dry Me,CO or AcOH followed by washing with dry Et;O or by sublimation in a vacuum. On heating it turns
pink at 230° and decomposes at ca 256°. It is acidic to litmus. [Org Synth Coll Vol III 37 1955.] It forms a
compound with urea which crystallises from H;O in yellow needles that become red at 170° and dec at 185-
186°.

Alloxantin [76-24-4] M 286.2, m 253-255°(dec) (yellow at 225°). Crystd from water or EtOH
and kept under nitrogen. Turns red in air.

Allyl acetate [591-87-7] M 100.1, b 103°, d 0.928, ns 1.40488, np27 1.4004. Freed from
peroxides by standing with crystalline ferrous ammonium sulfate, then washed with 5% NaHCO;, followed by
saturated CaCl; soln. Dried with NaySOy4 and fractionally distd in an all-glass apparatus.

Allylacetic acnd (pent- goenmc acid) [591-80-0] M 100.1, m -22.5°, b 83-84°/12mm,
90°/15mm, d3 4 %0. 9877, np 1.4280, pK25 4.68. Distil through an efficient column (allyl alcohol has
b 95-97%). It is characterised as the S-benzyl isothiouronium salt m 155-158° (96% EtOH, aq EtOH) [Acta
Chem Scand 9 1425 1955], 4-bromophenacyl ester m 59.5-60.5° (from 90% EtOH). Solubility at 18°: in
pyridine (57%), AcOH (7.3%), MeOH (5.4%), Me;CO (3.2%), MeOAc (2.8%), EtOH (5.4%), H,0 (1.8%),
PrOH (1.6%), isoPrOH (0.27%). [J Am Chem Soc 74 1894 1952.]

Allyl alcohol [107-18-6] M 58.1, b 98°, d4 0.857, np 1.4134. Can be dried with K;CO3 or
CaSQy, or by azeotropic distn with *benzene followed by distn under nitrogen. It is difficult to obtain peroxide
free. Also reflux with magnesium and fractionally distd [Hands and Norman Ind Chem 21 307 1945].
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Allylamine [/07-11-9] M 5§7.1, b 52.9%, d 0.761, n 1.42051, pK259.49. Purified by fractional
distn from calcium chloride. Causes sneezing and tears.

1-Allyl-6-amino-3-ethyluracil [642-44-4] M 195.2, m 143-144° (anhydr). Crystd from water (as
monohydrate).

Allyl bromide [106-95-6] M 121, b 70°, d 1.398, n 1.46924. Washed with NaHCO3, soln then
distd water, dried (CaCl, or MgSQy), and fractionally distd. Protect from strong lightt. LACHRYMATOR,
HIGHLY TOXIC and FLAMMABLE.

Azl‘l)yl butyl ether [3739-64-8] M 114.2, b 64-65°/120mm, 117.8-118°/763mm, dao 1.4057,
np 0.7829. Check the IR for the presence of OH str vibrations, if so then wash well with H,O, dry with
CaCl, and distil through a good fractionating column. The liquid is an irritant. [J Org Chem 23 1666
1958; J Am Chem Soc 73 3528 1951.]

Allyl chloride [107-05-1] M 76.5, b 45.1°, d 0.939, n 1.4130. Likely impurities include 2-
chloropropene, propyl chloride, i-propyl chloride, 3,3-dichloropropane, 1,2-dichloropropane and 1,3-
dichloropropane. Purified by washing with conc HCI, then with NayCOj3 soln, drying with CaCl,, and distn
through an efficient column [Oae and Vanderwerf J Am Chem Soc 75 2724 1953]. LACHRYMATOR,
TOXIC.

Allyl chloroformate [2937-50-0] M 120.5, b 56°/97mm, 109-110°atm, dio 1.14, n2D0 1.4223.
Wash several times with cold HyO to remove alcohol and HCI and dry over CaCly. It is important to dry
well before distilling in vacuo. Note that the receiver should be cooled in ice to avoid loss of distillate into the
trap and vacuum pump. The liquid is highly TOXIC and flammable. {J Am Chem Soc 72 1254 1950.]

Allyl cyanide (3-butene nitrile) [109-75-1] M 67.1, b -19.6°/1.0mm, 2.9°/5m m.
14.1"/5m12nd 26.6°/20mm, 48.8°/60mm, 60.2°/100mm, 98°/400mm, 119°/760mm, d24
0.8341, np 1.406. It should be redistd at atmospheric pressure then distilled under a vacuum to remove
final traces of HCN from the residue. Note that the residue from the first distiln may be difficult to remove
from the flask and should be treated with conc HNQ; then H,O and finally hot EtOH (CARE). Allyl cyanide
has an onion-like odour and is stable to heat. It forms a complex with AICl3 (2:2) m 419, and (3:2) m 120°.
All operations should be done in an efficient fume hood as the liquid is flammable and

HIGHLY TOXIC. [Org Synth Coll Vol I 46 1941.]

Allyl disulfide 8 iallyl dlsulflde) [2179-57-9] M 146.3, b 58-59°/5mm, 79-81°/20mm,
138-139°/atm, d? s 1.01, nD 1.541. Purified by fractional distn until their molar refractivities are in
uniformLy good agreement with the calculated values [J Am Chem Soc 69 1710 1947]. Also purified by gas
chromatography [retention times: J Org Chem 24 175 1959, UV: J Chem Soc 395 1949].

RS-ua-Allylglycine (2-aminopent-d4-enocic acid). [7685-44-1] M 115.1, m 250-255°(dec),
PKEest1) ~2.3, pKEsi2) ~9.6. Dissolve in absolute EtOH and ppte with pyridine, then recrystallise from
aqueous EtOH [Rg in BuOH:EtOH:NH3:H,O (4:4:1:1:) 0.37]. The hydrobromide has m 136-140° (from
EtOAc) and the phenylureido derivative has m 159-161°. [Monatsh Chem 89 377 1958.]

1-N-Allyl-3-hydroxymerphinan [7/52-02-3] M 283.4, m 180-182°. Crystd from aqueous EtOH.

Allyl iodide (3-iodopropene) [556-56-9] M 167.7, b 103°, d12 1.848. Purified in a dark room by
washing with ag NaySO3 to remove free iodine, then drying with MgSO, and distilling at 21mm pressure, to
give a very pale yellow liquid. (This material, dissolved in hexane, was stored in a light-tight container at -5°
for up to three months before free iodine could be detected, by its colour in the soln) [Sibbett and Noyes J Am
Chem Soc 75 761 1953].
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5-Allyl-5-isobutylbarbituric acid [77-26-9] M 224.3, m 139°, 139-140°, 140-142°, pK38
12.36. It can be recrystallised from H,O or dilute EtOH, and sublimes at 100-120°/8-12mm. It is soluble in
*CgHg, cyclohexane, tetralin and pet ether at 20°. [J Am Chem Soc 77 1486 1955.]

Allylisocyanate [1476-23-9] M 83.1, b 84°/atm, 87-89%atm, d§00.94, n2D0 1.417. Purify as
for allylisothiocyanate.

Allylisothiozc(?'anate [57-06-7] ™M 99.2, m -80° b 84-85°/80mm, 150°/760mm, 151%atm,
dy 1.017, n'p1.5268. Fractionate using an efficient column, preferably in a vacuum. It is a yellow
pungent irritating and TOXIC (suspected CARCINOGEN) liquid. Store in a sealed tube under
Nj. The N'-benzylthiourea derivative has m 94.5° (from aq EtOH) [J Am Chem Soc 74 1104 1952].

Allyl Phenyl sulfide [5296-64-0] M 150.2, b 59-60°/1.5mm,_ _79-80°/3mm, 114-
114.3°/23.5mm, 225-226°/740mm, 215-218°/750mm, d240 1.0275, n2D0 1.5760. Dissolve in
Et,0, wash with alkali, HyO, dry over CaCl,, evaporate and fractionally distil, preferably under vacuum. It
should not give a ppte with an alcoholic soln of Pb(OAc);. [J Am Chem Soc 52 3356 1930, 74 48 1952.]

N-Allylthiourea (thiosinamine) [/09-57-9] M 116.2, m 70-73°, 78°, Recrystd from H,O.
Soluble in 30 parts of cold H;O, soluble in EtOH but insoluble in *CgHg. Also recrystd from acetone, EtOH
or ethyl acetate, after decolorising with charcoal. The white crystals have a bitter taste with a slight garlic odour
and are TOXIC. [Anal Chem 21 421 1949.]

N-Allylurea [557-11-9] M 100.1, m 85° Crystd from EtOH, EtOH/ether, EtOH/chloroform or
EtOH/toluene.

Aloin [10-glucopyranosyl-1,8-dihydroxy-3-(hydroxymethyl)-9(10H Janthracenone, Barbal-
oin] [8015-61-0] M 418.4, m 148-148.5°, 148-150°. Lemon yellow crystals from H,O
(450g/1.5L) as the monohydrate which has a lower m (70-80°). [J Chem Soc 2573 1932, 3141 1956.]

D-Altrose [1990-29-0] M 180.2, m 103-105°, [at]s46 +35° (¢ 7.6, H30). Crystd fom aq EtOH.

Amberlite IRA-904 Anion exchange resin (Rohm and Haas) [9050-98-0]. Washed with 1M HCI,
CH30H (1:10) and then rinsed with distilled water until the washings were neutral to litmus paper. Finally
extracted successively for 24h in a Soxhlet apparatus with MeOH, *benzene and cyclohexane [Shue and Yan
Anal Chem 532081 1981]. Strongly basic resin also used for base catalysis [Fieser & Fieser Reagents for
Org Synth 1511, Wiley 1967].

Aminoacetaldehyde dimethyl acetal (2,2-dimethoxyezt(l)1ylamine) [22483-09-6] M 105.1, m
<-78° b 139.5°/768mm, 137-139%atm, df‘o 0.9676 np 1.4144. Dry over KOH pellets and distil
through a 30cm vac jacketed Vigreux column. [J Am Chem Soc 75 3398 1953, 77 6640 1955.]

p-Aminoacetanilide [7122-80-5] M 150.2, m 162-163°. Crystd from water.

Aminoacetic acid g(;lycine) [5265-40-6 ] M 751, m 262° (dec, goes brown at 226°, sublimes
at 200°/0.1mm), pKi 2.35, pK3 9.78. Crystd from distilled water by dissolving at 90-95°, filtering,
cooling to about -5°, and draining the crystals centrifugally. Alternatively, crystd from distilled water by
addition of MeOH or EtOH (e.g. 50g dissolved in 100mL of warm water, and 400mL of MeOH added). The
crystals can be washed with MeOH or EtOH, then with diethyl ether. Likely impurities are ammonium
glycinate, iminodiacetic acid, nitrilotriacetic acid, ammonium chloride.

Aminoacetonitrile bisulfate [7157/-63-3] M 154.1, m 188°(dec) Crystd from aqueous EtOH.
Aminoacetonitrile hydrochloride [60]1-14-9] M 92.5, m 166-167°, 172-174°, pK25 5.34.

Recrystd from dil EtOH hygroscopic leaflets. Best to crystallise from absolute EtOH-Et;O (1:1) and then
recryst from absolute EtOH. The m recorded range from 144° to 174°. The free base has b 58%/15mm with
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partial decomposition. [J Prakt Chem [2] 65 189 1902;J Am Chem Soc 56 2197 1934; J Chem Soc 1371
1947}

2-Aminoacetophenone hydrochloride [5468-37-1] M 171.6, m 188°(dec), 194°(dec), pK2$
5.34. Crystd from acetone/EtOH or 2-propanol [Castro J Am Chem Soc 108 4179 1986].

m-Aminoacetophenone [99-03-6] M 135.2, m 98-99°, pK25 3.56. Recrystd from EtOH.

p-Aminoacetophenone [99-92-3] M 135.2, m 104-106°, 105-107°, b 293%atm, pK252.19
Recryst from CHCl3, *CgHg or HyO. Soluble in hot HyO. UV (EtOH) has Apax 403nm (log € 4.42) [J Am
Chem Soc 75 2720 1953]. [Anal Chem 26 726 1954.] The 2,4-dinitrophenylhydrazone has m 266-267°
(from CHCl; or EtOH), and the semicarbazone has m 193-194%(dec)(from MeOH) and the hydrochloride has m
98%(dec)(from H,0).

a-Amino acids see Chapter 6.

9-Aminoacridine [9-acridineamine] [90-45-9] M 194.2, m 241°, pK209.95. Crystd from EtOH
or acetone and sublimes at 170-180°/0.04mm [Albert and Ritchie Org Synth Coll Vol III 53 1955; for
hydrochloride see Chapter 6.]

dl-o-Aminoadipic acid (hydrate) [542-32-5] M 161.2, m 196-198°, pKgsi (1) ~2.0, pKEgst2)
~4.5, pKEg«@3) ~9.8. Crystd from water.

2-Amino-4-anilino-s-triazine [537-17-7] M 168.2, m 235-236°, pKgst ~5.5. Crystd from
dioxane or 50% aqueous EtOH.

1-Aminoanthraquinone-2-carboxylic acid [82-24-6] M 276.2, m 295-296°. Crystd from nitro-
benzene.

4-Aminoantipyrine [83-07-8] M 203.3, m 109°. Crystd from EtOH or EtOH/ether.

p-Aminoazobenzene (p-phenylazoaniline) [60-09-3] M 197.2, m 126°, pK25 ~2.82, Crystd
from EtOH, CCly, pet ether/*benzene, or a MeOH/water mixture.

o-Aminoazotoluene (Fast Garnet GBC base, 4'-amino-2,3'dimethylazobenzene) [97-56-3] M
225.3, m 101.4-102.6°, CI 11160, pKg, ~2.8. Crystd twice from EtOH, once from *benzene, then
dried in an Abderhalden drying apparatus [Cilento J Am Chem Soc 74 968 1952]. CARCINOGENIC.

2-Aminobenzaldehyde [529-23-7] M 121.1, m 39-40°, pK201.36. Distd in steam and crystd from
water or EtOH/ether.

2-Aminobenzaldehyde phenylhydrazone (Nitrin) [63363-93-9] M 211.3, m 227-229°, Crystd
from acetone. [Knoépfer Monatsh Chem 3197 1910.]

3-Aminobenzaldehyde [29159-23-7] M 121.1, m 28-30°, pKg« ~2.0. Crystd from ethyl acetate.

4-Aminobenzamide hydrochloride [59855-11-7] M 199.6, m 284-285°, pKgst ~1.7. Recrystd
from EtOH.

p-Aminobenzeneazodimethylaniline [539-717-3] M 240.3, m 182-183°. Crystd from aqueous
EtOH.

o-Aminobenzoic acid (anthranilic acid) [118-92-3] M 137.1, m 145°, pKi" 2.94, pK3 4.72.
Crystd from water (charcoal). Has also been crystd from 50% aqueous acetic acid. Can be vacuum sublimed.
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m-Aminobenzoic acid [99-05-8] M 137.1, m 174°, pKlzs 3.29, pK§55.10. Crystd from water.

p-Aminobenzoic acid [/50-13-0] M 137.1, m 187-188°, pKi°2.45, pK3 4.85. Purified by
dissolving in 4-5% aqueous HCI at 50-60°, decolorising with charcoal and carefully precipitating with 30%
Na,;CO3 to pH 3.5-4 in the presence of ascorbic acid. It can be crystd from water, EtOH or EtOH/water
mixtures.

p-Aminobenzonitrile [873-74-5] M 118.1, m 86-86.5°, 85-87°, pK 28 1.74. Crystd from water,
5% aqueous EtOH or EtOH and dried over P,Os or dried in vacuo for 6h at 40°. [Moore et al. J Am Chem Soc
108 2257 1986; Edidin et al. J Am Chem Soc 109 3945 1987.]

4-Aminobenzophenone [1137-41-3] M 197.2, m 123-124°, pK 25 2.17. Dissolved in aq acetic acid,
filtered and ppted with ammonia. Process repeated several times, then recrystd from aqueous EtOH.

2-Aminobenzothiazole [136-95-8] M 150.2, m 132° pK204.48. Crystd from aqueous EtOH.
6-Aminobenzothiazole [533-30-2] M 150.2, m 87°, pKgs ~3. Crystd from aqueous EtOH.

N-(p-Aminobenzoyl)-L-glutamic acid [4271-30-1] M 266.3, m 173° (L-form), [0]54¢ -17.5°
(c 2, 0.1m HCl); 197° (DL), pKest) ~1.7, pKEesi2) ~3.4, pKEsi3)~4.3. Crystd from H,O.

3-0-Aminobenzyl-4-methylthiazolium chloride 