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The past years have seen the loss of two staunch champions for the both of us — the late
Athel L.J. Beckwith FAA, FRS from the Research School of Chemistry, ANU (scientist
extraordinaire, mentor and friend) as well as Mrs Joan E. Smith, Research School of
Chemistry ANU (a dedicated and amazing librarian, and a strong supporter of this book and
its previous editions. In her eyes, we could do no wrong). The world is a little less bright in
their absence. We dedicate this book to their memories.

W.L.F. Armarego & C.L.L. Chai
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Preface to the Seventh Edition

THE SALES of the sixth edition, which appeared in April 2009, were high by about October 2009, and one of us
(WLFA) was approached by Ms Melanie Benson, Editorial Project Manager of Elsevier Science & Technology
Books (who was mainly responsible for the production of the 6th edition), about writing a 7th edition within 2—3
years. In the past, 6-9 years were allowed to lapse between editions. However, the attraction this time, was that we
were allowed to increase the size of the work by up to 249 pages. This has given us the opportunity to update all the
previous chapters in the light of current thinking on safety (personal and environmental), and to introduce two new
chapters. The award of five Nobel Prizes in the past ten years or so in Chemistry and one in Physics, of which three
were awarded for work on Catalysis and the catalytic process (2001, 2005 and 2010), and two for work on
Nanomaterials and Nanotechnology (1996, 2010) have prompted us to write a new chapter on Catalysts and a new
chapter on Nanomaterials and Nanotechnology. Chemical suppliers have now made commercially available a large
number of catalysts as well as many nanomaterials of various sorts. Since the number of commercially available
catalysts are currently considerably larger than that of nanomaterials, the chapter on Catalysts is larger than that on
Nanomaterials and Nanotechnology, and had to be divided into two parts. The availability, preparation and
purification of a large range of these, are presented in these chapters. The other chapters have been updated and
expanded, also in keeping with the purpose of all previous editions which is to provide information for the
purification of commercially available laboratory materials. Of course, the General Subjects Index and the
Chemical Abstracts Registry Numbers (CASRNs) Index increased in size accordingly. Much of the cross-
referencing is done via CASRNs and a page of how to use this book through these is included before Chapter 1 to
assist the reader, not only to locate the pages where the required CASRNS are to be found, but also to let the reader
know whether a particular substance is included in this work. CASRNSs can be readily obtained from chemical
catalogues or from SciFinder.

We would like to acknowledge Professor Martin Banwell FAA (Director, Research School of Chemistry, ANU) for
his generosity in allowing the use of IT services, and to Dr Emil Mittag (Research School of Chemistry, ANU) for
editing and updating the Macro program used for making the CASRNs Index.

We are greatly indebted to many people who have made valuable and constructive comments, and indicated errors,
in previous editions. The continued help from Joe Papa of BS MS (EXAXOL in Clearwater, Florida, USA) with the
preparation and purification of several inorganic compounds, particularly beryllium and cerium, is appreciated and
gratefully acknowledged.

One of us (W.L.F.A) owes a debt of gratitude to Professor Jill E. Gready (John Curtin School of Medical Research,
ANU) for her continued encouragement and for strongly supporting a Visiting Fellowship over a period of many
years.

We thank Dr Pauline M. Armarego for assistance in the painstaking task of proofreading and correcting
typographical errors as well as checking the General Index and the CASRNs Index.

We thank the ANU library and its staff, both on campus and at the ANU Print Repository, for their prompt and
unfailing assistance.

W.L.F. Armarego & C.L.L. Chai

May 2012



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, first, 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.,, W.L.F.A. & D.R.P.
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" (vol.
1) Ed. 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.
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.
D.D.P.,, W.LF.A. & D.RP.
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

Laboratory Chemicals fills a gap in many chemists' reference libraries and laboratory shelves. The present volume is an updated edition that
contains significantly more detail than the previous editions, as well as an increase in the number of individual entries and a new chapter.

vi



Additions have been made to Chapters 1 and 2 in order to include more recent developments in techniques (e.g. Schlenk-type, c¢f 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 worldwide 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 loading 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. & W.LF.A.
1988

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 that 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
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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. safework.gov.au/". Sigma-Aldrich provided 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.

I 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

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, 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 ed.) 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 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 (pKggt). 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 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

viii



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 especially 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 has made
the tedious task of checking references more enduring.

W.L.F. Armarego & C.L.L. Chai
November 2002

Preface to the Sixth Edition

THERE IS a continuing demand for the Purification of Laboratory Chemicals book, to the extent that the 5th edition which was published in
early 2003 was carefully translated into Chinese (ISBN 978-7-5025-94367) by Ying-Jie Lin, Wei Liu, Hui-Ping Wang, Xiao-Bo Sun, Qing-Shan
Li and Jun-Gang Cao from Jilin University (People’s Republic of China) in 2007. In response to the demand, it was timely to update the 5"
edition to include the more recently developed purification procedures, as well as add to the list of compounds for purification. The latter
comprise some commercially available compounds that have gained usefulness and popularity in the past few years.

The first two chapters have been updated, sections of current interest have been expanded and new sections added. Chapter 3 has been rewritten
so that areas of work that have lost popularity have been reduced in size or deleted and sections on recent, and now commonly adopted,
technologies have been inserted. Chapters 4, 5 and 6 are now completely reorganized, and each is subdivided into several sections which will
make it easier for the reader to locate compounds of similar classification. Chapter 4 is subdivided into aliphatic, alicyclic, aromatic and
heterocyclic compounds, Chapter 5 has been subdivided into inorganic and metal-organic compounds, and Chapter 6 has been subdivided into
amino acids and peptides, proteins, enzymes, DNA and RNA, carotenoids, carbohydrates, steroids and a miscellaneous section which includes
small biologically active substances such as antibiotics, coenzymes, co-factors, lipids, phospholipids, polynucleotides and vitamins. Some useful
compounds that have been added recently to commercial catalogues have been included in these three chapters. A large number of derivatives of
previous entries with their physical properties and purifications have been inserted together with extensive referencing to the original literature
including Beilstein references. This resulted in an increase in size of the 5th edition, in text and number of compounds, by over 20%. The
purifications of some 7400 substances are described.  As in the 5th edition, substance entries are in alphabetical order within subsections and
each substance is defined by its Chemical Abstracts Service (CAS) Registry Number. An index of these numbers with their respective page
numbers at the end of the book will make it possible to locate the purification of a desired substance readily and to check if the substance is
contained in the book. For this purpose we thank Rodney Armarego for setting up a Macro on the MacBook Pro computer used for collating the
CAS Registry Numbers for the index. There is also a General Index of Contents.

Website references of distributors of substances and/or of equipment have been included in the text. However, since these may change in the
future, users should check for current websites of suppliers. The bibliographies have been updated, and websites of a few publishers and book
suppliers have been included. Several texts with publication dates older than fifteen years have been deleted except for a few very useful
textbooks which are out of print and where recent editions have not been produced. In these cases it is usually possible to obtain used copies
from good suppliers of old books, for which there are several websites, e.g. visit Google under “old books suppliers”; also visit websites such as
<http//www.abebooks.com>, <http//www.betterworld.com/usedbooks>, <http//www.booksandcollectibles.com.au/index>,
<http//www.ebay.com.au/>. Further information for almost every entry in Chapters 4, 5 and 6 of the 6th edition can be obtained from the
references to the original literature, which are cited under each entry together with their respective Beilstein reference(s).

We thank readers who have provided advice, constructive criticism and new information. We are grateful for any further comments, suggestions,
amendments and criticisms which could, perhaps, be inserted in a second printing of this edition. We thank Joe Papa BS MS (EXAXOL in
Clearwater, Florida, USA) in particular for sharing his experiences on the purification of several inorganic substances in this and previous
editions, and also for allowing us to use his analytical results on the amounts of metal impurities at various stages of purification of several salts.

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.
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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 five editions
of this book.

One of us (C.L.L.C) would like to acknowledge the support and friendship of her many research staff and students (past and present at ANU and
A*STAR). She especially thanks Drs Paul Huleatt, Paul Bernardo, Felicity Moore and Brendan Burkett for their unfailing faith in her, through
chemical and personal journeys both in Singapore and Australia. The legacy of this book is for Kimberley and Victoria Tse because it is cool to
be a scientist!

We thank Mrs Joan Smith, librarian of the Research School of Chemistry, ANU, for her generous help in many library matters which made the
tedious task of checking references more enduring.

W.L.F. Armarego & C.L.L. Chai
November 2008



HOW THIS BOOK SHOULD BE USED

Substances have been entered under their respective chapters, sections and subsections. In
these sections compounds have been entered in alphabetical order according to the more
commonly used name. However, because compounds can be named differently (some of
these other names have been included in brackets after their entries) and may be difficult to
find, it is advisable to obtain the page number of the entry from the Chemical Abstracts
Registry Numbers (CASRNs) Index at the end of the book. CASRNs of substances are
readily obtained from “SciFinder”, or better, from any commercial catalogue that sells these
compounds, as almost all of these have CASRNs inserted after the names of their products.
Also, in this book we could not insert some substances that can be formally included in more
than one section without repeating the entry. In such cases the compounds are entered in a
preferred section and are cross-referenced by inserting “see [CASRN]” or just “[CASRN]”.
Thus the cross-reference is its CASRN. The CASRNs Index provides the page numbers in
bold/italic type. If the CASRN of a desired substance is not in the CASRN Index, or its full
or abbreviated name is not in the General Index, then it will not be present in this book.

CASRNs are unique for each chemical substance and are such that they are internally
consistent. They are set up according to a specific formula. Refer to the first page of the
CASRNSs Index to calculate the formula in order to check whether the number is a valid
number or not.

W.LFA. & CL.L.C.
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CHAPTER 1

COMMON PHYSICAL TECHNIQUES

USED IN PURIFICATION

INTRODUCTION

Purity is a matter of degree. Other than contaminants such as dust, paper fibres, wax, cork, etc., that may have
been inadvertently introduced 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 likely 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 the more common reagents it is usually 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. See also the section on “Criteria of Purity” in
Chapter 2.

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.

Purification of Laboratory Chemicals. http://dx.doi.org/10.1016/B978-0-12-382161-4.00001-7
Copyright © 2013 Elsevier Inc. All rights reserved.
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(c) Refractive index at a specified temperature and wavelength. The sodium D line at 589.26 nm
(weighted mean of the D; and D, lines) is the usual wavelength used but the refractive index values
at other wavelengths can often be interpolated from a plot of refractive index versus 1/(wavelength)?.

(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,
also see Karl Fischer titrant or Hydranal® —Titrant type SE [64-17-5] and other types in Fluka and Sigma-
Aldrich Catalogue.

4. Physical tests for particular types of impurities:
Emission and atomic absorption spectroscopy for detecting organic impurities and determining metal
ions.
Chromatography, including paper, thin layer, liquid (high, medium and normal pressure), flash and
vapour phase.
Electron spin resonance for detecting free radicals.
Other spectroscopic methods (see 5 below).

5. Examination of spectroscopic properties
Nuclear Magnetic Resonance ('H, 13C, 31P, I9F, 1B NMR, etc.)
Infrared spectroscopy (IR and Fourier Transform IR)
Ultraviolet (UV), visible and fluorescence spectroscopy
X-ray photoelectron spectroscopy (XPS)
Atomic absorption spectroscopy (AAA)
Mass spectroscopy [electron ionisation (EI), chemical ionisation (CI), electrospray ionisation (ESI),
fast atom bombardment (FAB), matrix-associated laser desorption ionisation (MALDI), inductively
coupled plasma-mass spectrometry (ICP-MS)

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, and until it distils repeatedly within a narrow specified temperature range. The purified product should
have spectroscopic properties which indicate that the traces of impurities left in the sample are of acceptable
levels for the intended purpose.

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 O, N, or CO,. Under favourable conditions, freezing
curve studies are sensitive to impurity levels of as little as 0.001 moles percent. 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, electrophoresis 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).
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Common techniques used for determining the purity of a specimen and for following the purification procedure
are described below (p. 33).

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. Oxygen from the air is also a source of contamination by virtue of its
ability to produce small or large amounts of oxidation products (see section on the Solubilities of gases in liquids
below).

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 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. Polycarbonate containers invariably leach out the
‘estrogenic chemical’ Bisphenol A (see Chapter 4, Aromatic Compounds) into the liquid in the container [Fiona
Case Chemistry World 5 (No. 4) 12 2008, Rebecca Trager Chemistry World 5 (No. 5) 8 2008].

Solutions in contact with polyvinyl chloride can become contaminated with trace amounts of lead, titanium, tin,
zinc, 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 this naphthylamine was only an
artifact of the isolation procedures, it was at first thought to be a genuine component of vitamin K preparations,
extracts of plant lipids, algae, butter, animal livers, 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, and care should be taken to
avoid further contact with plastic or black rubber materials.

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 5 ml of water. The dichromate solution is then cooled and stirred while 100 ml of concentrated
sulfuric acid is added slowly. Store it 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 120 g of NaOH in 120 ml of water, followed by dilution
to 1 L with 95% ethanol.
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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 well 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 pure diethyl ether, and air-dried. Prior to use, equipment can be
rinsed with acetone, then with petroleum ether or pure diethyl ether, to remove the last traces of contaminants.)
Teflon equipment should be soaked, first in acetone, then in petroleum ether or pure diethyl ether for ten
minutes, then dried in a vacuum or flushed with dry nitrogen 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 pure
diethyl ether before use.

Trace impurities in silica gel for TLC can be removed by heating at 300° for 16 hours or by Soxhlet extraction
for 3 hours with distilled chloroform, followed by 4 hours extraction with distilled pure diethyl ether and drying
in a vacuum.

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 (1ml) in a small beaker and evacuated for 5 minutes. 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 2 hours. The glassware is removed from the desiccator and baked at 180° for
2 hours before use.

Fluka supplies a variety of silylating mixtures including (a) Silanization solution I (Fluka gel repel I: ~5%
dimethyldichlorosilane in hexane, (b) Silanization solution II (Fluka gel repel II: ~2% dimethyldichlorosilane in
1,1,1-trichloroethane) for silanizing micro electrode, (c) Silanization solution III (Selectophore: 10%
hexamethyldisilazane and 6% trimethylchlorosilane in 1-chloronaphthalene), (d) Silanization solution IV
(Selectophore: ~4% trimethylchlorosilane in o-xylene, (e) Silanization solution V (Selectophore: ~5%
dimethyldichlorosilane in o-xylene, and (f) Silanization solution VI (Selectophore: ~3% tributylchlorosilane in
1-chloronaphthalene for silanizing micropipette electrodes by the dip-and-bake method. Most powerful general
silylating mixtures among many others are also available from Fluka (see catalogue).

Plasticware is treated similarly except that it is rinsed well with water before use instead of baking. Note that
dichloromethyl 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°/2 hours (for
glass) or drying in air (for plasticware).

A solution of 2% w/v of dichloromethyl silane in octamethyl cyclooctasilane or octmethylcyclotetrasiloxane is
used to inhibit the sticking of polyacrylamide gels, agarose gels and nucleic acids to glass surfaces and these
chemicals are available commercially [from Fluka (Riedel-deHaén)].

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 labeled compounds pose special problems of human exposure and of
disposal of laboratory waste.
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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 Chem-ChemWatch, which include information on hazards, handling and storage, are commercially
available. There are a number of websites which provide selected safety information: these 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, diethyl ether, ethyl acetate and n-hexane.
(3) Contact of oxidising agents (KMnOy4, HC1Oy4, chromic acid) with organic liquids.
(4) Toxic reactions with tissues (Me;SOy).

The laboratory should at least be well-ventilated and safety glasses should be worn, particularly during
distillations 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 organic liquids.

Laboratory coats, disposable aprons, caps, sleeves, dust/mist respirators and foot protection, hearing
protection as well as a variety of safety glasses, goggles, face and body shields should be used when the
demand arises and are available commercially (see e.g. the Sigma-Aldrich Labware catalogue).

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.

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.
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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 butyl ether, n-
butyl ether, iso-butyl ether, #-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 the water, and the process should be
carried out under cooling. This solution is not safe to handle until the acid has been thoroughly mixed
(care) 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.

Picric acid. This acid and related nitro compounds, e.g. styphnic acid, are explosive and should not
be kept dry. The acid is generally stored wet by covering the crystals with water. Solutions in ethanol and
benzene are used occasionally. They should be stored in the cold (to minimise evaporation), and a rubber or
plastic stopper (not a ground glass stopper) should be used. Note that picric acid and picrates stain skin
protein with a yellow colour that is not readily washed off. This can be avoided by wearing rubber gloves.

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.

Salts and organic esters of some inorganic acids. In addition to the dangers of perchlorate salts,
other salts such as nitrates, azides, diazo salts, organic nitrates, organic azides and picrates (see above) can be
hazardous, and due care should be taken when these are dried. Large quantities should never be prepared or
stored for long periods.

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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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

Distillation

Recrystallisation

Sublimation

Electrophoresis

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 petroleum 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 diethyl ether,
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 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.



8 Chapter 1. Common Physical Techniques in Purification

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 (see
below).

The recovery of some fifty more commonly used solvents from water, other solvents, residues etc. have been
discussed, together with information on their behaviour before and after use, by I.M. Smallwood in the Solvent
Recovery Handbook, Blackwood Science Publ Ltd, 2001, ISBN 9780632056477.

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, e.g. 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 (760 mmHg). 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/(¢+273),

where p is the pressure in mmHg, ¢ 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/(¢t +273). For organic molecules that are not strongly associated, this equation can be written in the
form,

logp = 8.586-5.703 (T +273)/(t +273)

where T is the boiling point in °C at 760 mmHg. Tables 2A and 2B give computed boiling points over a range
of pressures. Some examples illustrate its application. FEthyl acetoacetate, b 180° (with decomposition) at
760 mmHg has a predicted b of 79° at 16 mm; the experimental value is 78°. Similarly 2,4-diaminotoluene, b
2920 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 8Smm: the experimental value is 182°.

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

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

where a = 0.00012 for most substances, but ¢ = 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]. 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. [For further reading see
section on “Variation of Boiling Points with Pressure” on pp. 15-26 in CRC—Handbook of Chemistry and
Physics 88" Edition, David R Lide (Editor—in-Chief) CRC Press, Boca Raton, Florida 2007-2008, ISBN
0849304881.]
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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 liquid 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 600 mmHg and 360 mmHg, 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 520 mmHg (i.e. 600 x 0.666 + 360 x 0.333, or 399.6 + 119.88 mmHg) 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.

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
c

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 1000 gm 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.
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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 (Table 3).

(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. N, 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 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 3. For distillation apparatus on a macro, semi-micro or micro scale see Aldrich and
other glassware catalogues. Alternatively, visit some useful websites for suppliers of laboratory glassware, e.g.
<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 ¢ is
approximately (273 + £)/35¢, where ¢ is the average boiling point in °C.

Some of the commonly used columns are:
Bruun column. A type of all-glass bubble-cap column.
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Bubble-cap column. A type of plate column in which inverted cups (bubble caps) deflect ascending vapour
through reflux liquid lying on each plate. Excess liquid from any plate overflows to the plate lying below it and ultimately
returns to the flask. (For further details, see Bruun & Faulconer Ind Eng Chem (Anal Ed) 9 247 1937). Like most plate
columns, it has a high through-put, but a relatively low number of theoretical plates for a given height.

Dufton column. A plain tube, into which fits closely (preferably ground to fit) a solid glass spiral wound round a
central rod. It tends to choke at temperatures above 100° unless it is lagged (Dufton J Soc Chem Ind (London) 38 45T
1919).

Hempel column. A plain tube (fitted near the top with a side arm) which is almost filled with a suitable packing,
which may be of rings or helices.

Oldershaw column. An all-glass perforated-plate column. The plates are sealed into a tube, each plate being
equipped with a baffle to direct the flow of reflux liquid, and a raised outlet which maintains a definite liquid level on the
plate and also serves as a drain on to the next lower plate [see Oldershaw Ind Eng Chem (Anal Ed) 11 265 1941].

Podbielniak column. A plain tube containing "Heli-Grid" Nichrome or Inconel wire packing. This packing
provides a number of passage-ways for the reflux liquid, while the capillary spaces ensure very even spreading of the liquid,
so that there is a very large area of contact between liquid and vapour while, at the same time, channelling and flooding are
minimised. A column 1m high has been stated to have an efficiency of 200-400 theoretical plates (for further details, see
Podbielniak Ind Eng Chem (Anal Ed) 13 639 1941; Mitchell & O'Gorman Anal Chem 20 315 1948).

Stedman column. A plain tube containing a series of wire-gauze discs stamped into flat, truncated cones and
welded together, alternatively base-to-base and edge-to-edge, with a flat disc across each base. Each cone has a hole,
alternately arranged, near its base, vapour and liquid being brought into intimate contact on the gauze surfaces (Stedman Can
J Research B 15 383 1937).

Todd column. A column (which may be a Dufton type, fitted with a Monel metal rod and spiral, or a Hempel
type, fitted with glass helices) which is surrounded by an open heating jacket so that the temperature can be adjusted to be
close to the distillation temperature (Todd Ind Eng Chem (Anal Ed) 17 175 1945).

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.

Widmer column. A Dufton column, modified by enclosing within two concentric tubes the portion containing the
glass spiral. Vapour passes up the outer tube and down the inner tube before entering the centre portion. Thus flooding of
the column, especially at high temperatures, is greatly reduced (Widmer Helv Chim Acta 7 59 1924).

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 sulphur 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. These are usually glass.

(d) Wire packing. For use of "Heli-Grid" and "Heli-Pak" packings, see references given for Podbielniak column. For
Stedman packing, see entry under Stedman column.

Types of condensers:
Air condenser. A glass tube such as the inner part of a Liebig condenser. Used for liquids with boiling points
above 90°. Can be of any length.
Allihn condenser. The inner tube of a Liebig condenser is modified by having a series of bulbs to increase the
condensing surface. Further modifications of the bubble shapes give the Julian and Allihn-Kronbitter condensers.
Bailey-Walker condenser. A type of all-metal condenser fitting into the neck of extraction apparatus and being
supported by the rim. Used for high-boiling liquids.

11
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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.

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.

Graham condenser. A type of coil condenser.

Hopkins condenser. A cold-finger type of condenser resembling that of Friedrichs.

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

Othmer condenser. A large-capacity condenser which has two coils of relatively large bore glass tubing inside it,
through which the water flows. The two coils join at their top and bottom.

West condenser. A Liebig condenser with a light-walled inner tube and a heavy-walled outer tube, with only a
narrow space between them.

Wiley condenser. A condenser resembling the Bailey-Walker type.

Vacuum distillation. This expression is commonly used to denote a distillation under reduced
pressure lower than that of the normal atmosphere. As the boiling point of a substance depends on the
pressure, it is often possible to distil materials at a temperature low enough to avoid partial or complete
decomposition by lowering the pressure, 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 sleeves. 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 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 mmHg,
respectively. The pressure can be measured with an ordinary manometer. For vacuums in the range 1072
mmHg to 10 mmHg, 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 10°® mmHg. For better
efficiencies, the diffusion 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 didtillation. 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 with ascending vapour while the screw-like motion
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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 mmHg for a throughput of 330ml/hour. The columns may be either vacuum jacketed or
heated externally. The stills can be operated down to 10> mmHg. The principle, which was first used
commercially in the Podbielniak Centrifugal Superfractionator, has also been embodied in descending-film
molecular distillation apparatus.

Steam digtillation. 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 mmHg) 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).

Azeotropic digtillation. 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, fert-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.

13
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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 the
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.

Kugelrohr digtillation. The Aldrich Kiigelrohr Distillation Apparatus (see Aldrich-Sigma
Labware catalogue) is made up of small glass bulbs (ca 4—5c¢m 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 (e.g.
Biichi Kiigelrohr micro distillation oven from Sigma-Aldrich Labware catalogue) 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 (a 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.

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
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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 acidic 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 5ml of water.
(The mixture warms to about 70°, and sulfuric acid becomes hot when water is added to it; 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 CHCI3/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 cellulose (see Table 4). When using strong acids it is preferable to use glass micro
fibre filters, which are commercially available (see Tables 4 and 5).

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 0.01 micron (see Table 9). 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 (by shaking) with cold solvent by
centrifugation, and finally twice with a pure volatile solvent in which the solid is insoluble,also by
centrifugation.
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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.

Solvents
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 7 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, but they are the solvents reported in the literature. 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.

Water

The properties and purification of water are described in the “Inorganic Compounds” section of Chapter 5.
Fluka (Riedel-de Haén) supply purified water prepared specifically for a variety of uses, e.g. LC-MS, HPLC,
gradient elution, for cell biology which is freed from enterotoxins by ultrafiltration and autoclaving, for organic
and for inorganic trace analysis, for residue analysis and other analytical purposes. Some of these have been
prepared by reverse osmosis, or ultrafiltration, under clean room conditions and filtered through 0.2 pum
membranes into bottles of high purity glass under inert gas. They have a limited shelf life once opened most
probably because O, from the air dissolves readily in the water. The solubility of O, in 100 ml of water is
~1.02 ml (0.455 mM) at 0°, 0.68 ml (0.282 mM) at 20°, 0.63 ml (0.258 mM) at 25°, 0.63 ml (0.237 mM) at 30°,
and 0.12 ml (0.033 mM) at 100°, all at ~760 mmHg in equilibrium with air (see Tables 20-23). This is in
comparison with the concentration of O, of 0.23 mM in 0.1M Tris HCI buffer at pH 7.2 and 25° in equilibrium
with air at 760 mmHg. Routinely, water is best purified by redistilling it twice in an all glass apparatus, storing
it under N, or He in stoppered glass containers and, if necessary, preferably subjected to ultrafiltration through a
single or multistage 0.2 pm membrane system or reverse osmosis (visit <www.millipore.com>). If oxygen-free
water is required, N; or argon should be bubbled through a sintered glass frit in the highly purified water for 23
hours, and stoppered immediately. It is best to use a glass container from which the water can be withdrawn
without it coming into contact with air. Note that boiling and distilling water, and condensing it in an inert
atmosphere should de-gas it.
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Petroleum ethers are commercially available fractions of refined petroleum and are sold in
fractions of 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 760 mm 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°/760 mm
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
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 see petroleum ether b 35-60° in “Aliphatic
Compounds”, chapter 4, which is typical.

Solvents commonly used for recrystallisation, and their boiling points, are given in Table 6.
For comments on the toxicity and use of benzene see the “Introduction” 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 the solvents are miscible) to use them as a
mixed solvent system. (In general, however, it is preferable to use a single solvent if this is practicable.) Table
7 contains many of the common pairs of miscible solvents.
Several procedures with mixed solvents have been used successfully for crystallisation. These include the
following:
(a) The material is dissolved in the solvent in which it is more soluble at room temperature, then the second
solvent (heated to near boiling) is added cautiously to the cold solution until a slight turbidity persists or
crystallisation begins. The turbidity is cleared by warming or by adding several drops of the first solvent, and
the clear solution is allowed to cool slowly for crystallisation to occur. The supernatant is decanted off carefully
(do not disturb the crystals unduly) and more of the second solvent is added to the clear decanted supernatant
until turbidity begins again, and is set aside for further crystals to form. The procedure is repeated until no more
crystals separate.
(b) A variation of the procedure in (a) 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 also at room
temperature, 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 inorganic salts or metal salts of organic acids, the first solvent
is commonly water, and the second solvent is alcohol or acetone. With salts of organic bases and inorganic
acids, e.g. hydrochloride, or salts of organic acids and organic bases, the first solvent is usually an alcohol or
acetone, in which the salt is very soluble and the second solvent is dry diethyl ether.
(c) A very concentrated solution of the compound in the first solvent in one beaker, and a second beaker
containing the second solvent in which the compound is insoluble are placed in a desiccator. As the vapours of
the two solvents equilibrate in the desiccator, and crystals separate in the first beaker that contains the
compound.
(d) This procedure is best carried out in a cold room (at ca 4°). A strong solution of the solid in the solvent in
which it is very soluble is layered carefully with the second solvent. As the second solvent diffuses and
dissolves into the solution, crystals begin to form at the ‘interface’. When separation of crystals is complete and
the solvent mixture is homogeneous, another layer of the second solvent is applied and the process is repeated.
Seeding is well known to initiate the crystallisation process. A good way to procure seed crystals is to dissolve
the crystals in the minimum amount of solvent, place the solution in a watch glass, then blow a fine stream of
dry N, or argon gently over the surface of the solution until seed crystals are formed. Alternatively, the inert
gas is allowed to evaporate all the solvent, and the residual crystals or fine powder are used for seeding. The
seeds are applied in the above procedures at the appropriate time, e.g. when first turbidity appears, or placed
onto the tip of a glass rod which is then rubbed against the sides of the container of the solution until
crystallisation begins.

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
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useful in recrystallisation are summarised in Table 8. 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
mechanically 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 purer
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 less 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 (tubes other
than glass are used in these cases, and impurities are reduced down to 102 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 unfavourable vapour
pressures or ease of decomposition, or where super-pure materials are required. The method 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 to name a few. In some cases, passage of a stream of inert gas
over the heated substance secures adequate vaporisation and reduces oxidation. This procedure has the added
advantage of removing occluded solvent used for recrystallising the solid.

CHROMATOGRAPHY

Chromatography is often used with advantage for the purification of small, and large, amounts of complex
organic mixtures. Chromatography techniques all rely on the differential distribution of the various
components in the solution, 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 non-volatile liquid adsorbed on a
solid surface.
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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.

The suppliers of chromatography equipment for every need are too numerous to list here but can be viewed on
the internet under “Chromatography products”. Details and orders can be obtained from the respective
websites listed at the end of the section on HPLC below.

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 for 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 metres. 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 stationary phase bonded to
the walls of long capillary tubes. The diameters of capillary columns are less than 0.5 mm, and the lengths of
these columns can go up to 50 metres! 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. Capillary columns for analysis in gas chromatography are now
routinely used. An extensive range of packed and capillary columns is available from chromatographic
specialists such as Supelco, Alltech, Hewlett-Packard, Phenomenex (for stainless steel capillary columns see
<phenomenex.com>, etc. (see above and at the end of the section on HPLC below).
Table 9 shows some typical liquids used for stationary phases in gas chromatography.
Although 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,
suitably 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/or 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. Gas chromatography allows the separation of
mixtures but does not allow the definitive identification of unknown substances, whereas mass spectrometry is
good for the identification of individual compounds of the mixtures of compounds. This means that with GC-
MS, both separation and identification of substances in mixtures can be achieved. The spectrometer can be
connected to a computer that has a library from which the mass peaks can be compared and is a very powerful
analytical tool. 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.
For more detail on apparatus and chromatographic columns see http://www.sigmaaldrich.com/analytical-
chromatography/gas-chromatography.html and websites at the end of the section on HPLC below.

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.
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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
GF34 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 100 if the plates are of alumina or silica,
but not cellulose). (See Table 10 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 254 nm and at 365 nm. 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 0.2 mm to 2 mm 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 6 mm) 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 & Halpap J Chromatogr 112 81 1975). In another variant of thin
layer chromatography the 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 4mm)
can vary depending on the amount of material to be separated. The apparatus used 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
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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://www.harrisonresearch.com/chromatotron/>. In addition, information on how to regenerate the sorbents
and binders is also included.

Paper chromatography. This is the technique from which thin layer chromatography was
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, and 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 spots. 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. However, modern and
more efficient technologies are available for analysing proteins and their hydrolysates although the equipment is
expensive. (Whatman papers for chromatography and electrophoresis are available also from Sigma-Aldrich
Labware.)

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. Some materials used in columns for adsorption
chromatography are grouped in Table 11 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 11. 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 4-6 hours
with 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.



22 Chapter 1. Common Physical Techniques in Purification

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 48 hours 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 & 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 3 hours, 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 (6 ml/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 24 hours at 100° and stored for another 24 hours 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,PO4 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 utilised 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, and stood for
Sminutes 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 & 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 3040 minutes. 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. 1f 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 2-3 hours, 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.

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 papers by washing for several hours with 0.1M oxalic, citric acid, or 0.1M EDTA solution,
followed by repeated washing with distilled water.
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Supelco supply a variety of “solvent desorption tubes”, which are cartridges that remove
specific impurities (e.g. LpDNPH cartridges which contain a high purity silica adsorbent coated with 2,4-
dinitrophenylhydrazine and remove carbonyl compounds; ozone scrubbers which eliminate ozone). Other
cartridges such as the “ORBO charcoal” cartridges contain various beds such as activated coconut charcoal,
activated petroleum charcoal, HBr on petroleum charcoal or 4-tert-butyl catechol on charcoal and are used for
specific or for general purposes. Other ORBO cartridges contain activated silica gel and coated silica gel,
Florisil, Carboxen, Carbosieve and carbon-coated traps, as well as a variety of ORBO porous polymers,
polyurethane, and glass fibre coated with 1-(2-pyridyl)piperazine (which is specific for sampling diisocyanates).
They also supply filter cartridges for trapping acrosols and particulate forms of semivolatiles.

Flash Chromatography (FC and HPFC)
A faster method of separating components of a mixture is flash chromatography (see Still et al. J Org Chem 43
2923 1978). Flash chromatography has become an extremely useful and popular means of purification of small
as well as large quantities of compounds. 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 length 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 (e.g. from Merck). The top of the adsorbent is layered with ca 1 cm length 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. Much better resolution is obtained by dry loading the sample
for purification rather than loading the sample as a solution. 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.
Very elaborate equipment is now available for FC and HPFC (high-performance flash chromatography), which
may include a pump, facility for gradient elution, UV detection and fraction collection of effluent. A large
variety of columns (disposable cartridges) with packings such as silicate, carbon, reverse phases for a wide
range of applications are commercially available. In addition a plethora of cartridges are available for
preliminary purification, prior to FC or HPFC, packed with adsorbents which can remove specific impurities,
e.g. unwanted reaction products such as aldehydes or ketone which may be suspected by-products and/or
starting materials See
Supelco online catalog http://sigma-aldrich.dirxion.com/WebProject.asp?BookCode=chr09flx#
Sigma  Aldrich: http://www.sigmaaldrich.com/analytical-chromatography/analytical-chromatography-
catalog.html
Biotage: Synthesis and Purification Catalogue and the Analytical Sample Preparation Catalogue contain details
on available FC and HPFC equipment, accessories and consumables, as well as means of optimising
purification, see <www.biotage.com>.

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 & Schill Anal Chem 45 2092 1973). The stationary phase is lipophilic, such as u-BONDAPAK C;g or
any other adsorbent that is compatible with water. The mobile 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
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1-heptanesulfonic acid) or strong bases (e.g. 5 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). In PIC also, improved efficiency of the column is observed if pressure is applied to the mobile phase
(Wittmer et al. Anal Chem 47 1422 1975). [See the Fluka (Riedel-deHaén) catalogue and Supelco catalogue,
<http://sigma-aldrich.dirxion.com/WebProject.asp?BookCode=chr09flx#> for IPC reagents for the separation of
cations and anions, ]

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 mobile 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.

lon-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-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:

Th*" > Fe3™ > ABT > Ba2" > Pb2t > S12F > Ca2® > Co?" > Ni2t = Cu2® > Zn2t = M2t > U0, =

Mn2" > Ag™ > TIT > CsT > Rb' > NH, " =K' >Na">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.
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Some of the more common commercially available resins are listed in Table 12.

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.

lon-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 listed in Tables 13 and 14. 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. Chelex can be regenerated by washing in two bed volumes of 1M HCI, 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); these 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
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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 are a bead form of cross-linked
gels (based on dextran) which 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 14) 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 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.

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 10°. 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
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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 7).

Supelco (see catalogue) supply a variety of SUPELCOGEL columns (for small molecule separations), TSK-
GEL columns (for large molecules separation) and guard columns for gel permeation chromatography. They
have columns of the latter type (e.g. TSL-GEL column G4000SW) which can separate globular proteins of
20-10,000 x 103 Daltons in molecular weight.  They also supply “Ascentis HPLC Applications CDs”
containing a comprehensive library of their columns and possible applications.

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 gel filtration or permeation). The
mobile phase is water, aqueous buffers, salt solutions, organic solvents or mixtures of these.

Detectors

The more commonly used detectors for column chromatography in general have UV, visible, diode array or
fluorescence monitoring for light absorbing substances in the effluent, and refractive index monitoring and
evaporative light scattering for transparent compounds in the effluent. 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 background 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/or 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 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.
Splitters can be used, whereby very small volumes of the effluent are directed through the detectors so that the
whole effluent does not pass through the detector.

Columns for HPLC

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 Supelco
< http://sigma-aldrich.dirxion.com/WebProject.asp?BookCode=chr09flx# >, Waters <www.waters.com>,
Agilent  Technologies  <www.chem.agilent.com>, Phenomenex <www.phenomenex.com>, YMC
<Www.ymec.co.jp/en/>, Merck <www.merck.de>, SGE <WWW.sge.com>, GE Healthcare
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<www.gehealthcare.com>, and other leading companies. It is not possible to list the range of columns here that
are commercially available because the numbers are too large and include prepared columns for the type of
chromatography described below in the Other Types of Liquid Chromatography such as Monolithic
Chromatography and UPLC (see below). Also, in this range of columns are columns with chiral bonded phases
capable of separating enantiomeric mixtures. The number of these, on the other hand, is relatively smaller and
some chiral columns are listed in Table 15.

Other Types of Liquid Chromatography

New stationary phases for specific purposes in chromatographic separation are being continually developed.
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 et al. Nature 258 598 1975;
Loennerdal et al. 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, Phenyl-Sepharose for hydrophobic proteins), and will strongly bind only the specific enzyme
which is inhibited or preferentially bound, 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 & Heilmayer Jr Biochemistry 14 754 1975). Specific covalent binding with the stationary phase, a
procedure that was called covalent chromatography, has been used for the 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 et al. Immobilised Enzymes and Cells: A Laboratory Manual,
Adam Hilger, Bristol, 1987, ISBN 085274515X). See Bibliography for further literature.

More recently Monolithic Chromatography has been introduced which is a new type of high-performance
liquid chromatography in which the columns are a ‘one-piece porous solid’, or monolith, instead of particles.
These columns take a variety of forms for use in adsorption, ion exchange (weak and strong, cation and anion),
reverse phase, and are for use in the separation of small and large molecules. The mobile phase in these
columns flows through the whole of the stationary phase. [P. Wang ed., Monolithic Chromatography and its
Modern Applications ILM Publications, pp 648 2010, ISBN 9781906799038, 1906799032; and for columns see
BIA Separations <www.biaseparations.com>.

Ultra performance Liquid chromatography (UPLC) affords a considerable improvement by bringing high
performance liquid chromatography to a new level. Great improvements in analysis and purification of amino
acids, peptides, proteins, oligonucleotides and glycans can be accomplished. This has been achieved by packing
columns with smaller sized particles (1.7-1.8um) and applying pressures of ~15,000psi (~1030 bar) to the
mobile phase. NanoACQUITY UPLC trapping and nanoflow columns have been specifically designed for use
on Waters nanoACQUITY systems that can be integrated with MS components [see www.waters.com].

Automated column chromatography
Most of the above methods of column chromatography have been, or can be, automated. Devices are available
for the automated injection of samples to columns which are useful for analytical evaluation of samples, for
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repeated analyses, or for repeated separations to obtain larger amounts of material. The specific fractions of the
effluent can be collected. Equipment for these purposes can be obtained from several of the suppliers listed at
the end of the HPLC section above with the corresponding websites. GC systems coupled with mass
spectrometers (GC-MS) and HPLC systems coupled to mass spectrometers (LC-MS) are extremely important
methods for the separation and identification of substances. These are invariably linked to a computer with
internal libraries which can identify the peaks, and the libraries can be continually updated (see above). With
more elaborate equipment LC-MS-MS where the peaks from the first spectrometer are further analysed by a
second mass spectrometer provide a wealth of information. If not for the costs involved in GC-MS, GC-MS-MS,
LC-MS and LC-MS-MS equipment, these systems would be more commonly found in analytical and research
laboratories. [For further reading see Bibliography.]

ELECTROPHORESIS

Ionisable substances such as organic and inorganic acids, bases and salts migrate to their respective electrodes
(anode or cathode) if a voltage is applied. When they are placed onto a matrix, e.g. paper or gel, then their rate
of migration to the electrodes will vary with the charge, nature and structure of the substance. This phenomenon
is known as electrophoresis and is very useful for separating and purifying substances. Capillary techniques
have been adapted to electrophoresis and “capillary electrophoresis™, and “capillary zone electrophoresis™ are
finding wide use for identification, separation and isolation of ionisable substances (see text in the Bibliography
under “electrophoresis” and the “Introduction” in Chapter 7). The method is used extensively for biological
substances, e.g. proteins, polypeptides, DNA, RNA, (see Introduction in Chapter 7) but has been used to a
limited extent for identifying and purifying small molecules. Elaborate equipment is available commercially
which contains essentially an electrolytic cell and a power supply which provides variable voltage for the
process. The use of paper (Whatman of various thicknesses) as the matrix on a flat bed or in a vertical
descending mode has been completely superseded with polyacrylamide or agarose flat bed gels. These are
routinely used mainly for the separation of proteins and nucleic acids. Also capillary electrophoresis (CE) is
now widely used for the analysis and detection of biological substances. It is used for the separation and
purification of carbohydrates, nucleic acids, proteins and peptides and for chiral analysis and separations [see
Bibliography].

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 the 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 (pump) is 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 boiling 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 depend 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
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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 CaH, is applicable to a number of solvents including
aniline, benzene, tert-butylamine, fert-butanol, 2,4,6-collidine, diisopropylamine, dimethylformamide,
hexamethyl-phosphoramide, dichloromethane, ethyl acetate, pyridine, tetramethylethylene diamine, 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 & D.M. Smith, Aquametry, 2nd Ed, J Wiley & Sons, New York, /977-
1984, ISBN 0471022640; Fieser & Fieser, Reagents for Organic Synthesis, J.Wiley & Sons, NY, Vol 1, 528
1967, ISBN 0271616X), also see Karl Fischer titrant or Hydranal® —Titrant Type SE [64-17-5] and other
types in the Fluka and <http://www.sigmaaldrich.com/analytical-chromatography/titration/hydranal.html>.
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.

Cartridges for the removal not only water from solvents or solutions but other specific impurities, e.g. acids,
amines , aldehydes, are now commercially available [see supplies listed at the end of the HPLC section together
with their respective websites].

For further useful information on mineral adsorbents and drying agents, go to the SigmaAldrich website
<sigmaaldrich.com>, 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 varies
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
sulfate 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,O5 >> BaO > Mg(ClOy4),, CaO, MgO, KOH (fused), conc HySO,4, CaSOy4, Al,03 > KOH (pellets),

silica gel, Mg(ClO4),.3H,0 > NaOH (fused), 95% H,SO4, CaBry, CaCl, (fused) > NaOH (pellets),

Ba(ClOy),, ZnCl,, ZnBry > CaCl, (technical) > CuSO4 > NaySOy4, KoCOs3.
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).
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 7 hours). 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.



Chapter 1. Common Physical Techniques in Purification 31

Calcium chloride (anhydrous). Cheap. Large capacity for absorption of water, giving the

hexahydrate below 300, 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 2-3 hours; it can be regenerated.) Available commercially as Drierite. It forms the hemihydrate, 2CaSO4.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). The colourless to fawn coloured
powder turns blue as it absorbs water

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
MgS04.7H20 below 48°. Suitable for the preliminary drying of most organic compounds.

Molecular sieves. See below.

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 colourless 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 powder 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 those of sodium. Handle with extreme care.

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.
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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 colourless 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 5A 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.

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.
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(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 methylcyclohexane.

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 vacuum, 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.
With the advent of nanotechnology, nanoparticles are finding use as porous materials for a variety of purposes
[see J.A. Schwartz & C. Contescu (Eds), Surfaces of Nanoparticles & Porous Materials, Marcel Dekker Inc,
1999. ISBN 9780824719333].

PROPERTIES USEFUL IN PURIFICATION

Spectroscopic
Spectroscopic instruments of one sort or another are generally available in laboratories and useful for providing
some idea of the purity of the specimen in question. Among these are IR, UV-VIS, fluorescence, NMR and
mass spectrometers.
Infrared spectra [IR or FT(Fourier Transformed)-IR with frequency range of v from ~ 600 to 3400 cm-1],
generally of the solid grounded in a large excess of KBr, or in a mull by grinding into an oil, e.g. Nujol, or in
solution, e.g. CHCls, provide a ‘fingerprint’ of the substance. The KBr spectrum, or the spectrum of a film
between NaCl plates if the substance is a liquid, are more useful as they give detailed information without
interfering signals from Nujol or solvent which may mask important signals. Since the IR spectra consist of
several signals many of which are sharp, impurities show up clearly. However, if the impurities are less than
say 10% it may be difficult to say how impure the sample is, or what impurities are present in it. On the other
hand, if the sample is very pure then its spectrum will be superimposable on that of the pure authentic sample.
Ultraviolet Spectra (with wavelength range of A form ~ 200 to 400 mp) are measured in dilute solution and are
generally broad bands. Although the broadness of the bands make it difficult to identify impurities, the values
of the molecular absorption extinction coefficients € (M lcm'1) at all wavelengths, but usually measured at the
peaks or troughs, are characteristics of the substance in the particular solvent used, and would be different if the
sample was impure. Glass cuvettes cannot be used as they are not transparent to UV radiation, and quartz cells
should be used. However, quartz cells need only be on the two opposite faces of the four sided cuvette through
which the light passes; the other two faces being made of glass. Similarly in the visible spectra (wavelength
range of A form ~ 400 to 800 my) the € values are characteristics of the substance in the solvent used. In this
case the cheaper glass cuvettes may be used as they are transparent to visible light.
Fluorescence Spectra are measured in the wavelength range similar to the visible range, but from light that is
scattered at right angles to the incident excitation (UV) wavelength. Thus at a set excitation wavelength Ay, the
fluorescence spectrum is scanned and the peak maximum Ay, and its € ¢, are recorded. In this case the cuvettes
generally have quartz faces on all four sides, as the UV light has to go through adjacent sides of the cell. This
spectroscopy is useful as sometimes impurities in a sample may fluoresce at a particular wavelength. Generally,
dyes have fluorescent properties and are identified in this way. Substances with strongly fluorescing properties
have found considerable use in biology. Here they have been tagged to biological molecules and their
movement into particular tissues and cells has been traced through their fluorescence. Table 20 lists a number
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of Fluorochromes which have found many applications in analytical chemistry (by tagging to non-fluorescent
compounds) and in biology. By selecting a mixture of two fluorochromes it is possible to obtain a desired
emission wavelength. In this case the emitted fluorescence energy from the excitation of the first fluorochrome
is transferred to the second fluorochrome to provide the desired fluorescence.

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 routinely. These measurements require no more than one to three milligrams
of material and provide a considerable amount of information about the substance. The 'H NMR and °C NMR
spectra are measured to assess the purity of hydrogen and carbon containing samples. The use of very high
magnetic field NMR spectrometers is especially useful for detecting impurities in such samples. The signals
and their relative heights can provide valuable information not only about the extent of the impurities, but also
some indications about the nature of the impurities. A variety of NMR solvents are available for dissolving the
samples, and the hydrogen atoms of the solvents are replaced by deuterium which does not interfere with the 'H
or °C spectra. However, deuteration is generally just under 100% and signals from residual H in the solvent
may appear in the spectrum and need to be identified. Similarly C signals from solvents also should be
identified. Common solvents and reagents that contain trace impurities will also show minor signals in the
NMR spectra. The 'H NMR signals of trace impurities in some common organic solvents (including water) and
some reagents are presented in Tables 21 and 22. Similarly presented in Table 23 are the C NMR signals of
some common solvents and reagents. In some instances these minor signals have been very useful as internal
standards for reporting the chemical shifts of substances, thus avoiding contamination from other added
standards, particularly if the samples need to be used for further studies. The NMR spectra of other nuclei such
as ''B and *'P are currently also measured routinely for boron and phosphorus containing compounds. Since
the compounds invariably have only a small number of these atoms in their molecules, boron or phosphorus
containing impurities are readily identified in the ''B or >'P NMR spectra.

References in the bibliography at the end of this chapter to the Aldrich-Sigma catalogues of NMR, IR and mass
spectral data for a large number of the compounds are listed. These collections of spectra are extremely useful
for identifying compounds and impurities. If the material appears to have several impurities, these spectra
should be valuable for identifying the impurities as much as possible. Preliminary chromatographic (e.g. TLC)
and spot tests could be devised to monitor the material and its impurities. Purification methods can then be
devised to remove these impurities, and a monitoring method will have already been established.

Ionisation Constants — pK
When substances ionize, 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 [AcO ], 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.



Chapter 1. Common Physical Techniques in Purification 35

Aniline will be used as a second example. It has a pK? of 4.60 at 25° in HyO. 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 24 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, 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,% 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].

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 pH 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 & Waring, J Chem Soc 1540 1962]. These values will be less than 1 (and negative) for acids and >11
for bases. They are rough guides to the strengths of acids and bases. Errors in the stated pK and pKgg ~ 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, €.g. pK?. 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:
- 8(pK)/ 8T = (pK + 0.052AS°)/T

where T is in degrees Kelvin and AS© is in Joules deg'! mol'l. The &(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-
di-nitrobenzoic acid they are 2.60 (10°), 2.73 (20°), 2.85 (30°), 2.96 (40°) and 3.07 (40°), and for N-acetyl-f-
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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,OH (20:80), respectively; and for cyclopentylamine the pK2® values are 10.65 and 4.05 in
H,0 and H,O/EtOH (50:50) respectively. pK values in acetic acid or aqueous acetic acid are generally lower
than in H,O.

The dielectric constant of the medium affects the equilibria where charges are generated in the dissociations e.g.
AH S A+ H" and therefore affects the pK values. However, its effect on dissociations where there are no
changes in total charge such as BHT S B + H" is considerably less, with a slight decrease in pK with
decreasing dielectric constant.

Solubilities of Gases in Liquids
There are two ways to define the solubilites of gases in water.
The first is the Bunsen coefficient (), which is the ratio of the volume of gas corrected to STP (0°C and latm,
i.e. 760 mmHg) that dissolves in unit volume of solvent at the temperature of the experiment in equilibrium with
the gas at 1atm. The second is the Ostwald coefficient (I) which is the ratio of the volume of gas that dissolves in
unit volume of solvent at the temperature of the experiment in equilibrium with the gas at latm.
The latter is a more convenient ratio to use because no correction for volume is required. Note that the volume
of an ideal gas occupied by one molecular weight in grams of element or compound is ~22.4L at STP (e.g. 32¢g
of oxygen occupy 22.4L at STP). The discussion will be limited to the solubilites of oxygen, nitrogen and air
(which behave almost as ideal gases) in water, water containing salts, and in some organic solvents. Generally
the solubility of these three gases in water decreases with increase of temperature and can be “boiled out” of the
liquid. Their solubilities in organic liquids, on the other hand, generally increase with increase of temperature.
The presence of salts in water tends to decrease the solubilities of these gases, i.e. a salting out effect, and
increase in pressure increases their solubilities. These properties have to be noted in liquid chromatography at
atmospheric and at high pressures. They become important when purifying small amounts of compounds by
crystallisation or chromatography when large amounts of solvents are used. One must be wary of the presence
of oxygen in solution, particularly in the presence of organic matter. Also the formation of reactive oxygen
species e.g. “singlet” oxygen, superoxide and hydroxyl radicals, especially in the presence of trace metals such
as iron, and/or of ultraviolet light can result in the formation of impurities.
The composition of air is: 78.08% of Nj, 20.95% of O,, 0.03% of CO,, 0.93% of Ar and less than 0.01% of
other gases. Although the partial pressure of O, in air at latm is ~0.20, it has a higher solubility in H,O than
N,. At STP the solubility of Oy by volume in H,O is 34.9% when in equilibrium with excess of air. Thus by
successively dissolving air in H,O, expelling it, and redissolving the expelled air six to seven times it is possible
to increase the concentration of oxygen by volume in the expelled air to 90%. The (p) values for O, and N; in
H,O at STP are 0.028 and 0.014 respectively. There are 55.5 moles of H,O in 1L of H,O, so the molar ratios of
O, to HyO can be calculated. Note that the concentration of O, in liquids is higher when the liquids are in
equilibrium with excess O, than when they are with excess of air.
The solubility coefficients () and/or (/) of some gases in liquids are give in Tables 25-28. Tables of the
solubilities of HCI and NHj (g/100g of solution) at 760 mm (Table 29) and the boiling points of some useful
gases at 760 mm (Table 30) are included.
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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 10-15 minutes), 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 N, 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 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 all-glass tubes, flasks or vessels which have standard ground-glass joints
with one or more side-arms, one of which may have a tap. The system can be purged by evacuating and
flushing with an inert gas (usually dry nitrogen, or in some cases, argon or helium), repeating the process until
the contaminants, e.g. O,, H,O or CO, in the vapour phases have been diminished to acceptable limits. Many of
the reactions using Schlenk equipment require anhydrous conditions and in this case the equipment should be
heated in an oven slightly above 100° for 1 to 2 hours (preferably with dry N, He or argon flushing), and
allowed to cool to room temperature in the presence of a desiccant. A large range of Schlenk glassware is
commercially available. Schlenk equipment in which refluxing of liquids is possible without contact with the
atmosphere outside of the apparatus is available commercially. With these, and tailor-made pieces of glassware,
inert atmospheres can be maintained during transfer of material, crystallisation, reflux, filtration, and
sublimation. Where addition of a solid sample should be made, an L-tube, or a small bulb with a bent neck,
with a glass joint is used in which the solid is placed, and can be transferred to the main reaction vessel by
simply rotating the tube or bulb. In the case of a liquid, a separating funnel with an equalising tube can be used
to allow equilibration of pressure. Also, liquids can be injected, via a syringe through “Sure/Seal” caps which
can be stretched over, or insert nicely into, the ground joint necks of the main reaction container.
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. Disposable glove bags (e.g.
Atmosbags see Sigma-Aldrich Labware of various dimensions) with two or four hands which can be sealed,
purged and inflated with an inert gas are available and are relatively cheap and disposable. They are useful not
only for handling moisture-sensitive substances, but also for toxic materials.

CHEMICAL AND BIOCHEMICAL SOURCES

Apart from wishing to obtain a pure substance there are many reasons for wanting to purify a substance. For
example the substance may have been in the store for too long and has deteriorated to a smaller or larger extent
and needs to be used. Large quantities may be required, so bulk amounts, less pure but of cheaper grade could
serve the purpose if they can be purified readily and cheaply. The cost consideration is very important.
Substances that are available commercially can be of varying grades of purity and the purer the grade the higher
the price. Biological substances may be only available in crude form, e.g. acetone powders for enzymes. There
are a large number of suppliers of substances for chemical, biochemical and for biological requirements and
they are continually improving quality, increasing their range and introducing recently developed substances.
The following is a website list of the more commonly used suppliers from which almost all the substances and
equipment described in this book can be purchased. The list also contains suppliers of laboratory ware as well
as of scientific instruments. The list is not exhaustive.



38 Chapter 1. Common Physical Techniques in Purification

USEFUL WEBSITES
http://www.

chemsupply.com.au [organics, inorganics & equipment]

sigmaaldrich.com/ [organics, inorganics, lifescience materials & equipment]
wilmad-labglass.com. [glass ware & equipment]

merck-chemicals.com/ [organics, inorganics & equipment]

acros.com/ [organics (Acros organics, inorganics & equipment]

alfa.com/ [organics, inorganics & equipment]

strem.com/ [general inorganics, metal-organics, catalysts, nanomaterials]
tci-asiapacific.com/ [Tokyo Chemical Industry, chemicals, lab equipment]
thermofisher.com/global/en/home.asp [instruments, chemicals, custom products]
https://au.vwr.com/app/Home [VWR International- chemicals/laboratory scientific supplies]
quantumscientific.com/ [chemical, biochemical & lab equipment]
gelifesciences.com [GE Healthcare, chemicals, biochemicals & life science products]
bio-strategy.com [Laboratory technology]

glschina.com [GL biochemical products]

invitrogen.com [Invitrogen, life science products]

lifetechnologies.com [molecular biology products and equipment]

promega.com [Promega, life science products]

tocris.com [Tocris Bioscience products, i.e. neurochemicals, biochemical, peptides, DNA]
novachem.com.au

scilabware.com [plastic labware]

waters.com [Waters, chromatography materials]

biaseparations.com [chromatography materials]

daicel.co.jp/indexe.html [chromatography materials]

restekcorp.com [chromatography materials]

winlab.com.au/ [chromatography materials]

Fritsch-laser.com [for up to nano particle size and milling]
retsch-technology.com [for up to nano particle size]

haverstandard.com [for up to nano particle size]

perkinelmer.com [spectral and other instruments]
agilent.com/chem/atomicspec/ap

betterworld.com [books]

abebooks.com [books]

booksandcollectibles.com.au [books, collectibles]

ebay.com.au/ [books, etc]

For high purity inorganic compounds, NIST Traceable inorganic reference standards/calibrants and aqueous
standard solutions for ICP, ICP-MS, AA, GFAA and IC visit <www.exaxol.com>. Note that all the trace metal
analyses in the “Inorganic Compounds” section of Chapter 5 are by courtesy of Joe Papa (EXAXOL see
Preface).
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TABLES

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

Acetonitrile with hexane, heptane, iso-octane, cyclohexane.

Benzene with water, brine and aqueous solutions generally.

Butanol with water, brine and aqueous solutions generally.

Carbon tetrachloride with ethanolamine, ethylene glycol, formamide, water or brine.
Chloroform with glycerol, ethylene glycol, water, aqueous solutions generally

Cyclohexane with alohols, dimethyl formamide, dimethyl sulfoxide, glycerol, pyridine.
Cyclopropyl methyl ether same as ethyl ether but less so.

Dimethyl formamide or dimethyl acetamide with cyclohexane, pentane, petroleum ether, xylene.
Dimethyl sulfoxide with ethyl ether, pentane, petroleum ethers, cyclohexane, xylene.

Ethyl acetate with aqueous solutions generally or petroleum ethers.

Ethyl ether with ethanolamine, dimethyl sulfoxide, ethylene glycol, glycerol, water or aqueous
solutions generally.

Ethanol with carbon disulfide, petroleum ethers, cyclohexanes.

Glyerol with benzene, ether, chloroform, carbon tetrachloride, carbon disulfide, petroleum ethers,
oils.

Iso-octane with acetonitrile, dimethyl formamide, dimethyl sulfoxide, methanol, water.
Methanol with carbon disulfide, hexane, heptane, cyclohexane or petroleum ethers.
N-Methylpyrrolidone with petroleum ethers, cyclohexanes.

Petroleum ether(s) with aniline, benzyl alcohol, dimethyl formamide, dimethyl sulfoxide,
formamide, phenol or water and ageuous solutions generally.

Phenol with petroleum ethers, cyclohexanes.

Pyridine with petroleum ethers, hexanes.

Toluene with water, brine, aqueous solutions generally, glycerol but less so than benzene.

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.

Xylene with water, brine, aqueous solutions generally, glycerol, dimethyl formamide, dimethyl
sulfoxide.
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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 760 mm (atmospheric), draw a point on curve A (pressure) at 14mm (this is shown in
(1). Then draw a point on curve C (observed boiling point) corresponding to 173° (or as close as possible). This
is shown in (ii). Using a ruler, find the point of intersection on curve B, drawing a line between points (i) and
(i1). 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-methoxybenzenesulfonyl chloride at 20 mm, then you will need to
draw a point on curve A (at 20 mm). 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 20 mm. 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 20 mm.
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TABLE 2A. 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 -35 221 -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 760 mmHg. The Table
gives values of the boiling points of this liquid at pressures from 0.1 to 800 mmHg. Thus at S0 mmHg this
liquid has a boiling point of 19°C, and at 2 mmHg its boiling point would be —30°C.
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TABLE 2B. PREDICTED EFFECT OF PRESSURE ON BOILING POINT”

Temperature in degrees Centigrade

760 mmHg 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 91 103 116 129 141 154
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

*How to use the Table: Taking as an example a liquid with a boiling point of 340°C at 760 mmHg, the column
headed 340°C gives values of the boiling points of this liquid at each value of pressures from 0.1 to 800 mmHg.
Thus, at 100 mmHg its boiling point is 258°C, and at 0.8mm Hg its boiling point will be 130°C.
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TABLE 3. 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 4. WHATMAN FILTER PAPERS

Grade No. 1 2 3 4 5 6 113
Particle size retained (in microns) 11 8 5 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 GF/D GF/F
Particle size retained (in microns) 1.6 1.0 1.1 2.2 0.8
Filtration speed (sec/lOOml)* 83 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 S.

MICRO FILTERS®

Nucleopore (polycarbonate) Filters

Mean Pore Size (microns) 8.0 2.0 1.0 0.1 0.03 0.015
Av. pores/cm? 103 2x100 2x107 3x108 6x108 1-6x10°
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 T CM-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 clarifica- sation count in acids
tion H,O & bases
Type No. 11003 11004 11006 11011 12801
Mean PoreSize (microns) 1.2 0.6 0.45 0.01 8.0
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 6.

COMMON SOLVENTS USED IN RECRYSTALLISATION

Acetic acid (118°)
*Acetone (56°)
Acetylacetone (139°)
Acetonitrile (82°C)
*Benzene (80°)

Benzyl alcohol (93°/10mm)
n-Butanol (118°)

Butyl acetate (126.5°)
n-Butyl ether (142°)
y-Butyrolactone (206°)
Carbon tetrachloride (77°)
Chlorobenzene (132°)
Chloroform (61°)

*Cyclohexane (81°)
Dichloromethane (41°)
*Diethyl ether (34.5°)

Dimethyl formamide (76°/39mm)

*Dioxane (101°)
*Ethanol (78°)

2-Ethoxyethanol (cellosolve 135°)

*Ethyl acetate (78°)

Ethyl benzoate (98°/19mm)
Ethylene glycol (68°/4mm)
Formamide (110°/10mm)
Glycerol (126°/11mm)
Isoamyl alcohol (131°)

*Methanol (64.5°)

*Methyl ethyl ketone (80°)
Methyl isobutyl ketone (116°)
Nitrobenzene (210°)
Nitromethane (101°)

*Petroleum ether (various)
Pyridine (115.5°)

Pyridine trihydrate (93°)
*Tetrahydrofuran (64-66°)
Toluene (110°)

Trimethylene glycol (59°/11mm)
Water (100°)

Xylenes (o 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.
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TABLE 7.

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, diethyl 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 diethy] 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.
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TABLE 8.

MATERIALS FOR COOLING BATHS

Temp. (°) Composition

Temp. (°) Composition

0
-5to0-20

Up to —20
-33

—40 to —50 Ice (3.5—4 parts) - CaCl, 6H,O (5 parts)

Crushed ice

Ice-salt mixtures
Ice-MeOH mixtures
Liquid ammonia

=72
=77
78
—-100
—-196

Solid CO, with ethanol

Solid CO, with chloroform or acetone
Solid CO;, (powdered; CO, snow)
Solid CO, with diethyl ether

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:

13

12

6

5

2
-8.6
9
~105
~11.9
“12
15
~163
~18
22
224
228
245
25
-29
-30
-32
326
-38
41
42
44
45
47
-50
-52

p-Xylene
Dioxane
Cyclohexane
Benzene
Formamide
Methyl salicylate
Hexane-2,5-dione
Ethylene glycol
tert-Amy]l alcohol

Cycloheptane or methyl benzoate

Benzyl alcohol

n-Octanol

1,2-Dichlorobenzene
Tetrachloroethylene

Butyl benzoate

Carbon tetrachloride

Diethyl sulfate
1,3-Dichlorobenzene

o-Xylene or pentachloroethane
Bromobenzene

m-Toluidine

Dipropyl ketone

Thiophene

Acetonitrile

Pyridine or diethyl ketone
Cyclohexyl chloride
Chlorobenzene

m-Xylene

Ethyl malonate or n-butylamine
Benzyl acetate or diethylcarbitol

=55
-56
-60
=73
—74
=77
=79
-83
—83.6
—86
-89
-90
-91
-92
-93
-94
—94.6
-95.1
-97
-98
-99
-104
-107
—-108
—-116
-117
—-126
—-131
—-160

Diacetone

n-Octane

Di-isopropyl ether
Trichloroethylene or isopropyl acetate
o0-Cymene or p-cymene
Butyl acetate

Isoamyl acetate
Propylamine

Ethyl acetate

Methyl ethyl ketone
n-Butanol

Nitroethane

Heptane

n-Propyl acetate
2-Nitropropane or cyclopentane
Ethyl benzene or hexane
Acetone

Toluene

Cumene

Methanol or methyl acetate
Isobutyl acetate
Cyclohexene

Isooctane

1-Nitropropane

Ethanol or diethyl ether
Isoamyl alcohol
Methylcyclohexane
n-Pentane

Isopentane

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 9. 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

* See Suppliers at the end of section on HPLC and E.F. Barry and R.L. Grob, Columns for Gas
Chromatography, J. Wiley and Sons NY, 2007, ISBN 9780471740438.

TABLE 10. METHODS OF VISUALISATION OF TLC SPOTS

Reagent Compound Preparation Observations
Todine General Iodine crystals in a closed chamber or Brown spots which may
spray 1% methanol solution of lodine disappear upon standing
H;SO4 General 50% solution, followed by heating to 150°C  Black or coloured spots
Molybdate General 5% (NHy)6M07054 + 0.2% Ce(SO4), in 5%  Deep blue spots
H,SQy4, followed by heating to 150°C
Vanillin General 0.5g vanillin, 0.5 ml HySOy4, 9 ml ethanol various coloured spots
Ammonia phenols Ammonia vapour in a closed chamber various coloured spots
FeCls phenols, enols 1% aqueous FeClj various coloured spots
2,4-DNP aldehydes, ketones 0.5% 2,4-dinitrophenylhydrazine/2M HCl red to yellow spots
HCI 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 11. GRADED ADSORBENTS AND SOLVENTS FOR CHROMATOGRAPHY

Adsorbents (decreasing effectiveness)

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

Benzene

Diethyl ether

Chloroform

Ethyl acetate

Acetone

Ethanol

Methanol

Pyridine

Acetic acid

TABLE 12. REPRESENTATIVE ION-EXCHANGE RESINS USED IN CHROMATOGRAPHY

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

Strong Base, anion exchangers
AG 2x8

Amberlite IRA-400

Dowex 2-x8

Duolite 113

Permutit ESB

Permutite 330D

TABLE 13. MODIFIED FIBROUS CELLULOSES FOR ION-EXCHANGE CHROMATOGRAPHY

Cation exchange

CM cellulose (carboxymethyl)
CM 22, 23 cellulose

P cellulose (phosphate)

SE cellulose (sulfoethyl)

SM cellulose (sulfomethyl)

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 14. BEAD FORM ION-EXCHANGE PACKAGINGS FOR CHROMATOGRAPHY!

Cation exchange Capacity Anion exchange Capacity
(meq/g) (meq/g)
CM-Sephadex C-25, 4.5+0.5 DEAE-Sephadex A-25, 3.54£0.5

C-50.2(weak acid)

SP-Sephadex C-25, 2.3+0.3
C-50.3(strong acid)

CM-Sepharose
CL-6B.A 0.12+0.02

Fractogel EMD,CO, (pK ~4.5),
SO: (pK ~<1) .3

CM-32 Cellulose.

CM-52 Cellulose.b

A-50.7 (weak base)

QAE-Sephadex A-25, 3.0£0.4
A-50.8 (strong base)

DEAE-Sepharose
CL-6B.A 0.13£0.02

DEAE-Sephacel.? 1.4+0.1

Fractogel EMD, DMAE (pK ~9),
DEAE (pK ~10.8), TMAE (pK >13).5

DE-32 Cellulose.

DE-52 Cellulose

IMay be sterilised by autoclaving at pH 7 and below 120°. 2Carboxymethyl. 3Sulfopropyl. “*Crosslinked
agarose gel, no pre-cycling required, pH range 3-10. SHydrophilic methacrylate polymer with very little
volume change on change of pH (equivalent to Toyopearl, Sigma), available in superfine 650S, and
medium 650M particle sizes. ®Microgranular, pre-swollen, no pre-cycling required. ’Diethylaminoethyl.
8Diethyl(2-hydroxy-propyl)aminoethyl. Bead form cellulose, pH range 2-12, no pre-cycling required.
Sephadex and Sepharose from GE Healthcare, Fractogel from Merck, Cellulose from Whatman.

TABLE 15 SELECTED CHIRAL COLUMNS FOR CHROMATOGRAPHY*
Column name Chiral ligand Attributes Manufacture
CHIRA-chrom-1 R- or S- phenylglycine High capacity

S-leucine & HICHROM
CHIRA-chrom-2 dinitrophenyl tartramide efficiency
CHIRAL-AGP a 1-acid glycoprotein Used in wide
CHIRAL-CBH cellobiohydrolase pH range CHROM TECH
CHIRAL-HAS human serum albumin
CHIRALCEL OD/OJ cellulose derivative Particular separations
CHIRALPAK AD/AS/H amylose derivative versatile
CHIRALPAK 1A immobilised amylose broad range DIACEL
CHIRALPAK 1B immobilised cellulose broad range
CROWNPAK 18-crown 6 type ether for amino acids and

primary amines

CHIROSIL (18-crown 6)(CO,H), for amino acids and RStech

primary amines

(continued)
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TABLE 15 (Continued) SELECTED CHIRAL COLUMNS FOR CHROMATOGRAPHY*

Column name Chiral ligand Attributes Manufacture
CHIROBIOTIC R Ristocetin A Broad selectivity
CHIROBIOTIC T Teicoplanin Broad selectivity Astech 1
CHIROBIOTIC V Vancomycin Broad selectivity
CYCLOBOND I B-cyclodextrin form chiral Astech 1
CYCLOBOND II y-cyclodextrin inclusion complexes
KROMASIL DMB Acetylated N,N -diallyl stable, high capacity Eka Chemicals
KROMASIL TBB S-tartardiamide for large prep work
NUCLEODEX B-OH B-cyclodextrin reverse phase work
NUCLEODEX a-, - permethylated a-, B- and reverse phase work Macherey—

and y-PM y-cyclodextrins reverse phase work Nagel
NUCLEOSIL Chiral-1  S-hydroxyproline-Cu?" complex ligand exchange,

e.g. a-amino acids

RESOLVOSIL BSA-7PX bovine serum albumen various applications
ULTRON ES-OVM ovomucoid protein stable phase Shinwa Chem
ULTRON ES-Pepsin pepsin protein stable phase Industries
DACH-DNB 3,5-dinitrobenzoyl derivs n-electron acceptor/
ULMO 3,5-dinitrobenzoyl derivs donor — widely used
o-Burke 2 3,5-dinitrobenzoyl derivs n-electron acceptor
B-GEM 1 3,5-dinitrobenzoyl derivs n-electron acceptor
Leucine 3,5-dinitrobenzoyl derivs n-electron acceptor REGIS
Phenyglycine B-lactamase chiral selector n-electron acceptor
PIRKLE-1J S-naphthylleucine n-electron donor
Naphthylleucine ligand exchange good for underivatised
DAVAKOV ligand exchange amino acids

* These data were generously provided by Gordon Wingate, Operational Director of Winlab Pty Ltd.,
POBox 5007, Brendale, Queensland 4500, Australia.
chromatographic columns may be obtained from him, and at < http://www.winlab.com.au/>.

Further details about these and other

TABLE 16. LIQUIDS FOR DRYING PISTOLS

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

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 o-Chlorobenzene 180.5
Water 100.0 Tetralin 207.0
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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° 259 30° at 20°
LiCLH,0 2.6 15
CaBr,.6H,0 2.1 2.7 33 4.0 4.8 19
KOAc 3.5 20
CaCl,.6H,0 35 4.5 5.6 6.9 8.3 20
CrO3 6.1 32
Zn(NO3),.6H,0 7.4 42
K,C03.2H,0 7.7 10.7 44
KCNS 8.2 47
NayCry07.2H,0 9.1 52
Ca(NO3),.4H,0 6.0 7.7 9.6 11.9 14.2 55
Mg(NO3),.6H,0 9.8 56
NaBr.2H,O 5.8 7.8 10.3 13.5 17.5 58
NaNO, 11.6 66
NaCl 6.9 9.6 13.2 17.8 21.4 75
NaOAc 13.3 76
NH4CI 13.8 79
(NH4);S04 14.2 81
KBr 14.7 84
KHSO4 15.1 86
KCl1 15.1 20.2 27.0 86
K»CrOy4 15.4 88
ZnS04.7H,0 15.8 90
NH4.H,PO,4 16.3 93
KNO3 16.7 223 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,

Heterocyclic bases

Hydrocarbons
Ketones

Mercaptans

Nitro compounds and

lithium aluminium hydride.

Magnesium sulfate, potassium carbonate, sodium hydroxide.
Calcium chloride, calcium sulfate, magnesium sulfate,
phosphorus pentoxide, sodium (not for olefins).

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

Magnesium sulfate, sodium sulfate.

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
4A 5A Alumina Gel
MeOH Residual H,O % 0.54 0.55 — 0.60
Wt % absorbed 2.50 1.50 — —
EtOH Residual H,O % 0.25 0.25 0.45 0.68
Wt % absorbed 7.00 6.80 1.50 -
: . 2.07
1-Butylamine | Residual H,0 % 1.65 1.31 1.93
Wt % absorbed 10.40 18.20 3.40 o
2-Ethyl- | Residual H,0 % 0.25 0.08 0.43 -
hexylamine Wt % absorbed 15.10 21.10 6.10 :
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,O % 0.002 — 0.33 0.38
Wt % absorbed 9.30 - 7.40 1.80
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TABLE 20 FLUOROCHROMES*
CAS registry No Aex (nm) # Aem (nm)# Applications
Acriflavin [8048-52-0] 463 490 Stains many compounds
Allophycocyanin (APC) 604 650 Polypeptide with exceptional
(650) (660) Fluorescence for cytometry
3-Aminocoumarin [1635-31-0] 350 445 Forms fluorescent derivatives via
reaction with the 3-NH» group
Auramine O [2465-27-2] 440 530 Fluorescent stain for bacteria and
(basic yellow 2) probe for certain enzymes, e.g.
alcohol dehydrogenases
4-Bromomethyl-7- [35231-44-8] 360 410 Forms fluorescent probes with
methoxycoumarin (340) (421) various compds for TLC/HPLC
Chromomycin A3 [7059-24-7] 445 575 Stains DNA
Ethidium bromide [1239-45-8] 493 620 Stains DNA
Fluorescamine [38183-12-9] Reacts with various R-NH»
to form fluorescent compds
Fluorescein [2321-07-5] 490 514 Fluorescent nucleus for staining a
Variety of compounds
Fluorescein-
Isothiocyanate (FITC) [3326-32-7] 492 518 Microsequencing of peptides &
proteins, makes fluorescent
Amino acids
Hoechst H 2495 [72845-94-4] Fluorochrome for various compds
(benzoxanthene yellow)
Hoechst H33342 [23491-52-3] 346 640 Intercalates DNA for cytometry
(bisBenzimide 3HCI) and fluorescence microscopy
R-Phycoerythrin [11016-17-4] 488 572 Forms fluorescent probes with
proteins
PKH 2 and 72 (green) 490 504 A Protein Kinase polypeptide that
links to cells causing fluorescence
PKH 26 (red) 557 567 Used for labeling cells.
(cf PKH 2 or 72)
Tetramethyl rhodamine [95197-95-8] 529 596 Protein fluorochrome, used for
Isothiocyanate (TRITC) (492) (518) immunofluorescence

** Of the many fluorochromes reported in this book only a very small selection is tabulated here. # These
wavelengths may vary somewhat depending on the solvent used, and on the pH if measured in aqueous

solutions.
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TABLE 21. RESIDUAL SOLVENT SIGNALS OF COMMON NMR SOLVENTS
(Adapted from Gottieb et al. J Org Chem 62 7512 1997, Fulmer et al. Organometallics 29,2176 2010.)
Solvents "H NMR “C NMR
Deuterated chloroform , CDCl; 7.26 77.16
Deuterated dichloromethane 5.32 53.84

CD,Cl,

Deuterated benzene, C4Dg 7.16 128.06
Deuterated acetone, (CD;),CO 2.05 29.84; 206.26
Deuterated dimethylsulfoxide, 2.50 35.52
(CD3),SO

Deuterated acetonitrile, CD;CN 1.94 1.32;118.26
Deuterated methanol, CD;0D 3.31 49.00
Deuterated water, D,O 4.79 -

TABLE 22. '"HNMR CHEMICAL SHIFTS OF TRACE IMPURITIES OF COMMON SOLVENTS AND

REAGENTS
CDCl, CD,Cl, CeDs (CD3),CO | (CD3),SO | CD;CN CD;0D D,0
H,0 1.56 1.52 0.40 2.84 3.33 2.13 4.87 4.79
Acetone 2.17 2.12 1.55 2.05 2.09 2.09 2.15 2.22
Acetonitrile 2.10 1.97 0.58 2.05 2.07 1.94 2.03 2.06
Chloroform 7.26 7.32 6.15 8.02 8.32 7.58 7.90 -
Dichloromethane| 5.30 5.33 4.27 5.63 5.76 5.44 5.49 -
Diethyl ether 1.21 (v), 1.15 (v), 1.11 (v), 1.11 (v), 1.09 (v), 1.12 (v), 1.18 (v), 1.17 (v),
348 (9 343 (@ 3.26 (9) 341 (g 3.38(q) 342 (9 3.49 (@) 3.56 (q)
DMF 8.02,2.96, | 7.96, 7.63, 7.96, 7.95, 7.92, 7.97, 7.92,
2.88 2.91,2.82 236,186 |2.94,2.78 |2.89,2.73 |2.89,2.77 |2.99,2.86 | 3.01,2.85
DMSO 2.62 1.68 2.52 2.50 2.50 2.65 2.71
Dioxane 3.71 3.65 3.35 3.59 3.57 3.60 3.66 3.75
Ethanol* 1.25 (1), 1.19 (t), 0.96 (1), 1.12 (t), 1.06 (t), 1.12 (t), 1.19 (1), 1.17 (1),
3.72 (q), 3.66 (q), 3.34 (q), 3.57 (q), 3.44 (q), 3.54 (q), 3.60 (q) 3.65 (1)
1.32 (s, 1.33 (s, 0.50 (s, 3.39 (s, 4.63 (s, 2.47 (s,
OH) OH) OH) OH) OH) OH)
Ethyl acetate 2.05 (s), 2.00 (s), 1.65 (s), 1.97 (s), 1.99 (s), 1.97 (s), 2.01 (s), 2.07 (s),
4.12 (q), 4.08 (), 3.89 (q), 4.05 (q), 4.03 (q), 4.06 (q), 4.09 (), 4.14 (),
1.26 (1) 1.23 (1) 0.92 (1) 1.20 (t) 1.17 (t) 1.20 (1) 1.24 (1) 1.24 (1)
Methanol* 3.49 (s), 3.42 (s), 3.07 (s) 3.31(s), 3.16 (s), 3.28 (s), 3.31 3.34
1.09 (s, 1.09 (s, 3.12 (s, 4.01 (s, 2.16 (s,
OH) OH) OH) OH) OH)
pyridine 8.62 (m), 8.59 (m), 8.53 (m), 8.58 (m), 8.58 (m), 8.57 (m), 8.53 (m), 8.52 (m),
7.29 (m), | 7.28 (m), 6.66 (m), | 7.35(m), | 7.39(m), | 7.33(m), 7.44 (m), | 7.45 (m),
7.68 (m) 7.68 (m) 6.98 (m) 7.76 (m) 7.79 (m) 7.73 (m) 7.85 (m) 7.87 (m)
Silicon grease 0.07 (s) 0.09 (s) 0.29 (s) 0.13 (s) -0.06 (s) 0.08 0.10 -
THF 3.76 (m), | 3.69 (m), 3.57 (m), | 3.63(m), | 3.60(m), | 3.64(m), 3.71 (m), | 3.74 (m),
1.85 (m) 1.82 (m) 1.40 (m) 1.79 (m) 1.76 (m) 1.80 (m) 1.87 (m) 1.88 (m)
Toluene 2.36 (s), 2.34 (s), 2.11 (s), 2.32 (s), 2.30 (s), 2.33 (s), 2.32 (s), -
7.17 (m), | 7.15 (m), 7.02 (m), | 7.10-7.20 | 7.18 (m), | 7.10-7.30 | 7.16 (m),
7.25 (m) 7.24 (m) 7.13 (m) (m), 7.25 (m) (m), 7.16 (m)
7.10-7.20 7.10-7.30
(m) (m)
Triethylamine 1.03 (1), 0.99 (1), 0.96 (1), 0.96 (t), 0.93 (t), 0.96 (1), 1.05 (1), 0.99 (t),
2.53(q) 2.48 (q) 2.40 (q) 245 (q) 243 (q 245 (q) 2.58(q) 2.57(q)
Silicon grease 0.07 0.09 0.29 0.13 -0.06 0.08 0.10 -

Shaded region denotes residual undeuterated solvent. Multiplicities are singlet unless denoted otherwise (s=singlet, t=triplet, m=multiplet).

The multiplicities of trace impurities maybe different for methanol and ethanol if coupling with the OH proton is observed.
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TABLE 23. 3C NMR CHEMICAL SHIFTS OF TRACE IMPURITIES OF COMMON SOLVENTS
AND REAGENTS

CDCl, CD,Cl, [6F1) (CD;),CO (CD5),SO | CDsCN CD;0OD D,0O
Acetone 30.92 31.00 30.14 30.60 30.56 30.91 30.67 30.89

207.07 206.78 204.43 205.87 206.31 207.43 209.67 215.94
Acetonitrile 1.89 2.03 0.20 1.12 1.03 1.79 0.85 1.47

116.43 116.92 116.02 117.60 117.91 118.26 118.06 119.68
Chloroform 77.36 77.99 77.79 79.19 79.16 79.17 79.44 -
Dichloromethane 53.52 54.24 53.46 54.95 54.84 55.32 54.78 -
Diethyl ether 15.20 15.44 15.46 15.78 15.12 15.63 15.46 14.77

65.91 66.11 65.94 66.12 62.05 66.32 66.88 66.42
DMF 31.45 31.39 30.72 31.03 30.73 31.32 31.61 32.03

36.50 36.56 35.25 36.15 35.73 36.57 36.89 37.54

162.62 162.57 162.13 162.79 162.29 163.31 164.73 165.53
DMSO 40.76 40.03 41.23 40.45 41.31 40.45 39.39
Dioxane 67.14 67.47 67.16 67.60 66.36 67.72 68.11 67.19
Ethanol 18.41 18.69 18.72 18.89 18.51 18.80 18.40 17.47

58.28 58.57 57.86 57.72 56.07 57.96 58.26 58.05
Ethyl acetate 14.19 14.37 14.19 14.50 14.40 14.54 14.49 13.92

21.04 21.15 20.56 20.83 20.68 21.16 20.88 21.15

60.49 60.63 60.21 60.56 59.74 60.98 61.50 62.32

171.36 171.24 170.44 170.96 170.31 171.68 172.89 175.26
Methanol 50.41 50.45 49.97 49.77 48.59 49.90 49.86 49.50
Pyridine 123.75 124.06 123.58 124.57 123.84 127.76 125.53 125.12

135.96 136.16 135.28 136.56 136.05 136.89 138.35 138.27

149.90 150.27 150.27 150.67 149.58 150.76 150.05 149.18
THF 25.62 25.98 25.72 26.15 25.14 26.27 26.48 25.67

67.97 68.16 67.80 68.07 67.03 68.33 68.83 68.68
Toluene 21.46 21.53 21.10 21.46 20.99 21.50 21.50

125.33 125.62 125.68 126.12 125.29 126.28 126.29

128.26 128.54 128.56 129.03 128.18 129.23 129.20

129.07 129.35 129.33 129.76 128.88 129.94 129.91

137.89 138.36 137.91 138.48 137.35 138.90 138.85
Triethylamine 11.61 12.12 12.35 12.49 11.74 12.38 11.09 9.07

46.25 46.75 46.77 47.07 45.74 47.10 46.96 47.19
Silicon grease 1.19 1.22 1.38 1.40 2.10
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TABLE 24. AQUEOUS BUFFERS
Approx. pH Composition
0 2N sulfuric acid or N hydrochloric acid
1 0.IN 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 Na,HPO,4 + 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 Na,HPO,4 + 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 NayHPO4 + 48.5 ml of 0.1M citric acid

6 63 ml of 0.2M NayHPOy4 + 37 ml of 0.1M citric acid
7 82 ml of M Na,HPOy4 + 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 NapyHPO4 + 15 ml of 0.1N NaOH
12 50 mL of 0.15M NapyHPO4 + 75 ml of 0.1N NaOH
13 0.IN 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 (1= 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 25. SOLUBILITY COEFFICIENTS OF AIR AT latm IN WATER

ToC (B)air (Dair % O, (by vol) )] 0, Conc of O in
H,0
0 0.0292 0.0292 34.91 0.0102 0.455mM
20 0.0187 0.0199 34.03 0.0068 0.282mM
25 0.0171 0.0187 33.82 0.0063 0.258mM
30 0.0156 0.0173 33.62 0.0060 0.237mM

(B) is the Bunsen coeff. in ml gas/ml H,O at STP. (/) is the Ostwald coeff. in ml gas/ml H,O at stated temp.

Adapted from W.F. Linke, A. Seidell’s Solubilities of Inorganic and Metal-organic Compounds, American
Chemical Society, 1965.

TABLE 26. SOLUBILITY COEFFICIENTS OF O; AT 1atm IN WATER

T oC B 0] Conc of O, in H,O
0 0.047 0.047 2.10mM
20 0.031 0.033 1.37mM
25 0.028 0.0306 1.25mM
30 0.026 0.0289 1.16mM
50 0.021 0.0248 0.94mM

(B) is the Bunsen coeff. in ml gas/ml H,O at STP. (/) is the Ostwald coeff. in ml gas/ml H,O at stated temp.

Adapted from W.F. Linke, 4. Seidell’s Solubilities of Inorganic and Metal-organic Compounds, American
Chemical Society, 1965.

TABLE 27. BUNSEN COEFFICIENTS () OF GASES AT latm IN ORGANIC SOLVENTS AT
20°C

Solvent H, He N, O, CO CO,
H,0 0.017 0.009 0.015 0.031 0.025 0.88
CS; 0.031 — 0.049 — 0.076 0.83

CHCl3 — — 0.120 0.205 0.177 0.345
EtOH 0.080 0.028 0,130 0.143 0.177 3.0
Me,CO 0.065 0.030 0.129 0.207 0.198 6.5
Et,O 0.12 — 0.24 0.415 0.38 5.0
CeHg 0.066 0.018 0.104 0.163 0.153 —

(B) is the Bunsen coeff. in ml gas/ml H,O at STP.
Adapted from S. Glasstone, Textbook of Physical Chemistry, Macmillan & Co Ltd, London, 1951.
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TABLE 28. OSTWALD COEFFICIENTS (I)/L OF O AT 1atm IN AQUEOUS SOLUTIONS AT

25°C
('L 0]

0.125N NH4Cl 2,31 0.5M HCl 0.0296
0.25N NH4Cl1 1.60 1.0M HCI 0.0287
1.0N NH4Cl1 0.07 2.0M HCI 0.0267
0.125N NaCl 5.52 0.25M H2S04 0.0288
0.025N NaCl 5,30 0.5M H2SO4 0.0275
0.50N NaCl 4.92 1.0M H2SO4 0.0251
1.0N NacCl 4.20 1.5M H2SO4 0.0229
2.0N NaCl 3.05 2.0M HSO4 0.0209
4.0N NaCl 1.62 2.5M H2SO4 0.0194
0.125N NaBr 5.65 0.5M HNO3 0.0302
0.5N NaBr 5.15 1.0M HNO3 0.0295
1.0N NaBr 4.47 2.0M HNO3 0.0284
6.0N NaBr 1.28
0.125N KCl1 5.52 0.5M NaOH 0.0250
0.25N KCl 5.30 1.0M NaOH 0.0204
1.0N KCl 4.26 2.0M NaOH 0.0133
4.0N KCl 1.17
0.125N K2SO4 5.11 0.5M KOH 0.0252
0.25N K2SO4 4.66 1.0M KOH 0.0206
0.05N K2SO4 3.89
0.125N BaCly 5.40 0.125N Sucrose 0.00540
0.25N BaCl» 5.04 0.5N Sucrose 0.00438
1.0N BaCl, 3.10 1.0N Sucrose 0.00320

2.0N Sucrose 0.00184

The Ostwald coefficient (/)/L is for ml of gas in 1L of solution, and (/) is for ml of gas in 1ml of solution.
Adapted from W.F. Linke, 4. Seidell’s Solubilities of Inorganic and Metal-organic Compounds, American
Chemical Society, 1965.
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TABLE 29. SOLUBILITIES OF HCI1 AND NH; AT 760mm (g/100g OF SOLUTION)
Gas Temperature °C MeOH EtOH Et,0
—-10 54.6 — 37.5(-9.29)
Hydrogen 0 51.3 454 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 30. 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 31. PREFIXES FOR QUANTITIES
deci centi | milli micro |nano |pico |femto |atto
Fractional |(d) () (m) (W) (n) () ® (atto)
10-1 102|103 10-6 10-9 10-12 [10-15 |10-18
deca |hecto |[kilo(k) |mega |giga |tera penta |eka
Multiple | (d) (h) ™M) (G (D (P (E)
101 102 103 106 109 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 below). 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 (and other) impurities can be
determined qualitatively and quantitatively by atomic absorption spectroscopy (AAA), x-ray photoelectron
spectroscopy (XPS), various mass spectrometric methods and/or inductively coupled plasma mass spectrometry
(ICP-MS) (see Chapter 1, Question of Purity) 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.

Purification of Laboratory Chemicals. http://dx.doi.org/10.1016/B978-0-12-382161-4.00002-9
Copyright © 2013 Elsevier Inc. All rights reserved.
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SCAVENGER RESINS AND OTHER SUPPORTS
There is now an extensive range of supported reactants that use resins, silica, carbons etc, to clean up reactions
prior to final purification which is gaining favour in the laboratory. [See section on “Scavenger Resins” in
Chapter 3, at the end of the sections on “Preparation of other adsorbents”, “FPLC” and “HPLC”.]

USE OF ION-EXCHANGE RESINS
Application of ion-exchange columns has greatly facilitated the removal of heavy metal ions such as Cu?*, 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.IM 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 CaZ" ions falls to less than 2 x 107 M as shown by atomic absorption
spectroscopy. Such solutions should be stored in polyethylene containers that have been washed with boiling
deionised water (5 minutes) 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 be removed by using yet another special column in series
for this purpose (see Water Purification Systems-Pure and Ultrapure in <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 1ml 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 0.003ppm. 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.
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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 and is extracted out with an organic
solvent.

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.
Similarly, ferric chloride can be removed from aluminium chloride solutions containing hydrochloric acid by
extraction with diethyl 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. 8-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 (LiAlHy4), calcium hydride (CaHj;), sodium borohydride (NaBH4) and potassium
borohydride (KBHy4)-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. LiAlH, should 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.
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SODIUM BOROHYDRIDE

This solid, which is stable in dry air up to 300°, 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.

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 25°, and ethylene diamine), 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 55g of sodium
borohydride).

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 30minutes on a
steam bath (in a fume cupboard). The solution is cooled slightly and the excess thionyl 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 (Imol) in dry toluene or
alcohol-free chloroform (distilled from P,O5 or by passage through an activated Al,O3 column) under a reflux

condense is cooled in an ice bath while the alcohol (Imol), with or without a solvent (preferably miscible
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with toluene or alcohol-free chloroform), is added dropwise to it. When addition is over and the reaction
subsides, the mixture is refluxed for 30minutes 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 (due to unwanted trans-esterifiction).

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 (CaSOy4, MgS0O,) 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
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
10-30minutes.
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 ethanol 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. Also this method is not advised when large quantities of amines (e.g.
>25g) are to be purified. The free base should be recovered as soon as possible. The picrate is suspended in an
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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 HCI. 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 HCI followed by drying the gas through
sulfuric acid, or the HCI gas is obtained 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. Where
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 (Imol) in concentrated HCI (42ml) in
ethanol (200ml, or less depending on the solubility of the double salt). The solution is stirred for 1 hour 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 (highly
poisonous) 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.
Tertiary amines are not acetylated. 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 (vacuum 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 10-15
minutes. 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 (K,COj3), 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.
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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 1-2 hours 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. 4-Bromophenylphenacyl esters are used similarly.
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
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, or recrystallised if it is a solid. 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 almost 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, e.g. addition of an ethereal solution of
diazomethane (yellow in colour, poisonous, use a fume cupboard. CARE: Use diazomethane with extreme care
as the reagent is POISONOUS and HIGHLY explosive; special precautions MUST be used; see Fieser and
Fieser’s Reagents for Organic Synthesis 1 pp. 191-195 1967) to the acid which dissolves as the acid is
esterified, liberating N, and the yellow colour. The methyl ester so produced is obtained by evaporating the
ethereal solution.
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 (Imol) and anhydrous sodium acetate (1.3mol) is
dissolved in water by gentle warming. A solution of the ketone (Imol) 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 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
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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 CaSO,4 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 benzoyl 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. It can also be isolated by
extraction from a slightly acidified (pH ~3) aqueous solution with diethyl ether.

Acetates
These can be prepared as for the benzoates using either acetic anhydride with 3N NaOH or acetyl 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.

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 is 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/she may be able to make a reasonable guess at the synthetic methods used from published laboratory
syntheses.
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This information, in turn, can simplify the necessary purification steps by suggesting probable contaminants.
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. 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 (see Chapter 1).

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 smaller
amounts (100-500 mg) of an organic solid, column chromatography is likely to be satisfactory, the eluate being
collected as a number of separate fractions (ca 5-10 ml) 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, FC and HPFC can also be used successfully for purifying up
to 500 mg of solid. The latter chromatographic techniques (see Chapter 1) are more and more commonly used
procedures for the purification of small molecules as well as large molecules such as polypeptides and DNA.

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 25 g, 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 these tests must be. For this, the experimenter has to resort, in the first
place, to preliminary physical methods such as melting and boiling points, chromatographic and spectroscopic
procedures which are described in detail in Chapter 1. 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 the
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, the boiling point of the
liquid is too high, or it decomposes on heating, then its purity should be assessed by high pressure liquid
chromatography. Liquids, especially volatile ones, can be studied very satisfactorily by gas chromatography,
preferably using at least two different stationary and/or mobile phases. Spectroscopic methods, if facilities are
available, such as atomic absorption spectroscopy (AAA), and inductively coupled plasma mass spectrometry
(ICP-MS) are useful and sensitive methods 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.
There are certain requirements for purity of new compounds in most journals. This is especially so for samples
which are shown to have biological activity. See instructions to authors for ACS journals especially in J. Med.
Chem  (see  “Guidelines for  Authors under Purity  Criteria of Tested  Compounds
<http://pubs.acs.org/journal/jmcmar>.)
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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 and the use of cartridges (e.g.
Na,SO4 for removal of H,O, or Celite for removal of tar), solvents for extraction and solvents for
recrystallisation, the reader is referred to Chapter 1. A common method of purification of organic compounds is
to convert them to a suitable derivative which is purified (with the assumption that the impurity does not form a
similar derivative, or if it does its properties are different), and then regenerate the original compound and
purify it further. Various derivatives are described for different classes of compounds below, but many more
can be considered, and the reader is referred to texts on “Protecting Groups” which describe ways of selectively
protecting functional groups and facile means of deprotecting them, i.e. regenerating the unprotected group [P.J.
Kocienski Protecting Groups Thieme International Publisher, 2005, ISBN 9783131356031; J.R. Hanson
Protecting Groups in Organic Synthesis Sheffield Academic Press, 1999, ISBN 9781850759577, or J. Wiley &
Sons Inc, 1999, ISBN 980632045068]. 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 pK, of the
acid and again extracted with ether. It is quite unnecessary to add large excesses of mineral acid (e.g. HCI) to
liberate the organic acid, as mineral acids dissolve appreciably in organic solvents such as diethyl 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 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 — these are volatile.
Cartridges and columns are available (e.g. the Isolute SCX-2 made of polysulfonic acid bonded to silica as an
ion exchange column developed by Biotage Inc (<www.biotage.com>), particularly for the purification of acids
using flash chromatography.
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, see also N. Reavley Essential Fatty Acids Book Media Publ, 2002, ISBN
9780958157643; G. Grati and K. Sato (Eds) Crystallisation and Polymorphism of Fats and Fatty Acids Marcel
Dekker, 1988, ISBN 9780824778750.
Aromatic carboxylic acids can be purified by conversion to their sodium salts, recrystallisation from hot water,
and reconversion to the free acids.
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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 the “Aromatic Compounds” section 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 carboxylic 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
with anhydrous Na,CO;3, followed by a suitable drying agent, such as calcium hydride, and fractional
distillation, using gas chromatography to establish the purity of the product (Ballinger & Long, J Am Chem Soc
82 795 1960). Alternatively, the alcohol can be refluxed with freshly ignited CaO for 4hours and then
fractionally distilled (McCurdy & 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 and liquid chromatographic methods are also useful means of
purification. For purification via derivatives, vide supra.
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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. lon 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 above) 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. Cartridges and columns are available (e.g. KP-NH silica column with slightly nitrogenous
alkaline chemistry developed by Biotage Inc (<www.biotage.com>) for the purification of amines using flash
chromatography.
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.
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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, decolourised 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 7.
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 0.5-1 hours 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 CHCI; 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. Colourless 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. See “Carotenoids” in Chapter 7.

ESTERS

The most common impurities are the corresponding acid and hydroxy compound (i.e. alcohol 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 sulfate, 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 acids derived from
phenols 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. Note that sulfonic esters of
lower alcohols, e.g. methanol, are good alkylating agents.
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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. Dialkyl ethers form peroxides much more readily than other ethers, e.g. ethyl
phenyl ethers, on standing in air. 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 is
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. Merck-Chemicals supply peroxide test kits (Perex Test) which use a
colorimetric method with test strips which can be used to estimate the amount of hydrogen peroxide, from as
low a concentration as 0.2mg/L to as high as1000mg/L. They are very convenient as they can give an
indication of the concentration of peroxide rapidly <see http://www.merck-chemicals.com>. As a safety
precaution against EXPLOSION in case purification from peroxides has been insufficiently thorough, at least a
quarter of the total volume of liquid ether should remain in the distilling flask when the distillation is
discontinued, as the peroxides are generally higher boiling than the corresponding ethers. To minimise
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 metal impurities, heat, light, air and moisture. Always be
vigilant and test for peroxides. The formation of peroxides is inhibited in the presence of diphenylamine, di-tert-
butylphenol, or other antioxidants which can be used as stabilisers.
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.
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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 HIGH 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.

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 followed by a solution of sodium
bicarbonate, then with water again. After drying with calcium chloride, the chlorohydrocarbon is fractionally
redistilled to constant boiling point or recrystallised.

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 Na;SQy, 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 Liguid and
Flash Chromatography, Gas Chromatography and High Performance Liquid and Flash Chromatography).
Another method of removing branched-chain and unsaturated hydrocarbons from straight-chain hydrocarbons
depends on the much faster reaction of the former with chlorosulfonic 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
CHCI3 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 NaySOy, the column is packed with the
mixture and a final 7-8cm of Na,SOy4 is added at the top [Hornstein & 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. benzopyrene, 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



86 Chapter 2. Chemical Methods used in Purification

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).

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 water or 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 7.

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,O5 which, besides removing water, dehydrates any
amide impurity 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.
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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 of known pH (see for
example Table 24, 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 7.

PHENOLS

Because phenols are weak acids, they can be freed from neutral impurities by dissolution in aqueous N sodium
hydroxide (cf pK) 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 7.

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. o-Quinones, on the other hand, are
readily oxidised. They should be handled in an inert atmosphere, preferably in the absence of light.

SALTS
With metal ions

Water-soluble salts are best purified by preparing a concentrated aqueous solution to which, after decolourising
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. With very water-soluble salts, pure crystals are best obtained by dissolving them in
water and allowing the solution to evaporate slowly in a desiccator over a suitable desiccant in a cold room.
When crystals are formed they are removed, e.g. by centrifugation, washed with a little ice-cold water and dried
in a vacuum. 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 non-polar, or less polar, solvent (see Table 8, Chapter 1)
until crystallisation begins.
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With sodium alkane sulfonates
These are purified from sulfites by boiling with aqueous HBr. They are purified from sulfates by adding BaBr,.
Sodium alkane disulfonates are finally precipitated by addition of MeOH (Pethybridge & Taba J Chem Soc
Faraday Trans 1 78 1331 1982).

SULFUR COMPOUNDS
Disulfides
These can be purified by extracting acidic and basic impurities with dilute 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
soluble in water, but the higher members can be recrystallised from water, ethanol, aqueous ethanol or glacial
acetic acid.

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

Thioethers (sulfides)
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.

PURIFICATION via FLUOROCHROMES

If the purification procedure is proving difficult then by tagging the desired molecule in a mixture with a
fluorochrome (see Table 20, Chapter 1) can provide a means of following the substance through the purification
process. The fluorochrome should have a group which can react with the desired compound, and it should be
possible to remove the fluorochromic group after purification. Such groups are present for example in
fluorescein-isothiocyanate (FITC), where the SCN group can react with an RNH, compound to form
fluorescent thioureas; 4-bromomethyl-7-methoxycoumarin, which can react with R-OH or R-COONa
compounds to form fluorescent ether or ester links with the desired compound; or 3-aminocoumarin, which
reacts through its NH, group to form fluorescent amides. The fluorescent products can then be readily
identified by their fluorescence, separated from impurities, and it should be possible to recover the purified
compound after chemically separating it from the fluorescent tag. Such procedures can also be used as
analytical tools for detecting specific substances (see fluorescence spectra in Chapter 1 and Table 20).
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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 synthesis of molecules. In recent years there has been a deviation in focus from
developing new synthetic routes and reactions to improving methods for carrying out reactions. In particular,
traditional reactions are carried out in new ways such that the efficiencies of reactions are greatly improved.
Emphasis on “Green Technologies” and “Green Chemistry” is continually being stressed to the experimenter
and will be for many years to come. Included in this is the movement towards the development of “greener”
technologies. Although there is continual debate over the definition of “green” technologies, for our intent and
purpose we consider these to include methodologies that are developed to reduce waste and energy, improve on
atom economy and are environmentally benign. [Anastas & Kirchhoff Acc Chem Res 35 686 2002; Benign by
Design; American Chemical Society: Washington, DC, 1994; Constable et al, Green Chem 9 411 2007; Li &
Trost PNAS 105 13197 2008; Anastas & Eghbali, Chem Soc. Rev. 39 301 2010]. This may mean that there will
be a new world order for carrying out synthesis, which in turn will change the way that one approaches
purification. Hence the future of purification very much depends on future methods and trends in synthesis. In
the previous edition of this book, some improved methods of synthesis which seek to minimise purification
steps were outlined. These included the use of solid phase synthesis, fluorous chemistry as well as ionic liquids.
Although some of these methods are still important in some areas of research, other trends have emerged. In this
chapter, a brief survey of the emerging trends is presented.

Safety is another issue that goes hand in hand with “Green Science”, and cannot be emphasised enough. It
should be the first consideration when planning a scientific operation. Safety issues have already been
discussed in Chapter 1, and should never be considered a nuisance, or an aspect which hampers procedures.
This is no longer a local or a regional issue, but is becoming more and more a global problem. It is true that it
means more effort should be put in planning an operation, but this is something that the worker should get used
to. It is totally unacceptable today, and certainly will be in the future, not to take safety very seriously.
Questions to be addressed include: Could this procedure be carried out in a safer way with respect not only to
the operator but also to those around him or her? How does it affect the immediate as well as the extended
environment around the operation? Could the operation be performed in an alternative way that can better
satisfy these criteria? Safety now goes well beyond the laboratory and all should be consciously aware of the
consequences of a potentially unsafe situation.

Purification of Laboratory Chemicals. http://dx.doi.org/10.1016/B978-0-12-382161-4.00003-0
Copyright © 2013 Elsevier Inc. All rights reserved.
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ATOM ECONOMY

Atom economic chemistry seeks to maximise the incorporation of starting materials into the final product of any
given reaction and thus reduce side products or waste formed in a chemical transformation. [Trost Angew Chem,
Int Ed 34 259 2005.] Thus in an ideal atom economic reaction, all the atoms present in the starting materials are
present in the product. Ways to achieve atom economy or efficient reactions include the use of catalysts to
enable transformations that will otherwise utilise multiple steps or are impossible to perform. Cross coupling
reactions to form C-N, C-O, C-C bonds can now be achieved with relative ease. Despite the progress in the
area of catalysis, there are continual challenges to reduce the number of steps needed to achieve the desired
transformations. For example, direct methods for C-H functionalisation in a selective and predictable fashion
can dramatically alter the way organic molecules are assembled, negating multi-step chemical processes and
rendering functional group interconversion steps obsolete. To date, there are numerous reported protocols, with
new catalyst systems and designs, for the direct transformation of C-H bond to C-C or C-heteroatom bonds [for
a sample of articles on C-H functionalisation, see the special issue on C-H functionalisation in organic synthesis
themed issue, Eds. Davies, Du Bois & Yu, in Chem Soc Rev Issue 4, 2011]. This field is an emerging, highly
competitive area of research and a comprehensive review of C-H functionalisation is beyond the scope of this
book.

Even a seemingly ‘simple’ transformation such as amide bond formation warrants investigation of new atom
economic methods. This is because ‘traditional’ methods for amide formation suffer from the drawback of
producing a stoichiometric amount of waste. Advances in this area are metal catalysed approaches to amide
bond formation that includes oxidative amidation of alcohols [for examples, see Taylor et al. Synlett 1293 2002,
Owston et al. Org. Lett. 9 73 2007; Zweifel et al. Angew Chem, Int Ed 48 559 2009] and amines [e.g. Kim et al.
Angew Chem, Int Ed 47 9249 2008], aminocarbonylation of aryl halides, [for example, Ueda et al. J Am Chem
Soc 122 10722 2000; Schnyder, et al. J Org Chem 66 4311 2001; Wu et al. Chem Asian J 5 2168 2010],
rearrangement of aldoximes [e.g. Shie & Fang J Org Chem 68 1158 2003; Owston et al. Org Lett 9 3599 2007],
and direct amidation of aldehydes [e.g. Ali & Punniyamurthy Adv Synth Catal 352 288 2010, Shie & Fang J
Org Chem 68 1158 2003; Yoo & Li J Am Chem Soc 128 13064 2006].

Improved atom efficiency can also be achieved if it was possible to carry out synthesis without the use of
protecting groups. The protection-deprotection sequence of functional groups increases the number of steps in
the synthesis of target compounds. As such, novel chemistry is needed to overcome this. In elegant work
reported by Baran et al. [Nature 446 404 2007], a total synthesis of a natural product was achieved without any
protecting groups.

ORGANOCATALYSIS

One of the major areas of chemical research is in the development of efficient catalysts for carrying out organic
transformations. Traditionally this field is dominated by metal mediated catalysis, although increasingly
biocatalysis and organocatalysis are gaining prominence. Organocatalysts are defined as catalysts (usually small
organic molecules) with low molecular weights (<1000g/mol) where a metal is not part of the active principle.
The potential advantages that organocatalysts can offer over metal catalysts include the ease of handling, good
stability, low costs and the environmentally benign nature of the former. A major disadvantage of
organocatalysis is the limited substrate scope for a particular organocatalyst in a particular transformation. It
should be added that the field of organocatalysis was in its relative infancy and stunning progress has been
made in the last ten years or so. For example, readily available organic compounds have been found to be
capable of catalysing a range of reactions. These include carbon-carbon bond forming reactions (Aldol,
Mannich, Diels-Alder, alkylations, cyclopropanations, etc), epoxidation reactions, desymmetrisation reactions
and so on [for an excellent book, see Berkessel and Grdger, in the bibliography]. Classes of compounds that
have demonstrated applications as organocatalysts include a-amino acids [Jarvo & Miller Tetrahedron 58 2481
2002], N-heterocyclic carbenes [Marion et al. Angew Chem, Int Ed 46 2988 2007], thiourecas [Connon
Chemistry-A Eur J 12 5419 2006], cinchona alkaloids [Dalaigh Syn Lett 875 2005] and so on. One of the
earliest practical demonstrations of the use of organocatalysts is exemplified by the Hajos-Parrish-Eder-Sauer-
Wiechert reaction which was patented as early as 1971 [Eder, Sauer & Wiechert DE 2014757 1971, Eder,
Sauer & Wiechert Angew Chem, Int Ed 10 496 1971, Hajos & Parrish DE 2102623 1971, Hajos & Parrish J
Org Chem 39 1612 1974]. The Robinson aldol annulation reaction utilised the humble proline molecule as the
organocatalyst, and is the first example of a highly enantioselective carbon-carbon bond forming reaction.
Recently, advances in organocatalysis have progressed to the level of sophistication that has enabled the
synthesis of relatively complex organic molecules with multiple stereocentres in high chemical and optical
yields. There are many excellent reviews and monographs on organocatalysis, and some of these are listed in
the bibliography. Also see ChemFiles, Vol 6, no 4 from Sigma-Aldrich for a compilation of some commercially
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available organocatalysts. Another class of organocatalysts are the Phase Transfer Catalysts (PTCs) which
have been used for quite some time, and chiral PTCs have more recently been used to catalyse reactions
stereospecifically. Sections on “Organocatalysts” and ‘“Phase Transfer Catalysts” are presented in Chapter 6,
Part 1 and Part 2, respectively.

MICROWAVE TECHNOLOGIES

The first reports of the use of microwave technologies to accelerate organic reactions were published in 1986
[Gedye et al. Tetrahedron Lett 27 279 1986, Giguere et al. Tetrahedron Lett. 27 4945 1986]. These days,
dedicated microwave instrumentation for carrying out organic synthesis is an almost indispensable piece of
equipment in chemical laboratories. Microwave assisted organic synthesis have several advantages over
conventional heating methods in that the reaction times are greatly reduced, yields are increased, side reactions
are decreased and reactions have greater reproducibility. Microwave irradiation produces efficient internal
heating due to the direct coupling of the microwave energy with the reactants and solvents. Inverted temperature
gradients in microwave versus traditional oil-bath heating have been demonstrated. Although there is still some
controversy regarding the “special” effects of microwave assisted technologies, it is generally accepted that
microwave technologies provide “specific microwave effects” — that resulting due to thermal effects. The
microwave thermal effect may be different to thermal effects from conventional heating methods in view of the
inverted temperature gradient leading to direct “in-core” heating, or superheating effects of solvents at
atmospheric pressure, or selective heating by strongly absorbing components of some of the reactants.
Microwave-assisted organic synthesis has been demonstrated in a number of reactions: from transition metal
catalysed reactions to solid phase synthesis to polymerisation reactions. For online resources on microwave
chemistry, go to http://www.milestonesci.com (and follow the links to the resource library). Some excellent
reviews and books on this topic are listed in the bibliography. It should be noted that microwave technologies
have been touted as an important development towards “green” technologies in terms of reduction in energy
and waste as well as improved efficiencies. In many instances, solventless reactions under microwave
conditions have also been developed and reported [see e.g. Varma Green Chem 1 43 1999].

There are a number of commercial microwaves for carrying out synthesis. Mono-mode (single mode) reactors
direct electromagnetic irradiation onto a reaction vessel which is mounted at a fixed position. In these reactors,
only one vessel can be used at any one time. In contrast, a multi-mode reactor can accommodate several
reaction vessels which can be irradiated simultaneously. The choice of solvent for microwave reactions is
dependent on the loss factor “tan 8. A reaction medium with a high “tan §” is required for efficient absorption
of electromagnetic energy from the microwave and hence leads to rapid heating. High microwave absorbing
solvents include ethanol, DMSO, methanol, 1-butanol (“tan 6” >0.5), while medium solvent absorbers (“tan &”
between 0.1-0.5) include water and DMF. Poor absorbers are solvents like hexane, dichloromethane,
chloroform, THF, acetone and ethyl acetate. Common solvents without a permanent dipole, e.g. carbon
tetrachloride and *benzene are more or less microwave transparent. Solvents with low “tan &” values can still
be used in microwave reactions as the other components present are likely to be polar and can allow enough
heating by microwaves. Alternatively, practices such as doping the reaction with solvents with high “tan 8”
values have also been successful. Of note, ionic liquids (which have high “tan 8” values) have been used
successfully [see Leadbeater, Torenius & Tye Comb Chem High Throughput Screening 7 511 2004, for a
review].

FLOW CHEMISTRY

The traditional way of carrying out synthesis utilises batch chemistry, with chemistry occurring inside flasks or
reaction vessels. Although there are limitations with batch chemistry, especially in the scale-up of reactions, this
has been the mainstay of organic synthesis. In recent years, continuous flow chemistry, an old process concept,
has gained increasing attention as an alternative technology to batch chemistry. This will clearly have an impact
on the way we carry out synthesis or think about synthesis. The advantages of continuous flow chemistry are
improved safety and process reliability, reproducibility and facile automation. Continuous flow chemistry can
be carried out on different scales, from using microfluidics (miniaturisation) to large continuous reactors found
in chemical plants. In a research laboratory setting, there are advantages and disadvantages in using
microfluidics versus minifluidic reactors as is summarised by Kirschning et al. [Chem Commun 47 4583
2011]. There are a number of vendors that offer flow chemistry equipment, with varying capabilities and price
ranges [e.g. http://www.vapourtec.co.uk/; http://www.syrris.com/.] One of the hurdles to the ready adoption of
flow chemistry in a research laboratory setting is the need to consider physical chemistry and engineering
principles such as mixing times, residence time, flow rates, etc. when designing an experiment. This can initially
be a daunting task to a traditional organic chemist. One of the early pioneers of flow chemistry in organic
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synthesis is S.V. Ley, University of Cambridge, UK. The reader is advised to refer to his numerous, elegant
work in this area — from the development of solid supported reagents and scavengers to applications to complex
natural product synthesis. Many types of reactions can be carried out using flow chemistry, and flow chemistry
has particular advantage when carrying out “dangerous” reactions such as oxidations. Also see Aldrich Chem
Files, Vol 5, no 7 for enabling technologies: Microreactor Technology.

SOLID PHASE SYNTHESIS

The promise of cleaner, more rapid and efficient chemistries via solid phase synthesis (SPS) was the driving
force behind the huge body of research that emerged. 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 provided
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-1990s, advances in solid phase chemistry have moved beyond the
routine (often robotic) synthesis of small to medium sized peptides and oligonucleotides. SPOS (solid phase
organic synthesis) 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. However,
the lack of generality of reactions carried out on solid support as well as the difficulties in monitoring reactions
on solid phase has limited the synthetic applications of SPOS. The legacy from solid phase synthesis that is
more widely adopted in recent times is the use of solid supported reactants and reagents for carrying out
synthesis and for scavenging and purification purposes. The more common methods of SPS are outlined here.
For a more complete treatise, readers are encouraged to consult the 5th and 6th editions of this book.

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
about 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; See Google) which can carry out as
many as a dozen polypeptide syntheses simultaneously. A more recent advance is in the use of microwave
energy to carry out the reactions (e.g. Liberty™ Microwave Peptide Synthesis, cf http://www.cem.com). By
using different solid supports, protected amino acids and slightly different chemistry but the same equipment,
peptide synthesis can be accomplished from the carboxy or the amino terminal with equal success [refer to
CEM Corporation catalogues]. 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. 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 involved. 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, the polypeptide is usually purified by HPLC using a C18 column with reverse
phase chromatography. A new paradigm in solid phase peptide synthesis developed by A.G. Livingston and
co-workers [So et al. Organic Process Research and Development 14 1313 2010] is the use of solvent resistant
nano filters (SRNFs) which adopt the newly emerging technology of organic solvent nanofiltration (OSN).
Thus after the activation and coupling reactions, reagents and unreacted compounds are removed by
nanofiltration, and then again after deprotection, reaction products other than the support-bound peptide are
removed by SRNF (see SRNFs in Chapter 8). There are many commercial firms that will supply custom-made
polypeptides at a price depending on the degree of purity required.
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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 oligo-deoxyribonucleotide synthesis.
The solid phase procedure is the method commonly used. Automated synthesisers are commercially available,
but with the increase in the number of firms that will provide custom-made oligo-deoxyribonucleotides, it is
often not economical to purchase a synthesiser to make one's own oligo-deoxyribonucleotides. 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 in synthesising 100-
mers in quantities from 10 pg 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.

POLYMER SUPPORTED REACTANTS

These have become of increasing importance in synthesis, and a broad classification of polymer supported
reactants is 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 (diethyl azodicarboxylate) for Mitsonobu reactions, DEC [1-(3-dimethylamino-propyl)-3-ethyl-
carbodiimide hydrochloride] {or EDCI [1-ethyl-3-(3-di-methylaminopropyl) carbodiimide HCI]} for peptide
synthesis, HOBt (1-hydroxybenzotriazole) for peptide synthesis; Polymer supported oxidising 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 catalysts and reagents can be purchased
from a number of companies including Sigma-Aldrich (see Chem Files, Vol 5, issue 11 as well as the main
catalog), Biotage, Alfa-Aesar, TCI.

SCAVENGER RESINS

The use of resins to clean up reactions has gained much importance over the years. 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) [e.g. see Bhattacharyya Comb Chem High Throughput Screening 3 65 2000, Bhattacharyya
Curr Opin Drug Disc Dev T 752 2004].

Specific scavengers that use purified silica support (e.g. LpDNPH cartridges which contain a high purity silica
adsorbent coated with 2,4-dinitrophenylhydrazine to remove carbonyl compounds), charcoal in various forms
and Florisil etc. for particular purposes are available commercially (see Biotage: the Synthesis and Purification
Catalogue and the Analytical Sample Preparation Catalogue and <www.biotage.com> which contain details of
such resins, and Supelco: the Chromatographic Products for Analysis & Purification Catalogue
<www.sigmaaldrich.com/supelco/analytical> for various supports). General types of scavenger resins are also
available from a number of companies including Sigma-Aldrich and Biotage.

COMBINATORIAL CHEMISTRY

The major impetus for the development of solid phase synthesis centers on 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 have 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 is 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). 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.
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ALTERNATIVE SOLVENTS

The bulk of a reaction medium usually comprises the solvent for reaction. It has been estimated that generally
solvents account for 80-90% of the mass utilisation in a typical batch reaction. In view of this, one of the
greatest challenges to the ‘greening’ of chemistry is to consider the ‘greening’ of solvents. In this regard, issues
such as environmental toxicities, waste minimisation, recyclability or the use of renewable solvents are
considered in the greening of solvents. A number of publications have provided a framework for the
environmental assessment of solvents [Capello et al. Green Chem 8 927 2007, Alfonsi et al. Green Chem 10 31
2008]. Some approaches to the replacement of conventional solvents include the use of supercritical fluids, e.g.
carbon dioxide, ionic liquids, perfluorohydrocarbons. The use of water as an environmentally friendly reaction
media has also been the focus of study by several groups [Dallinger & Kappe Chem Rev 107 2563 2007, Hailes
Org Proc Res Dev 11 114 2007, Li & Chen Chem Soc Rev 35 68 2006, Leadbeater J Chem Soc, Chem Commun
2881 2005] as is the study of solvent-less reactions [Polshettiwar & Varma Pure App! Chem 80 777 2008].

SUPERCRITICAL FLUIDS

Supercritical fluids (SCF) are defined as substances that are above their critical temperatures and pressures such
that at this critical point, this is the highest temperature and pressure at which the substance can exist as a
vapour and liquid in equilibrium. The commonly used SCF in chemistry is that of supercritical carbon dioxide
(scCO,), which has a critical point at 31.1°C and a pressure of 73.8 Bar. The density of CO, at this critical point
is approximately 0.4g/mL. CO, is potentially an ideal green solvent—it is non-toxic to the environment and at
atmospheric pressure, CO; is a gas and hence does not require any waste treatment. It has a high gas-dissolving
ability, a low solvation ability, good mass transfer properties and high diffusion rates. CO, is inexpensive, non-
flammable, environmentally benign and can be removed completely from products. Although CO, is a
greenhouse gas, CO, is naturally occurring as well as obtained as a byproduct of many processes, and the use of
CO, as solvent is to use a “renewable” resource. In this respect, CO, is easily recovered either by cooling
(condensing) or absorption by aqueous alkaline solutions and re-used. The disadvantages of using scCO, are
the specialised and expensive equipment needed to achieve the critical conditions, the low dielectric constant
and low dissolving abilities. In addition, scCO, cannot be used in reactions with strong nucleophiles.
Applications with scCO, as solvent has been demonstrated, in extractions (e.g. of caffeine), dry-cleaning,
polymerisation reactions, pharmaceutical processing. The use of scCO, in organic synthesis has also been
demonstrated in a number of reactions including hydrogenation reactions, Diels-Alder chemistry, free radical
reactions, Friedel Crafts reactions and so on [S. Hadlington Chem Br 39 21 2003, Liu & Xiao, J Mol Cat A:
Chem 270 1 2007]. The solvent properties of scCO, can be tuned by adjusting the temperature and pressure.
Liquids and solid solutes are surprisingly soluble in scCO, though it is generally true that the solubility of non-
polar substances is higher than the polar ones because CO, is a non-polar molecule. The solubility can be tuned
by changing the bulk densities of CO, or by adding a co-solvent or modifying the solute. Other fluids that have
been used in this way are ammonia and SO,, although they do not have the many advantages of CO,, especially
those pertaining to its low reactivity under “normal” reaction conditions.

IONIC LIQUIDS
Ionic liquids (ILs) are organic or inorganic salts that are liquids 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 relatively recent. In particular, the potential applications of ionic liquids
as solvents in synthesis and in catalysis have been achieved. They have high mechanical, thermal and
electrochemical stability. Their physical properties make them unique solvents for synthesis, and are ‘green’
alternatives to volatile organic solvents, though there has been some debate on whether ionic liquids can be
considered as ‘green’ solvents. [R. Sanghi & M.M. Srivasatava, Green Chemistry: Environment Friendly
Alternatives, Alpha Science International, 2003, ISBN 9781842651735; C. Alfonso, A.M. Crespo & P.S.G.
Joao, Green Separation Processes: Fundamentals and Applications, VCH-Wiley Publishing, 2005, ISBN
978357309856; J. Clark & J. Hardy, Green Chemistry in Undergraduate Practical Classes (with CD-ROM),
Royal Society of Chemistry, 2006, ISBN 978054042784]. The impact of ILs on health and environment is not
known. In addition to this, many ILs are difficult to prepare and can be expensive if bulk, high purity ILs are
needed. 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-flammable and non-volatile (with hardly any measurable vapour pressure), 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 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,
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they are highly polar which are important characteristics in the activation of catalysts. For example the 1-butyl-
3-methylimidazolinium salt with AlICl; is a very good catalyst for the Friedel-Crafts reaction, and varying the
ratio of salt to AICI; produces a more or less acidic medium. ILs are used successfully in organic reactions
which are mediated by microwaves. ILs have found uses in phase-separation processes, in electrochemical
processes, as heat storage media, lubricants and additives.

A large variety of ILs of high purity with water content below 100ppm and halide content below 10ppm are
now available commercially. These include numerous N-alkylpyridinium, N,N’-dialkylimidazolium,
alkylammonium and alkylphosphonium salts, covalent hydrophobic ILs (e.g. 1,2-dimethyl-3-propylimidazolium
bis(trifluoromethylsulfonyl)imide, task-specific ILs, Bronsted acidic ILs (e.g. 3-[triphenylphosphonio]propane-
I-sulfonic acid  tosylate),  nitrile-functionalised ILs, perfluorinated ILs (e.g. tetrabutylammonium
nonafluorobutane sulfonate, BASF Basionics (e.g. 1,2,3-trimethylimidazolium methyl sulfate), and TOMATS
for heavy metal extraction (e.g. methyltrioctylammonium thiosalicylate)

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 et al. Tetrahedron Lett 43 1127 2002, Semeril et al. J Chem Soc, Chem
Commun 146 2002, Buijsman et al. Org Lett 3 3785 2001. These include Diels-Alder reactions, Friedel-Crafts
(above), 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 &
Ganesan [Org Lett 4 3071 2002]. [See also Fluka, Riedel-deHaén, Catalogue 2007-2008, and
<www.sigmaaldrich.com/ionicliquids>, with or without Basionics™ and Cytec (Cytos®); Chem Files (Sigma-
Aldrich) Vol 6, No 9 2006, Ghassemi et al. Application Note 48 in Synthesis and Purification Catalog 2007,
<www.Biotage.com>.]

FLUOROUS CHEMISTRY

Fluorous chemistry is defined as chemistry that is related to highly fluorinated sp’-hybridised carbon containing
compounds. The seminal work by Horvath and Rabai (Science 266 72 1994) described the applications of
fluorous biphasic catalysis and applied it to Rh catalysed hydroformylation reactions. To date the scope of
fluorous chemistry has expanded to include applications in organic synthesis and material science, separation,
extraction and chromatography. For example, fluorous phase labels can be attached to substrates such that the
subsequent fluorinated products can be extracted into the fluorous phase. This has applications in liquid-liquid
extractions (typical work-up procedures) where 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 labelling 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 &
Bannwarth Helv Chim Acta 84 735 2001, Galante et al. Tetrahedron Lett 42 5425 2001, Studer & Curran
Tetrahedron 53 6681 1997, Studer et al. J Org Chem 62 2917 1997, Crich & Neelamkavil Tetrahedron 58
3865 2002.] For some fluorous compounds for synthesis and separation, see Chem Files from Sigma-Aldrich,
Supplement II, 2008. One potential limitation of fluorous solvents is their cost.

BIOMASS DERIVED ORGANIC SOLVENTS
Biomass derived organic solvents are solvents that are obtained from renewable resources, which is in contrast
to the traditional petrochemical based solvents that are limited in resource. These solvents are gaining traction
as green solvents, though the scope of the reaction transformations and other solvent replacement applications
have not been fully studied. Examples of such biomass derived solvents are 2-methyltetrahydrofuran [96-47-9],
glycerol [56-81-5], glycerol ethers, ethyl lactate and cyclopentylmethyl ethers. 2-Methyltetrahydrofuran is an
aprotic ether which has polarity and Lewis base strengths between that for diethyl ether and THF [Aycock Org
Proc Res Dev 11 156 2007; Ripin & Vetelino Syn Lett 2353 2003]. It had been used as a replacement solvent
for THF [109-99-9] in organometallic reactions (e.g. Grignard, lithiation, hydride reduction, coupling
reactions) with the advantage that MeTHF is only partially water miscible and hence can be conveniently used
to recover reaction products [Comanita & Aul Chimica Oggi 25 26 2007; Pace et al. Tetrahedron 67 2670
2011]. Cyclopentylmethyl ether has been used as an alternative to ethereal solvents such as THF [109-99-0],
1,4-dioxane [123-91-1], 1,2-dimethoxyethane [110-71-4] [Watanabe et al. Org Proc Res Dev 11 251 2007]. The
formation of peroxides is suppressed in cyclopentylmethyl ether [5614-37-9] and this solvent has a narrow
explosion range and can be easily dried. The use of cyclopentylmethyl ether as solvent has also been
demonstrated in a number of reactions including organometallic reactions, oxidation and reduction reactions
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and reactions with transition metal catalysts. Interestingly, a promising new sustainable solvent is glycerol.
Glycerol is an organic waste product from biodiesel production and hence is cheap, readily available and is
renewable. Glycerol is a non-toxic polar solvent that is able to dissolve inorganic salts, acids, bases, transition
metal complexes as well as organic compounds that are poorly miscible in water [Diaz-Alvarez Chem Commun
47 6208 2011; Gu & Jerome Green Chem 12 1127 2010]. The disadvantages of using glycerol as solvent are
the high viscosity as well as the possible reactivity of the hydroxyl groups in chemical transformations.
Nevertheless, the use of glycerol as solvent in a variety of organic transformations has been demonstrated. In
some cases, glycerol as solvent has a beneficial effect on reaction rates and selectivity. Due to glycerol’s
immiscibility with non-polar solvents, the use of glycerol facilitates isolation of reaction products and has been
used in separation processes.
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CHAPTER 4

PURIFICATION OF ORGANIC CHEMICALS
INTRODUCTION

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 as low a pressure as possible 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, and in particular Beilstein references, are included for most entries which refer the reader
directly or indirectly to the original sources. Substances are listed alphabetically in each section, 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 for chiral compounds. All temperatures are in centigrade
unless stated otherwise. When temperatures and/or 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
respectively; and most densities are relative to water at 4°C.

Ionisation constants of ionisable compounds are given as pK values (published in the literature) and refer to
the pKa values at room temperature (~15°C to 25°C). Values at other temperatures are given as superscripts,
e.g. pK3? for 30°C. Estimated values are entered as pKgg: (see Chapter 1, pp 34-36).

The present chapter includes commercially available organic chemicals. Most of the inorganic, metal-organic,
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 included for commonly used solvents and reagents which make them
suitable for general use in synthetic chemistry.

Abbreviations of titles of periodicals are defined as in the Chemical Abstracts Service Source Index (CASSI)
except that punctuation is deleted. Other abbreviations are self evident.

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 (see
Safety precautions associated with the purification of laboratory chemicals in Chapter 1, p 4).

Benzene has been used as a solvent successfully and extensively in the past for reactions and purification by
chromatography and crystallisation but is now considered a very dangerous substance. It should be used with
extreme care. We emphasise that an alternative solvent 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 (and storage) have to be performed in an efficiently running fumehood, and
precautions must be taken to avoid inhalation and contact with skin and eyes. An asterisk has been inserted in
the text, e.g. *C6H6 or “benzene, to remind the user that special precautions should be adopted.

This chapter consists of five sections viz: Aliphatic Compounds, Alicyclic Compounds, Aromatic Compounds,
Heterocyclic Compounds and Miscellaneous As, B, P, Si, S, Se, and Te Compounds.

Purification of Laboratory Chemicals. http://dx.doi.org/10.1016/B978-0-12-382161-4.00004-2
Copyright © 2013 Elsevier Inc. All rights reserved. 103
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ALIPHATIC COMPOUNDS

Acetal (acetaldehyde diethylacetal) /705-57-7] M 118.2, b 103.7-104°, d 3° 0.831, n ¥’ 1.38054, n25 1.3682.
Dry acetal over Na to remove alcohols and H,O, and to polymerise aldehydes, then fractionally distil. Or, treat it
with alkaline H,O, at 40-45° to remove aldehydes, then saturate with NaCl, separate, dry with K,CO3 and distil
it from Na [Vogel J Chem Soc 616 1948]. [Beilstein 1 1V 3103.]

Acetaldehyde /75-07-0] M 44.1, b 20.2°, d 2° 0.788, n 3’ 1.33113, pK25 13.57 (hydrate). Acetaldehyde is
usually purified by fractional distillation in a glass helices-packed column under dry N,, discarding the first
portion of distillate. Or, it is shaken for 30 minutes with NaHCO3, dried with CaSO4 and fractionally distilled at
760mm through a 70cm Vigreux column. The middle fraction is collected and further purified by standing for 2
hours at 0° with a small amount of hydroquinone (free radical inhibitor), followed by distillation [Longfield &
Walters J Am Chem Soc 77 810 1955]. [Beilstein 11V 3094.]

Acetaldehyde dimethyl acetal (1,1-dimethoxyethane) /534-15-6] M 90.1, b 63-65°, d 2° 0.852, n %’ 1.36678.
Distil the dimethyl acetal through a fractionating column and fraction boiling at 63.8°/751mm is collected. It
forms an azeotrope with MeOH. Alternatively, purify it as for acetal above. It has been purified by GLC.
[Beilstein 1 TV 3103.]

Acetamide /60-35-5] M 59.1, m 819, pK 75 -1.4, pK 3% +0.37. Acetamide is crystallised by dissolving in hot
MeOH (0.8ml/g), diluting with Et;O and allowing to stand [Wagner J Chem Edu 7 1135 1930]. Alternate
crystallisation solvents are acetone, *benzene, chloroform, dioxane, methyl acetate or *benzene/ethyl acetate
mixtures (3:1 and 1:1). It has also been recrystallised from hot water after treating with HCl-washed activated
charcoal (which had been repeatedly washed with water until free from chloride ions), then crystallised again
from hot 50% aqueous EtOH and finally twice from hot 95% EtOH [Christoffers & Kegeles J Am Chem Soc 85
2562 1963]. Finally it is dried in a vacuum desiccator over P»Os. Acetamide is also purified by distillation (b
221-2239) or by sublimation in vacuo. It has also been purified by two recrystallisations from cyclohexane
containing 5% (v/v) of *benzene. Needle-like crystals separate and are filtered, washed with a small volume of
distilled H,O and dried with a flow of dry N,. [Slebocka-Tilk et al. J Am Chem Soc 109 4620 1987, Beilstein 2
H175,2180,211177,2 111 384,21V 399.]

Acetamidine hydrochloride [/24-42-5] M 94.5, m 164-166°, 165-170°(dec), 174°, pK?5 12.40. The
hydrochloride can be recrystallised from small volumes of EtOH. Alfernatively, it is dissolved in EtOH, filtered,
Et,0 is added; filter the crystalline salt off under N, and dry it in a vacuum desiccator over HySO,4. The salt is
deliquescent and should be stored in a tightly stoppered container. Its solubility in H,O is 10% at room
temperature and it is soluble in Me,CO. The firee base reacts strongly alkaline in HyO. It has A,y 224nm

(e 4000) in HyO. The picrate has m 252° (sintering at ~245°). [Dox Org Synth Coll Vol I 5 1941, Davies &
Parsons Chem Ind (London) 628 1958, Barnes et al. J Am Chem Soc 62 1286 1940 give m 177-178°, Beilstein 2
H 185,2185,211183,2111416,21V 428.]

N-(2-Acetamido)-2-aminoethanesulfonic acid (ACES) [7365-82-4] M 182.2, m > 220°(dec), pKg ~1.5,
pK, 6.9. Recrystallise ACES from hot aqueous EtOH. [Perrin & Dempsey Buffers for pH and Metal Ilon
Control Chapman & Hall, London 1974, Beilstein 4 111 1707.]

N-(2-Acetamido)iminodiacetic acid (ADA) [26239-55-4] M 190.2, m 219°(dec), pK; ~2.3, pK, 6.6.
Dissolve ADA in water, add one equivalent of NaOH solution (to final pH of 8-9), then acidify with HCI to
precipitate the free acid. This is filtered off, washed with water and dried in vacuo. [Beilstein 4 IV 2441.]

Acetamidomethanol /[625-5/-4] M 89.1, m 47-50°, 54-56°, 55°. Recrystallise it from freshly distilled
Me,CO, wash the crystals with dry Et,O and dry them in a vacuum desiccator over P,Os. Rp 0.4 on paper
chromatography with CHCI3/EtOH (2:8) as solvent and developed with ammoniacal AgNOj3. It also crystallises
in needles from EtOAc containing a few drops of Me,CO. It is hygroscopic and should be stored under dry
conditions. [Bachmann et al. J Am Chem Soc 73 2775 1951, Walter et al. Chem Ber 99 3204 1966, Einhorn &
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Ladisch Justus Liebigs Ann Chem 343 265 1905, Beilstein 2 IV 405.]

Acetic acid (glacial) /64-19-7] M 60.1, m 16.6°, b 118°, d 3° 1.049, n ¥’ 1.37171, n?5 1.36995, pK25 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°.) Purify it by adding some acetic anhydride
to react with water present, heat it for 1 hour to just below boiling in the presence of 2g CrO3 per 100ml and then
fractionally distil it [Orton & Bradfield J Chem Soc 960 1924, Orton & Bradfield J Chem Soc 983 1927]. Instead
of CrOs, use 2-5% (w/w) of KMnQOy,, and boil under reflux for 2-6 hours. 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 distillation [Eichelberger & 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 & Bradfield J Chem Soc 983 1927]. Other suitable drying agents include anhydrous CuSQOy4
and chromium triacetate: P,O5 converts some acetic acid to the anhydride. Azeotropic removal of water by
distillation with thiophene-free *benzene or with butyl acetate has been used [Birdwhistell & Griswold J Am
Chem Soc 77 873 1955]. An alternative purification uses fractional freezing. [Beilstein 2 H 96,2 IV 94.]

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

Acetic anhydride /708-24-7] M 102.1, b 138°, d 2° 1.082, n %’ 1.3904. Adequate purification can usually be
achieved by fractional distillation through an efficient column. Acetic acid can be removed by prior refluxing
with CaC, or with coarse Mg filings at 80-90° for 5 days, or by distillation from a large excess of quinoline (1%
AcOH in quinoline) at 75mm pressure. Acetic anhydride can also be dried by standing with Na wire for up to a
week, removing the Na and distilling it under vacuum. (Na reacts vigorously with acetic anhydride at 65-70°).
Dippy & Evans [J Org Chem 15 451 1950] let the anhydride (500g) stand over P,O5 (50g) for 3 hours, then
decanted it and stood it with ignited K,COj3 for a further 3 hours. The supernatant liquid was distilled and the
fraction b 136-138° was further dried with P,O5 for 12 hours, followed by shaking with ignited K,CO3, before
two further distillations through a five-section Young and Thomas fractionating column. The final material
distilled at 137.8-138.0°. It can also be purified by azeotropic distillation with toluene: the azeotrope boils at
100.6°. After removal of the remaining toluene, the anhydride is distilled [sample had a specific conductivity of
5x1079 ohmlem™']. [Beilstein 2 H96,2139,21191,2 111 134,21V 94.]

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

Acetic hydrazide [/068-57-1] M 74.1, m 67° b 127°/18mm. Acetic hydrazide crystallises as needles from
EtOH. It reduces NH3/AgNO;. [Beilstein 2 H 191,21V 435.]

Acetoacetamide [5977-14-0] M 101.1, m 54-55°, 54-56°. Recrystallise the amide from CHCI;, or
Me,CO/petroleum ether. It also crystallises from pyridine with 4mols of solvent. It is slightly soluble in H,O,
EtOH and AcOH but is insoluble in Et,O. The phenylhydrazone has m 128°. [Kato Chem Pharm Bull Jpn 15
921 923 1967, Claisen & Meyer Chem Ber 35 583 1902, Beilstein 3 H 659, 3 1231, 3 1I1 1204, 3 IV 1545.]

Acetone [67-64-1] M 58.1, b 56.2°, d 3° 0.791, n %’ 1.35880, pK 75 —6.1 (basic, mono-protonated), pK 3°
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% of organic impurities but
may have up to about 1% of HyO. Dry acetone is appreciably hygroscopic. The main organic impurity in
acetone is mesityl oxide, formed by aldol condensation. It can be dried with anhydrous CaSO,4, K,CO3 or type
4A Linde molecular sieves, and then distilled. 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 MgSQy is an
inefficient drying agent, and CaCl, forms an addition compound. Drierite (anhydrous CaSO,) offers minimum
acid and base catalysis for aldol formation and is the recommended drying agent for this solvent [Coetzee & Siao
Inorg Chem 14 2 1987, Riddick & Bunger Organic Solvents Wiley-Interscience, N.Y., 3rd edn, /970]. Acetone
can be shaken with Drierite (25g/L) for several hours before it is decanted and distilled from fresh Drierite
(10g/L) through an efficient column, maintaining atmospheric contact through a Drierite drying tube.
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The equilibrium water content is about 1072M. Anhydrous Mg(ClO4), should not be used as drying agent as
there is a high risk of EXPLOSION with acetone vapour.

Organic impurities have been removed from acetone by adding 4g of AgNO5 in 30ml of water to 1L of acetone,
followed by 10ml of M NaOH, shaking for 10 minutes, filtering, drying with anhydrous CaSOy4 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 distilling. Refluxing with chromium
trioxide (CrO3) has also been used. Methanol has been removed from acetone by azeotropic distillation (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.] It has also been 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 & Malmstadt Anal Chem
54 1914 1982]. [Beilstein 1 TV 3180.]

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, d 3° 0.93. Dry the
cyanohydrin with Na,SO, and distil it as rapidly as possible under vacuum to avoid decomposition. Discard
fractions boiling below 78-82°/15mm. Store it in the dark. USE AN EFFICIENT FUME HOOD as HCN
(POISONOUS) is always present. [Cox & Stormont Org Synth Coll.Vol. Il 7 1940, Beilstein 3 H 316, 3 IV
785.]

Acetonedicarboxylic acid (3-oxoglutaric acid) /[542-05-2] M 146.1, m 138°(dec), pK?® 3.10. Crystallise it
from ethyl acetate and store it over P,Os. It decarboxylates in hot water. [Beilstein 31V 1816.]

Acetone semicarbazone [//0-20-3] M 115.1, m 187°, pK2?3 1.33. Acetone semicarbazone crystallises from
water or from aqueous EtOH. [Beilstein 3 H 101,3148,3 11 81,3 111 189,31V 179.]

Acetonitrile (methyl cyanide) /75-05-8] M 41.1, b 81.6°, d25 0.77683, n ]2)0 1.3441, n25 1.34163. Commercial
acetonitrile is a by-product 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 10 minutes, 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 CaSOy
and CaCl, are inefficient drying agents. Preliminary treatment of acetonitrile with cold, saturated aqueous 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 distilled 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,O5 can be removed by distilling from anhydrous K,COs5.

Kolthoff, Bruckenstein and Chantooni [J Am Chem Soc 83 3297 1961] removed acetic acid from 3L of
acetonitrile by shaking for 24 hours with 200g of freshly activated alumina (which had been reactivated by
heating at 250° for 4 hours). The decanted solvent was again shaken with activated alumina, followed by five
batches of 100-150g of anhydrous CaCl,. (Water content of the solvent was then less than 0.2%.) It was shaken
for 1 hour with 10g of P,Os, twice; and distilled in a Imx2cm column, packed with stainless steel wool and
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protected from moisture by CaCl, tubes. The middle fraction had a water content from 0.7 to 2mM.
Traces of unsaturated nitriles can be removed by initially refluxing with a small amount of aqueous KOH (1ml
of 1% solution per L). Acetonitrile can be dried by azeotropic distillation with dichloromethane, *benzene or
trichloroethylene. Isonitrile impurities can be removed by treatment with conc HCI until the odour of isonitrile
has gone, followed by drying with K,CO3 and distilling.

Acetonitrile is refluxed with, and distilled from alkaline KMnOy4 and KHSOy, followed by fractional distillation
from CaHj,. (This is better than fractionation from molecular sieves or passage through a type H activated
alumina column, or refluxing with KBH, for 24 hours and fractional distillation) [Bell et al. J Chem Soc,
Faraday Trans 173 315 1977, Moore et al. J Am Chem Soc 108 2257 1986].

Material suitable for polarography is obtained by refluxing over anhydrous AICl3 (15g/L) for 1 hour, distilling,
refluxing over Li,CO3 (10g/L) for 1 hour and redistilling. It is then refluxed over CaH, (2g/L) for 1 hour and
fractionally distilled, retaining the middle portion. The product is not suitable for UV spectroscopy use. A better
purification procedure uses refluxing over anhydrous AICI3 (15g/L) for 1 hour, distilling, refluxing over alkaline
KMnOy4 (10g KMnOy, 10g Li,CO3/L) for 15 minutes, and distilling. A further reflux for 1 hour over KHSO4
(15g/L), then distillation, is followed by refluxing over CaH; (2g/L) for 1 hour, and fractional distillation. The
product is protected from atmospheric moisture and stored under nitrogen [Walter & 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 KMnO4/LiCO; step. For electrochemical work involving high oxidation fluorides,
further reflux over P,Os (1g/ml for 0.5 hours) and distilling (discarding 3% of first and last fractions) and
repeating this step is necessary. The distillate is kept over molecular sieves in vacuo after degassing, for 24
hours and distilling in a vacuum 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 distilled from AgNO3, Payecting the middle fraction over freshly activated Al,O3. After
standing for two days, the liquid is distilled from the activated Al,O3. The specific conductivity should be 0.8-
1.0 x 108 mhos [Harkness & Daggett Can J Chem 43 1215 1965]. Acetonitrile 14C is best purified by gas
chromatography and is water free, and distils at 81°. [Beilstein 2 H 183,21V 419.]

Rapid procedure: Dry over anhydrous K,COj5 for 24 hours, followed by further drying for 24 hours over 3A
molecular sieves or boric anhydride, followed by distillation. Alternatively, stir over P,O5 (5% w/v) for 24 hours
then distil. However, this last method is not suitable for reactions with very acid sensitive compounds.

Acetonylacetone (2,5-hexanedione) [//0-13-4] M 114.2, m —9°, b 76-78°/13mm, 88°/25mm, 137°/150mm,
188°/atm, d 3° 0.9440, n 3" 1.423, pK2518.7. Purify it by dissolving in Et,O, stiring with K,CO3 (a quarter of
the weight of dione), filtering, drying over anhydrous Na;SO,4 (not CaCly), filtering again, evaporating the
filtrate and distilling it in a vacuum. It is then redistilled through a 30cm Vigreux column (oil bath temperature
150°). It is miscible with HyO and EtOH. The dioxime has m 137° (plates from *CgHg), the mono-oxime has b
130°/11mm, and the 2,4-dinitrophenylhydrazone has m 210-212° (red needles from EtOH). It forms complexes
with many metals. [Werner et al. Chem Ber 22 2100 1989, for enol content see Gero J Org Chem 19 1960 1954,
Beilstein 1 1V 3688.]

Acetoxime (acetone oxime) //27-06-0] M 73.1, m 63% b 135°/760mm, d 3° 0.901, pK“0 0.99. It crystallises
from petroleum ether (b 40-60°) and can be sublimed. [Beilstein 1 H 649, 11V 3202.]

Acetoxyacetone (acetonyl acetate, acetol acetone) /592-20-1] M 116.1, b 65°/11mm, 73-75°/17mm, 174-
176°/atm, d 2° 1.0757, n & 1.4141. Distil it in a vacuum, then redistil it at atmospheric pressure. It is miscible
with H,O, but is slowly decomposed by it. Store it in a dry atmosphere. The 2,4-dinitrophenylhydrazone has m
115-115.5° (from CHCls/hexane). [Perkin JrJ Chem Soc 59 789 1891, Reich & Samuels J Org Chem 21 68
1956, Nef Justus Liebigs Ann Chem 335 260 1904, Beilstein 2 IV 297.]

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 3° 0.9466, n 2’ 1.4622. The commercial sample is stabilised with 0.1% of p-
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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 Na,CO;, water, dried (Na,SO,4) and
distilled several times in a vacuum through a Widmer [Helv Chim Acta 7 59 1924] or Vigreux column [Wicterle
& Hudlicky Col Czech Chem Commun 12 564 1947, Hagemeyer & Hull Ind Eng Chem 41 2920 [949].
[Beilstein 2 111 295.]

1-Acetoxy-2-butoxyethane (2-butyloxyethyl acetate) ///2-07-2] M 160.2, b 61-62°/0.2mm, 75-76°/12mm,
185.5°/740mm, 188-192°/atm, d 3° 0.9425, n %’ 1.4121. Shake the ester with anhydrous Na,COs3, filter and
distil it in a vacuum. Redistillation can then be carried out at atmospheric pressure. [Dunbar & Bolstad J Org
Chem 21 1041 1956, Beilstein 2 1V 215.]

2-Acetoxyethanol (2-hydroxyethyl acetate) /[542-59-6] M 104.1, b 61°/1mm, 79-81°/12mm, 187°/761mm,
d 2% 1.108, n % 1.42. Dry the ester over K,CO3 (not CaCly), and distil it. [Davis & Ross J Chem Soc 3061
1950, rate of hydrolysis: Davis & Ross J Chem Soc 2706 1951, Beilstein 2 H 141,21 66, 2 11 154, 2 111 303, 2
IV 214]

1-Acetoxy-2-ethoxyethane /777-15-9] M 132.2, b 30°/3mm, 49-50°/12mm, 156-159°, d 2° 0.97, n % 1.406.
Shake the ethoxy-ethane with anhydrous Na,COs, filter and distil it in a vacuum. Redistillation can then be
carried out at atmospheric pressure. [Dunbar & Bolstad J Org Chem 21 1041 1956, Beilstein 2 IV 214.]

1-Acetoxy-2-methoxyethane /[//0-49-6/ M 118.1, b 30°/6mm, 40-41°/12mm, 140-144°/760mm, d ﬁo 1.009,
n ]2)0 1.4011. Shake the methoxy-cethane with anhydrous Na,COs3, filter and distil it in a vacuum. Redistillation
can be then be carried out at atmospheric pressure. [Dunbar & Bolstad J Org Chem 21 1041 1956, Beilstein 2
vV 214]

S-(-)-2-Acetoxypropionyl chloride /36394-75-9] M 150.6, b 51-53°/11mm, d ° 1.19, n 2} 1.423, [a] 77 -33°,
(c 4, CHCl3), [a] 23, —38° (¢ 4, CHCI3). It is moisture sensitive and is hydrolysed to the corresponding acid.
Check the IR spectrum. If the OH band above 3000cm™! is too large and broad then the mixture should be
refluxed with pure acetyl chloride for 1 hour, evaporated and distilled under reduced pressure. [Julia & Sans J

Chromatographic Sci 17 651 1979, Dolittle & Heath J Org Chem 49 5041 1984, Beilstein 3 11 189.]

S-Acetoxysuccinic anhydride /59025-03-5] M 158.1, m 58° (RS 81.5-82.5°, 86-87°), [a] 2° —26.0° (¢ 19,
Me,CO), [a] 2? —28.4° (¢ 13, Acy0). Recrystallise it from Ac,O and dry it in a vacuum over KOH, or by
washing it with dry Et,O due to its deliquescent nature. [Jones J Chem Soc 788 1933, Henrot et al. Synth
Commun 16 183 1986, Shiuey et al. J Org Chem 52 1040 1988, RS: Cohen et al. J Am Chem Soc 88 5306 1966.]

Acetylacetone (2,4-pentanedione, acac) //23-54-6] M 100.1, m —23°, 45°/30mm, b 140.4%/atm, d30-2 0.9630,
nl18:5 1.45178, pK ?° —5.0 (enol), —6.6 (keto), pK 35 8.95. Small amounts of acetic acid are removed by shaking
with small portions of 2M NaOH until the aqueous phase remains faintly alkaline. The sample, after washing
with water, is dried with anhydrous Na;SQy, and distilled through a modified Vigreux column [Cartledge J Am
Chem Soc 73 4416 1951]. An additional purification step is fractional crystallisation from the liquid.
Alternatively, there is less loss of acetylacetone if it is dissolved in four volumes of *benzene and the solution is
shaken three times with an equal volume of distilled water (to extract acetic acid): the ¥*benzene is then removed
by distillation at 43-53° and 20-30mm through a helices-packed column. It is then refluxed over P,O5 (10g/L)
and fractionally distilled under reduced pressure. The distillate (sp conductivity 4 x 10-3 ohm~lem™) is suitable
for polarography [Fujinaga & Lee Talanta 24 395 1977]. To recover used acetylacetone, metal ions are stripped
from the solution at pH 1 (using 100ml 0.1M H;SO4/L of acetylacetone). The acetylacetone is then washed with
(1:10) ammonia solution (100ml/L) and with distilled 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. [Beilstein 1 H 777, 11401, 1 II
831, 11I13113,11V 3662.]

Acetyl bromide /506-96-7] M 123.0, b 76-77°, d ﬁo 1.65. Boil acetyl bromide with PBr3/Ac,0 for 1 hour, then
distil the latter off and redistil it. Store it dry. [Burton & Degering J Am Chem Soc 62 227 1940, Beilstein 2 IV
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398.] LACHRYMATORY.

2-Acetylbutyrolactone /5/7-23-7] M 128.1, b 105°/5Smm, 120-123°/11mm, 142-143°/30mm, dﬁo 1.1846,
n# 1.459. Purify the lactone by distillation, which will convert any free acid to the lactone, alternatively
dissolve it in Et,O, wash well with 0.5N HCI, dry the organic layer and distil it. Its 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. [Matsuhawa Yakugaku Zasshi (J Pharm Soc Jpn) 62 417 1942, Willman &
Schinz Helv Chim Acta 35 2401 1952, Beilstein 17/11 V 16.]

Acetyl chloride /[75-36-5] M 78.5, b 52°, d 30 1.1051, n ]2)0 1.38976. Reflux acetyl chloride with PCls for
several hours to remove traces of acetic acid, then distil it. Redistil it from one-tenth its volume of
dimethylaniline or quinoline to remove free HCl. A.R. quality is freed from HCl by pumping it for 1 hour at
—78° and distilling it into a trap at —196°. [Beilstein 2 1V 395.] LACHRYMATORY.

Acetylene [74-86-2] M 26.0, m —80.8°, b —84°, pK?5 ~25. If very impure, acetylene should be purified by
successive passage through spiral wash bottles containing, in this order, saturated aqueous NaHSOy, H,0, 0.2M
iodine in aqueous KI (two bottles), sodium thiosulfate solution (two bottles), alkaline sodium hydrosulfite with
sodium anthraquinone-2-sulfonate as indicator (two bottles), and 10% aqueous KOH solution (two bottles). The
gas is then passed through a Dry-Ice trap and two drying tubes, the first containing CaCl, and the second,
Dehydrite [Mg(ClO,),] [Conn et al. J Am Chem Soc 61 1868 1939]. Acetone vapour can be removed from
acetylene by passage through H,O, then conc H,SOy, or by passage through two gas traps at —65° and —80°, conc
H,SO, and a soda lime tower, a tower of 1-mesh Al,O; then through H,SO, [Reichert & Nieuwland Org Synth
Coll Vol I 229 1941, Wiley Org Synth Coll Vol III 853 7955, Jones & Whiting Org Synth Coll Vol IV 793
1963]. Sometimes it contains acetone and air. These can be removed by a series of bulb-to-bulb distillations,
e.g. a train consisting of a conc H»SOy4 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 p15, for
pK, ISBN 0444409475, 2nd Edn Elsevier 1988, ISBN 0444429603, and below for sodium acetylide.] It is also
available commercially as 10ppm in helium, and several concentrations in N, for instrument calibration.
[Beilstein 1 TV 939.]

Sodium acetylide [1066-26-8] M 48.0, is prepared by dissolving Na (23g) in liquid NH; (1L) and bubbling
acetylene until the blue colour is discharged (ca 30 minutes) and evaporated 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
“Metal-organic Compounds”, Chapter 5.]

Acetylenedicarboxamide (Aquamycin, Cellocidin) /543-27-5] M 112.1, m 216-218°(dec), 219-221°(dec).
Acetylenedicarboxamide crystallises from MeOH and H,O [m 190-192°(dec) as hemihydrate]. When prepared
from the ester + NHj it has m 213°(dec). Also a melting point of 290-292°(dec) has been reported. [Saggimo J
Org Chem 22 1171 1857, Kharash et al. J Org Chem 10 392 1945, Blomquist & Winslow J Org Chem 10 156
1945, Beilstein 2 1317, 2 111 1995, 2 TV 2295.]

Acetylenedicarboxylic acid (butynedioic acid) //42-45-0] M 114.1, m 179°(anhydrous), pK }9 1.04, pK 129
2.50. The acid is soluble in Et,0 and crystallises from Et,O/petroleum ether (m 183-183.5°), or H,O as the
dihydrate which dehydrates in a desiccator over conc HySOy4 in a vacuum. The dipicrate crystallises from
aqueous ether. For the mono K salt see entry in “Metal-organic Compounds”, Chapter 5. [Abbott et al. Org
Synth Coll Vol Il 10 1943, Huntress et al. Org Synth Coll Vol 1V 329 1963, Beilstein 2 H 801,2 1317, 2 11 670,
2 111 1991, 2 IV 2290.]

N-Acetylethylenediamine /[/00/-53-2] M 102.1, m 50-51°, 51° b 128%3mm, 125-130°/Smm, 133-
139°/27mm, pK2?5 9.28. The acetyl-diamine 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 recrystallised from dioxane/Et,O. It is soluble in H,O, Et,O and *CgHg. The p-
toluenesulfonate salt can be recrystallised 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) [Aspinall J
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Am Chem Soc 63 853 1941, Hall J Am Chem Soc 78 2570 1956]. [Beilstein 4 IV 1193.]

Acetyl fluoride /557-99-3] M 62.0, b 20.5°/760mm, d3° 1.032. Purify acetyl fluoride by fractional
distillation. It attacks glass and is sold in steel cylinders. [Beilstein 2 H 172,2 179,211 175, 2 111 385, 2 IV
393.] TOXIC and LACHRYMATORY.

Acetyl iodide [507-02-8] M 170.0, b 39.5-40°/64mm, 108°/760mm. Purify it by fractional distillation.
[Beilstein 2 H 174,2 180, 2 11177, 2 111 393, 2 IV 399.] TOXIC and LACHRYMATORY.

3-(S-Acetylmercapto)isobutyric acid /RS 33325-40-5] M 162.2, m 40-40.5°% b ca 120°/1.25mm, pKg
~4.0. Distil the acid under high vacuum and recrystallise it from *C¢Hg. [Fredga & Mastersson Chem Abstr 38
3616 1944.]

Acetyl methanesulfonate [5539-53-7] M 170.2, b <1209/<0.01lmm. The main impurity is methanesulfonic
acid. Reflux it with redistilled acetyl chloride for 6-10 hours, i.e. until no further HCI is absorbed in a trap, and
exclude moisture. Distil off excess of AcCl and carefully distil it below 0.00lmm with the bath temperature
below 120° to give the anhydride as a pale yellow oil which solidifies below 0°. Below ~130° it gives the
disulfonic anhydride, and above ~130° polymers are formed, and it is used for cleaving ethers [Preparation, IR,
NMR: Karger & Mazur J Org Chem 36 528, 532 1971]. [Beilstein 2 H 166, 2 111 349.]

3-(Acetylthio)propionic acid [41345-70-4] M 148.2, m 48-52°, 52-54°, b 127-128°/3mm, pKg ~4.2. Purify
the propionic acid by distillation in a vacuum. It has Apax at 231nm (e 4200). It is a potential enzyme inhibitor

[Noda et al. J Am Chem Soc 75 914 1953, Clegg et al. J Am Chem Soc 121 5319 2004, Clegg & Hutchinson
Angew Chem, Int Edn 43 3716 2005]. [Beilstein 3 111 551,3 IV 731.]

N-Acetylthiourea [597-08-2] M 118.2, m 164-165°, 166-168°. Recrystallise the thiourea from AcOH; the
solid is washed with Et,O and dried in air then at 100°. [Zahradnik Col Czech Chem Commun 24 3678 1959,
Beilstein 3 TV 354.]

cis-Aconitic acid [585-84-2] M 174.1, m 126-129°(dec). Crystallise the cis-acid from water by cooling
(solubility is 1g in 2ml of water at 25°). Dry it in a vacuum desiccator. [Beilstein 2 TV 2405.]

trans-Aconitic acid (1,2,3-propenetriscarboxylic acid) /[4023-65-8] M 174.1, m 195°(dec), m 198-
199°(dec), 204-205°(dec), pK #° 2.81, pK 3° 4.46. Purify the trans-acid by dissolving it in AcOH (77g/150ml),
filtering and cooling. The acid separates (55g) as colourless needles. A further quantity (10g) can be obtained
by reducing the volume of the filtrate. The acid is dried in air then in a vacuum desiccator over NaOH. The acid
can be recrystallised from Me,CO/CHCIl3. The highest melting point is obtained with the very dry acid. A
melting point of 209° was obtained on a Dennis bar [Dennis & Shalton J Am Chem Soc 52 3128 1930, Bruce
Org Synth Coll Vol II 12 1943]. [Beilstein 2 IV 2405.]

cis-Aconitic anhydride /[6318-55-4] M 156.1, m 75°, 76-78°, 78-78.5°. Reflux it in xylene (7.5 parts) for 1
hour, then evaporate and recrystallise the residue from *CgHg. Alternatively, reflux it in Ac,O, evaporate and
recrystallise from *CgHg. It is sensitive to moisture, store dry. [IR: Groth & Dahlén Acta Chem Scand 21 291
1967, Malachowski & Maslowski Chem Ber 61 2523 1928, NMR: Gawron & Mahajan Biochemistry 5 2335
1966.] [Beilstein 18/8 V 530.]

Acrolein (acraldehyde, 2-propenal) /[707-02-8] M 56.1, fp —86.95°, b 25°/100mm, 52.69°/760mm (dt/dp
0.0355°/mm, d3° 0.839, n25 1.3992. Purify acrolein by fractional distillation, under nitrogen, drying with
anhydrous CaSO, and then distilling under vacuum. Blacet, Young and Roof [J Am Chem Soc 59 608 1937]
distilled it under nitrogen through a 90cm column packed with glass rings. To avoid formation of diacryl, the
vapour is passed through an ice-cooled condenser into a receiver cooled in an ice-salt mixture and containing
0.5g catechol. The acrolein is then distilled twice from anhydrous CuSQOy4 at low pressure, catechol being placed
in the distilling flask and the receiver to avoid polymerisation. [Alternatively, hydroquinone (1% of the final
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solution) can be used.] Respiratory irritant, work in an efficient fume cupboard. [Beilstein 11V 3435.]

Acrolein diacetyl acetal (1,1-diacetoxy-2-propene). [869-29-4] M 158.2, b 75°/10mm, 184°/atm, d ﬁ“ 1.08,
n ]2)0 1.4203. Check the NMR spectrum. If it is not satisfactory, then add Ac,O and a drop of conc H;SO4 and
heat at 50° for 10 minutes. 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; use
protective gloves. [Smith et al. / Am Chem Soc 73 5282 1951, Beilstein 2 H 154,2172,2 111 356, 2 1V 291.]

Acrolein diethyl acetal (3,3-diethoxy-I-propene or 1,1-diethoxy2-propene) /3054-95-3] M 130.2, b 120-
125%atm, n & 1.398-1.407. Add Na,CO; (ca 3.5%) and distil it using an efficient column, or better use a
spinning band column. [Witzemann et al. Org Synth Coll Vol 11 17 1943, Beilstein 1 H 727, 1 1378, 1 111 2960,
11V 3437.]

Acrolein dimethyl acetal (1,1-dimethoxy-2-propene) [6044-68-4] M 102.1, b 87.5-88%/750mm, 89-
90°/760mm, d 3° 0.86, n &’ 1.3962. Fractionally distil it (after adding 0.5g of hydroquinone) under reduced
pressure through an all glass column (40 cm 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 also
been used as packing. It is a highly flammable and TOXIC liquid; keep away from the skin. [Hall & Stern J
Chem Soc 2657 1955, Beilstein 11V 3437.]

Acrolein semicarbazone [6055-71-6] M 113.1, m 171°. It crystallises from water in needles. [Auwers &
Heineke Justus Liebigs Ann Chem 458 202 1927, Beilstein 1 11 785.]

Acrylamide [79-06-1] M 71.1, m 84°, b 125°/25mm. Crystallise acrylamide from acetone, chloroform, ethyl
acetate, methanol or *benzene/chloroform mixture, then vacuum dry and store it in the dark under vacuum.
Recrystallise it from CHCIl3 by dissolving 200g in 1L, heating to boiling and filtering without suction in a
warmed funnel through Whatman 541 filter paper; allowing to cool to room temperature and keeping at —15°
overnight. The crystals are collected with suction in a cooled funnel and washed with 300ml of cold MeOH.
The crystals are air-dried in a warm oven. [Dawson et al. Data for Biochemical Research, Oxford Press 1986 p.
449, Beilstein 2 1V 1471.]

CAUTION: Acrylamide is extremely TOXIC (neurotoxic), 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, 70°/50mm, d ‘2‘0 1.051, pK?25 4.25. It can be purified by
steam distillation, or vacuum distillation through a column packed with copper gauze to inhibit polymerisation.
(This treatment also removes inhibitors such as methylene blue that may be present.) Azeotropic distillation of
the water with *benzene converts aqueous acrylic acid to the anhydrous material. [Beilstein 2 H 397,21 186, 2
11383,2 111 1215,2 IV 1455.]

Acrylonitrile /707-13-1] M 53.1, b 78°, d 3° 0.806, n25 1.3886. Wash acrylonitrile with dilute H,SOy or
dilute H3POy, then with dilute Na,CO3 and water. Dry it with NaySOy4, CaCl, or (better) by shaking with
molecular sieves. Fractionally distil it under Np. It can be stabilised by adding 10ppm ferz-butyl catechol.
Immediately before use, the stabiliser can be removed by passage through a column of activated alumina (or by
washing with 1% NaOH solution if traces of water are permissible in the final material), followed by distillation.
Alternatively, shake it with 10% (w/v) NaOH to extract inhibitor, and then wash it in turn with 10% H,SO4, 20%
Na,COj3 and distilled water. Dry for 24 hours over CaCl, and fractionally distil under N, taking fraction boiling
at 75.0-75.5°C (at 734mm). Store it with 10ppm zert-butyl catechol. Acrylonitrile is distilled off when required.
[Burton et al. J Chem Soc, Faraday Trans 175 1050 1979, Beilstein 2 IV 1473.]

Acryloyl chloride /814-68-6] M 90.5, b 72-74°/740mm, 74°/760mm, d 3° 1.1127, n 3 1.4337. Distil acryloyl
chloride rapidly through an efficient 25cm column after adding 0.5g of hydroquinone/200g of chloride, and then
redistil it carefully at atmospheric pressure preferably in a stream of dry N,. [Stempel et al. J Am Chem Soc 72 72
1950, Gresham et al. J Am Chem Soc 72 2299 1950, Beilstein 21V 1471.] The liquid is an irritant and is



112 Chapter 4. Purification of Organic Chemicals — Aliphatic Compounds

TOXIC.

Adipic acid [724-04-9] M 146.1, m 154-154.5°, b 159.5°/0.1mm, 191°/5mm, 205.5°/10mm, 222.5°/20mm,
337.5°/760mm, pK 20 4.42, pK 30 5.41; pK 2> 4.44, pK 35 5.45; pK {0 4.54, pK 30 5.59. For use as a
volumetric standard, adipic acid is crystallised once from hot water with the addition of a little animal charcoal,
dried at 120° for 2 hours, then recrystallised from acetone and again dried at 120° for 2 hours. Other purification
procedures include crystallisation from ethyl acetate and from acetone/petroleum ether, fusion, followed by
filtration and crystallisation from the melt, and preliminary distillation under vacuum. [Beilstein 2 H 649, 2 1
277,211572,2 111 1705, 2 IV 1956.]

Diethyl adipate [141-28-6] M 202.3, m —20° to —19°, b 111°/5mm, 125°/10mm, 133°/15mm, 251%atm, d?5
1.0034, n 3’ 1.42776, is prepared in the usual way by boiling the acid and excess EtOH in the presence of a
catalytic amount of H,SOy4 and distilled. [Beilstein 2 H 652,21277,2 11574, 2 111 1721, 2 IV 1960.]

Adiponitrile (1,4-dicyanobutane) [/7/7-69-3] M 108.14, m 2.4°, b 123%/0.5mm, 153%/6mm, 175°/26mm,
1849/30mm, 295°/atm, d 3° 0.9396, n 2° 1.4371. Reflux adiponitrile over P,Os and POCI3, and fractionally
distil it, then fractionate it through an efficient column. The liquid is TOXIC and is an IRRITANT. [Braun &
Rudolph Chem Ber 67 1770 1934, Reppe et al. Justus Liebigs Ann Chem 596 127 1955, Gagnon et al. Can J
Chem 34 1662 1956, Copley et al. J Am Chem Soc 62 228 1940, Beilstein 2 1V 1947.]

Agaricic acid [1-(n-hexadecyl)citric acid] [/666-99-9] M 416.6, m 142°(dec), [a]p —9.8° (in NaOH), pKgq)
~2.7, PKggz) ~4-2, PKgga) ~5.5. Crystallise the acid from EtOH. The #rihydrazide has m 170°(dec) (from
EtOH). [Brandinge et al. Acta Chem Scand B 31 307 1977, Beilstein 31186,311372,3 111 1109, 3 IV 1284.]

Agmatine sulfate [S-guanidinopent-1-ylamine sulfate] /[2482-00-0] M 2283, m 231°, pKgyq) ~9.1,
PKgstz) ~13.0. Crystallise the salt from aqueous MeOH. The free base has m 101.5-103°, the gold chloride
hydrochloride crystallises from H,O with m 223°(dec), and the picrate has m 236-238°. [Odo J Chem Soc Jpn
67 132 1946, Beilstein 41420,4 11703, 4111 575,41V 1291.]

Aldol (3-hydroxybutanal) [107-89-1] M 88.1, b 80-81°/20mm, d'¢ 1.109. An ethereal solution of aldol is
washed with a saturated aqueous solution of NaHCO3, then with water. The non-aqueous layer is dried with
anhydrous CaCl, and distilled immediately before use. The fraction, b 80-81°/20mm, is collected as a thick
liquid which decomposes at 85°/atm. It is a sedative and a hypnotic, but is used in perfumery. [Mason et al. J
Am Chem Soc 76 2255 1954]. [Beilstein 1 H 824,11419,111 868, 11113195, 1 IV 3984.]

Aleuritic acid [RS-erythro-9,10,16-trihydroxyhexadecanoic acid] /533-87-9] M 304.4, m 100-101°, pK gs¢
~4.9. Crystallise this RS-acid from aqueous EtOH. It is soluble in MeOH, and forms a less soluble crystalline
sodium salt. The methyl ester m 72-73°, b 235°/0.2mm, is best prepared by reaction with diazomethane and
forms fine feathery needles; it is soluble in MeOH, EtOH, CHCI;, Me,CO, slightly soluble in *CgHg and
insoluble in petroleum ether. The ethyl ester [6003-09-4] m 59°, crystallises in needles from EtOH. The
hydrazide [6003-10-7] crystallises from EtOH and has m 139-140°.

The RS-acid has been isolated from Shellac although it has two asymmetric carbon atoms, and possibly contains
the RS-erythro or RS-cis form [Gidvani J Chem Soc 306 1944, Sengupta & Bose J Sci Ind Res (India) 11B 458
1952]. A stercoisomer have been synthesised [Hunsdieker Chem Ber 76 142 1943, Hunsdieker Chem Ber 77
185 1944]. [Beilstein 3 111 901.]

n-Alkylammonium chloride n=2,4,6. Recrystallise them from EtOH or an EtOH/Et,O mixture. [Hashimoto
& Thomas J Am Chem Soc 107 4655 1985, Chu & Thomas J Am Chem Soc 108 6270 1986.]

n-Alkyltrimethylammonium bromide 7»=10,12,16. Recrystallise them from an EtOH/Et;O mixture.
[Hashimoto & Thomas J Am Chem Soc 107 4655 1985.]

Allene (propadiene) [463-49-0] M 40.1, m —146°, b —32°. Freeze allene in liquid nitrogen, evacuate, then
thaw out. This cycle is repeated several times, then the allene is frozen in a methylcyclohexane/liquid nitrogen
bath and pumped for some time. It has also been purified by HPLC. [Cripps & Kiefer Org Synth 42 12 1962,
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Beilstein 11V 966.]

neo-Alloocimene (allocimene B, 7c-2,6-dimethyl-2,4,6-octatriene) [7216-56-0; cis/trans mixture 673-84-7;
trans/trans 3016-19-1] M 136.2, b 80°/13mm, 196-198°/atm, d 3° 0.8161, n %’ 1.5437. Fractionally distil
allocimene through an efficient column and repeatedly distil it at 15mm through a long column of glass helices,
with a final distillation from sodium under nitrogen. It should be stabilised with ca 0.1% of hydroquinone. Its
UV has Apax nm(e M lem™1) at 290 (32 500), 279 (41,900) and 278 (42,870). [Alder et al. Justus Liebigs Ann
Chem 609 1 1957, O’Connor & Goldblatt Anal Chem 26 1726 1954, Beilstein 11V 1106.]

Allyl acetate /591-87-7] M 100.1, b 103°, d 3° 0.928, n 1] 1.4004, n 2 1.4040. The ester is freed from
peroxides by standing with crystalline ferrous ammonium sulfate, then washed with 5% NaHCO3, followed by
saturated CaCl, solution. Dry it with NaySO4 and fractionally distil it in an all-glass apparatus. FLAMMABLE
LIQUID. [Beilstein 2 H 136,21V 180.]

Allylacetic acid (pent-4-enoic acid) /597/-80-0) M 100.1, m -22.5° b 83-84°/12mm, 90°/15mm, 187-
189°/~760mm, d 3° 0.9877, n &’ 1.4280, pK25 4.68. Distil the acid through an efficient column (allyl alcohol
has b 95-97°). It is characterised as the S-benzylisothiouronium salt m 155-158° (from 96% EtOH, or aqueous
EtOH) [Friediger & Pedersen Acta Chem Scand 9 1425 1955], and the 4-bromophenacyl ester has m 59.5-60.5°
(from 90% EtOH). Its solubility at 18° in solvents is: pyridine (57%), AcOH (7.3%), MeOH (5.4%), Me,CO
(3.2%), MeOAc (2.8%), EtOH (5.4%), H>O (1.8%), PrOH (1.6%), isoPrOH (0.27%). [Brown & Berkowski J
Am Chem Soc 74 1894 1952, Beilstein 2 1V 1542.]

Allyl alcohol /707-18-6] M 58.1, b 98°, d 3° 0.857, n % 1.4134. It can be dried with K,COj3 or CaSOy, or by
azeotropic distillation with *benzene followed by distillation under nitrogen. It is difficult to obtain it free of
peroxide. It has also been refluxed with magnesium and fractionally distilled [Hands & Norman /nd Chem 21
307 1945). [Beilstein 11V 2079.]

Allylamine /707-11-9] M 57.1, b 52.9°, d 3° 0.761, n & 1.42051, pK25 9.49. Purify allylamine by fractional
distillation from calcium chloride. It causes sneezing and tears. [Beilstein 4 1V 1057.]

Allyl bromide /706-95-6] M 121, b 70°, d 3° 1.398, n 2 1.46924. Wash the bromide with NaHCOj solution
then distilled water, dry (CaCl, or MgSQy), and fractionally distil. Protect it from strong light. [Beilstein 11V
754.] LACHRYMATORY, HIGHLY TOXIC and FLAMMABLE.

Allyl butyl ether [3739-64-8] M 114.2, b 64-65°/120mm, 117.8-118°/763mm, d 3° 1.4057, n %’ 0.7829.
Check the IR for the presence of OH str vibrations; if so then wash it well with H,O, dry it with CaCl, and distil
it through a good fractionating column. The liquid is an irritant. [Watanabe et al. J Org Chem 23 1666 1958,
Schueler & Hanna J Am Chem Soc 73 3528 1951, Beilstein 11V 2084.]

Allyl chloride /107-05-1] M 76.5, b 45.1°,d 3° 0.939, n 2" 1.4130. Likely impurities include 2-chloropropene,
propyl chloride, iso-propyl chloride, 3,3-dichloropropane, 1,2-dichloropropane and 1,3-dichloropropane. Purify
it by washing with conc HCI, then with Na,CO3 solution, dry it with CaCl,, and distil it through an efficient
column [Oae & Vanderwerf J Am Chem Soc 75 2724 1953]. [Beilstein 1 IV 738.] LACHRYMATORY,
TOXIC.

Allyl chloroformate /2937-50-0] M 120.5, b 56°/97mm, 109-110%/atm, d 3° 1.14, n & 1.4223. Wash the
chloroformate several times with cold H>O to remove alcohol and HCI and dry it over CaCl,. 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. [Fierz-David & Miiller J Chem Soc
12526 1924, Strain et al. J Am Chem Soc 72 1254 1950, Beilstein 3 1V 29.]

Allyl cyanide (3-butene nitrile) /[709-75-1] M 67.1, b —19.6°/1.0mm, 2.9°/Smm, 14.1°/5mm, 26.6°/20mm,
48.8°/60mm, 60.2°/100mm, 98°/400mm, 119°/760mm, d 3’ 0.8341, n%’ 1.406. The nitrile should be
redistilled at atmospheric pressure, then distilled under a vacuum to remove the final traces of HCN from the
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residue. Note that the residue from the first distillation may be difficult to remove from the flask and should be
treated with conc HNO3 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 41°, and (3:2) m 120°. All operations should be done in
an efficient fume hood as the liquid is flammable, may contain cyanide and is HIGHLY TOXIC.
[Supniewski et al. Org Synth Coll Vol 146 1941, Beilstein 21V 1491.]

Allyl disulfide (diallyl disulfide) /2/79-57-9] M 146.3, b 58-59%/5mm, 79-81°/20mm, 138-139%atm, d ‘2‘0
1.01, n ]2)0 1.541. Purify the disulfide by fractional distillation until the molar refractivity is in uniformly good
agreement with the calculated value [Small et al. J Am Chem Soc 69 1710 1947]. It has also been purified by
gas chromatography [retention times: Carson & Wong J Org Chem 24 175 1959, UV: Koch J Chem Soc 395
1949]. Tt is present in garlic. [Beilstein 11V 2098.]

Allyl iodide (3-iodopropene) /556-56-9] M 167.7, b 103°/760mm, d!2 1.848. Purify allyl iodide in a dark
room by washing with aqueous Na,SOj3 to remove free iodine, then dry with MgSO4 and distil at 43°/90 mm or
at atmospheric pressure to give a very pale yellow liquid. (This material, dissolved in hexane, can be stored in a
light-protected tight container at —5° for up to three months before free iodine can be detected, by its colour in
the solution.) Store it away from light. [Sibbett & Noyes J Am Chem Soc 75 761 1953, Beilstein 1 H 202, 1 1
84, 111172, 1111 714,11V 761.]

Allylisocyanate [1476-23-9] M 83.1, b 84°/atm, 87-89%atm, dﬁo 0.94, n]Z)O 1.417. Purify it as for
allylisothiocyanate below and it is TOXIC. [Beilstein 4 1V 1081.]

Allylisothiocyanate /57-06-7] M 99.2, m —80°, b 84-85°/80mm, 150°/760mm, 151°/atm, d 3° 1.017, n 3’
1.5268. Fractionate the isothiocyanate using an efficient column, preferably in a vacuum. It is a yellow
pungent, irritating and TOXIC (suspected CARCINOGEN) liquid. Store it in a sealed tube under N,. The
N'-benzylthiourea derivative has m 94.5° (from aqueous EtOH) [Weller et al. J Am Chem Soc 74 1104 1952].
[Beilstein 41V 1081.]

N-Allylthiourea (thiosinamine) //09-57-9] M 116.2, m 70-73°, 78°. Recrystallise it from H,O. It is soluble
in 30 parts of cold H,O, and it is soluble in EtOH but insoluble in *CgHg. It has also been recrystallised 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. An unstable crystalline form is obtained by recrystallising from the melt.
[McCrone et al. Anal Chem 21 421 1949, Beilstein 4 IV 1072.]

N-Allylurea [/557-11-9] M 100.1, m 85°. It crystallises from EtOH, EtOH/ether, EtOH/chloroform or
EtOH/toluene. [Beilstein 41V 1070.]

Aminoacetaldehyde dimethyl acetal (2,2-dimethoxyethylamine) /22483-09-6] M 105.1, m <-78° b
139.5°/768mm, 137-139%/atm, d 3° 0.9676 n 2 1.4144. Dry the acetal over KOH pellets and distil it through a
30cm vacuum jacketed Vigreux column. [Lawson J Am Chem Soc 75 3398 1953, Erickson et al. J Am Chem Soc
77 6640 1955, Beilstein 41V 1918.]

Aminoacetonitrile bisulfate [/5/-63-3] M 154.1, m 125°%dec), pK?5 5.34 (NH;). Recrystallise the
hydrogensulfate (1:1) from EtOH/Et,O (hygroscopic leaflets). The Sulfate (2:1) [5466-22-8] crystallises as flat
prisms from H,O/EtOH with m 166°(dec). [Stephen J Chem Soc 871 1931, Anslow & King J Chem Soc 2465
1929, Beilstein 4 111 1120.]

Aminoacetonitrile hydrochloride [6011-14-9] M 92.5, m 166-167°, 172-174°, pK?25 5.24 (NH,). The salt
recrystallises from dilute EtOH as hygroscopic leaflets. It is best to crystallise it from absolute EtOH/Et,O (1:1)
and then recrystallise it from absolute EtOH. The melting point recorded ranges from 144 to 174°. The free
base has b 58°/15mm with partial decomposition. [Klages J Prakt Chem [2] 65 189 1902, Mange J Am Chem
Soc 56 2197 1934, Goldberg & Kelly J Chem Soc 1371 1947, Beilstein 4 H 344, 4 1 468, 4 11 783, 4 111 1120, 4
IV 2363.]
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2-Amino-1-butanol /RS(*) 96-20-8, R(-) 5856-63-3, S(+) 5856-62-2] M 89.1, m ~ -2°, b 78-80°/10mm and
179-183°/atm for (£), 172-174%/atm for (+) or (-), pK® 10.353, pK?2° 9.672, pK®? 8.555. They are purified by
shaking with solid NaOH, filtering and distilling through a short column. The oxalate salt of the racemate has m
176°. They are strong bases and should be stored under N in the absence of CO,. The enantiomers have [a] &
+12.5° and —12.5° (c 2, EtOH). [Johnson & Degering J Org Chem 8 7 1943, Nagao et al. J Org Chem 51 2392
1986, Santaniello et al. J Chem Soc, Perkin Trans 1 919 1985, Beilstein 4 H 291, 4 IV 1705.]

2-Aminoethanol (ethanolamine) /[/47/-43-5] M 61.1, f 10.5°, b 72-73%/12mm, 171.1°/760mm, d 50 1.012,
n ]2)0 1.14539, pK?5 9.51. It decomposes slightly when distilled at atmospheric pressure, with the formation of
conducting impurities. Fractional distillation at about 12mm pressure is most satisfactory. After distillation, 2-
aminoethanol is further purified by repeated washing with ether and crystallising from EtOH (at low
temperature). After fractional distillation in the absence of CO», it is twice crystallised by cooling, followed
again by distillation. It is hygroscopic, and absorbs CO, from the atmosphere. [Reitmeier et al. J Am Chem Soc
62 1943 1940.] It can be dried by azeotropic distillation with dry *benzene. [Beilstein 4 IV 1406.]

2-Aminoethanol hydrochloride /2002-24-6] M 97.6, m 75-77°. Recrystallise the salt from EtOH. It is
deliquescent; store it dry. [Beilstein 4 1V 1406.]

2-Aminoethyl hydrogen sulfate (sulfuric acid mono-2-aminoethyl ester) /926-39-6] M 141.1, m 285-287°
(chars at 275°). Crystallise the sulfate ester from water or dissolve it in water and add EtOH. Wash this with
Et,0 and dry it in vacuo. [Beilstein 4111 1414.]

S-(2-Aminoethyl)isothiouronium bromide hydrobromide /56-/0-0] M 281.0, m 194-195°. Crystallise the
salt from absolute EtOH/ethyl acetate or MeOH. Store dry as it is Aygroscopic in a humid atmosphere. It is a
radioprotective agent. When refluxed in EtOH for 16 hours or H,O for 30 minutes, it decomposes to 2-amino-
4(5H)-thiazoline hydrobromide which on recrystallisation from isoPrOH/EtOAc has m 175-176° [Doherty et al.
J Am Chem Soc 79 5667 1957].

(2-Aminoethyl)trimethylammonium chloride hydrochloride (chloramine chloride hydrochloride) /3399-
67-5] M 175.1, m 268°(dec). Crystallise the hydrochloride from EtOH. The material is very soluble in H,O.
[Beilstein 4 11 690.]

Aminomalononitrile toluene-4-sulfonate [5098-14-6] M 253.4, m 168-170°, 172°(dec), pKgg ~ 1.3. It forms
colourless crystals on recrystallisation from MeCN (1.8g in 100mL) using activated charcoal. Wash the crystals
with dry Et,0 and dry them at 25°/Imm. Recovery is ~80%. [Ferris et al. Org Synth Coll Vol V 32 1973.]

(+¥)-2-Amino-4-methylhexane (Forthane, 1,3-dimethy12pentylamine) [105-41-9] M 115.2, b 131-133%atm,
130-135%atm, 135-136°/atm, d ‘2‘0 0.760, ni)s 1.4160, nD4 1.4160, pK25 10.54. This strong base is obtained by
catalytic hydrogenation of 4-methylhexan-2-one oxime (57g) in EtOH (50ml) with Raney Ni (6g) in a bomb at
75-80° and 1000psi of Hy, cool, filter off the catalyst, acidify with HCI, and evaporate to dryness. Basify the
residue with aqueous NaOH, extract it with Et,O, dry the extract (MgSQy), filter, evaporate, and distil to give
the base in 75-80% yield. It forms a sulfate salt m 215-220°(dec), and it readily forms a carbonate salt, hence it
should be stored in the absence of CO,. It is physiologically active as an opium pressor and is adrenergic.
[Rohrmann & Shonle J Am Chem Soc 66 1516 1944, Chiang J Clin Chem Soc 18 65 1951, USP to E. Lilly
2350318 (1943) Chem Abstr 39 1510 1945, USP 2386273 (1943) Chem Abstr 40 598 1946, Beilstein 4 111 378, 4
IV 747.]

2-Amino-2-methyl-1,3-propanediol ///5-69-5] M 105.1, m 111°, b 151-152°/10mm, pK?25 8.80. Crystallise
the diol three times from MeOH, dry in a stream of dry N, at room temperature, then in a vacuum oven at 55°.
Store it over CaCl, [Hetzer & Bates J Phys Chem 66 308 1962]. [Beilstein 4 IV 1881.]
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2-Amino-2-methyl-1-propanol (B-aminoisobutanol) //24-68-5] M 89.4, m 24°, 31°, b 67°/10mm, 164-
166°/760mm, d 3° 0.935, n 2 1.45, pK259.71. Purify it by distilling and fractional freezing. The hydrochloride
[3207-12-3] has m 204°-206°. [Beilstein 4 111783, 4 IV 1740.]

n-Amyl acetate (n-pentyl acetate) /628-63-7] M 130.2, b 149.2°, d ° 0.876, n 2 1.40228. Shake the ester
with saturated NaHCO3 solution until neutral, washed it with water, dry with MgSOy4 and distil it. The ester has
also been purified by repeated fractional distillation through an efficient column or spinning band column.
[Timmermann & Hennant-Roland J Chim Phys 52 223 1955, Mumford & Phillips J Chem Soc 75 1950, 'H
NMR: Crawford & Foster Can J Phys 34 653 1956, Beilstein 2 1V 152.]

n-Amyl alcohol (1-pentanol) /7/-41-0] M 88.2, b 138.1°, d!5 0.818, n 3’ 1.4100. Dry I-pentanol with
anhydrous K»,COj3 or CaSOy, filter and fractionally distil it. It has also been treated with 1-2% of sodium and
heated at reflux for 15 hours to remove water and chlorides. Traces of water can be removed from the near-dry
alcohol by refluxing it with a small amount of sodium in the presence of 2-3% n-amyl phthalate or succinate
followed by distillation (see ethanol).

Small amounts of amyl alcohol have been purified by esterifying with p-hydroxybenzoic acid, recrystallising the
ester from CS,, saponifying with ethanolic-KOH, drying with CaSO4 and fractionally distilling [Olivier Rec
Trav Chim Pays Bas 55 1027 1936). [Beilstein 11V 1640.]

tert-Amyl alcohol (2-methyl-2-butanol) /75-85-4] M 88.2, m —12°, b 102.3°, d'5 0.8135, n 3" 1.4058. Reflux
it with K,CO3, CaH,, CaO or sodium, then fractionally distil. The near-dry alcohol is further dried by refluxing
with Mg activated with iodine, as described for ethanol. Further purification is possible using fractional
crystallisation and zone refining at <—10° or preparative gas chromatography. [Beilstein 11V 1668.]

n-Amylamine [1-aminopentane] ///0-58-7] M 87.2, b 105°, d 3° 0.752, pK?5 10.63. Dry it by prolonged
shaking with NaOH pellets, then distilling. Store it in a CO,-free atmosphere. [Beilstein 4 IV 674.]

n-Amyl bromide (n-pentylbromide) /1/0-53-2] M 151.1, b 129.7°, d3° 1.218, n ¥’ 1.445. Wash the
bromide with conc HySOy, then water, 10% Na,COj3 solution, again with water, dry with CaCl, or K,CO3, and
fractionally distil it just before use. [Beilstein 11V 312.]

n-Amyl chloride (1-chloropentane) /543-59-9] M 106.6, b 107.8°, d 3° 0.882, n 2 1.41177. Purify as for sec-
amyl chloride. [Beilstein 11V 309.]

sec-Amyl chloride (1-chloro-2-methylbutane) /61/6-13-7] M 106.6, b 52.2°/150mm, 96-97° (100°)/760mm,
d 3° 0.886, n % 1.412. Purify the chloride by stirring vigorously with 95% H,SOy, replacing the acid when it
becomes coloured, until the layer remains colourless after 12 hours stirring. The amyl chloride is then washed
with saturated Na,CO3 solution, then distilled water, and dried with anhydrous MgSQ,, followed by filtration,
and distillation through a 10-in Vigreux column. Alfernatively, a stream of oxygen containing 5% ozone is
passed through the amyl chloride for three times as long as it takes to cause the first coloration of starch iodide
paper by the exit gas. The liquid is washed with NaHCOj solution to hydrolyse the ozonides and remove
organic acids prior to drying and fractional distillation [Chien & Willard J Am Chem Soc 75 6160 1953]. The
S(+)-enantiomer has b 50-51°/140mm, 100°/760, mm, [o] & +1.64° (neat) [Brown et al. J Am Chem Soc 62 3437
1940]. [Beilstein 1 H 134,1146, 1111 356, 1 IV 326.]

ter-Amyl chloride (2-chloro-2-methylbutane) /594-36-5] M 106.6, b 86°, d 0.866. Methods of
purification commonly used for other alkyl chlorides lead to decomposition. Unsaturated contaminants are
removed by chlorination with a small amount of chlorine in bright light, followed by distillation [Chien &
Willard J Am Chem Soc 75 6160 1953]. [Beilstein 1 H 134,1146,111100, 1 11 357, 1 IV 324.]

Amylene (B-iso-amylene, 2-methyl-2-butene) /5/3-35-9] M 70.1, b 37-38°/~760mm, d 3° 0.663, n %’ 1.387.
Distil amylene and collect the distillate at low temperature. It has also been distilled from sodium.
FLAMMABLE. It is available in steel cylinders and has a short shelf life. [Beilstein 1 H211,1187, 111 187, 1
111 788, 1 IV 820.]
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Amyl ether (dipentyl ether) /693-65-2] M 158.3, b 186.8%, d io 0.785, n 2 1.41195. Repeatedly reflux amyl
ether over sodium and distil it. [Beilstein 11V 1643.]

Arachidic (eicosanoic Cyg) acid [506-30-9] M 312.5, m 77°, pKgs ~5.0. Crystallise the Cyg acid from
absolute EtOH. [Beilstein 21V 1276.]

Arachidic alcohol (1-eicosanol Cyg) [629-96-9] M 298.6, m 65.5° (71°), b 200°/3mm. Crystallise the Cyg
alcohol from *benzene or *benzene/petroleum ether. [Beilstein 11V 1900.]

Azelaic acid (1,9-nonanedioic acid, heptane-1,7-dicarboxylic acid) /723-99-9] M 188.2, m 105-106°, b
225°/10mm, 256°/50mm, pK %5 4.53, pK3® 5.33. Recrystallise it from H,O (charcoal) or thiophene-free
*benzene. The acid can be dried by azeotropic distillation with toluene, the residual toluene solution is then
cooled and filtered, and the precipitate is dried in a vacuum oven. It has been purified by zone refining or by
sublimation onto a cold finger at 10-3torr. It distils above 360° with partial formation of the anhydride. The
dimethyl ester has m —3.9° and b 140°/8mm. [Hill & McEwen Org Synth Coll Vol Il 53 1943, Beilstein 2 IV
2055.]

2,2'-Azobis(isobutyronitrile) (a,a’bis-azo-[2-methylpropionitrile], AIBN) /78-6/-1] ™M 164.2, m 102.1-
103.2°, 103°, 103-104°. Crystallise the nitrile from Et,O, Me,CO, CHCl3, aqueous EtOH or MeOH. It has also
been crystallised from absolute EtOH below 40° in subdued light. Dry it under vacuum at room temperature
over P>,Os5 and store it under vacuum in the dark at <—10° until required. Also crystallise it from CHCIl3 solution
by addition of petroleum ether (b <40°). It is a radical inhibitor. [Askham et al. J Am Chem Soc 107 7423 1985,
Ennis et al. J Chem Soc, Dalton Trans 2485 1986, Inoue & Anson J Phys Chem 91 1519 1987, Tanner J Org
Chem 52 2142 1987.] 1t is prepared by the oxidation of N,N-bis(isobutyronitrile)hydrazine by addition of the
solid hydrazine (4.15g, 0.025mole) to a solution of HNO3 (100%, 6.5g, 0.1mol) and Ac,O (30ml) (0.1mole)
which are previously mixed at -30°. As the temperature rises to —20° the solid begins to dissolve and the colour
of the solution turns to green, and dissolution is complete at ~5°. After stirring at 25° for 0.5 hours, the solution
is poured onto cracked ice and H,O (100ml), the product separates out, is filtered off, washed free from acid
with HyO. The solid (m 95-100°) is dried in vacuo, recrystallised from 50% EtOH and from Et,O to give pure
AIBN (2.5g, 60%), m 105°. [Picard & Boivin Can J Chem 29 223 1951.] Alternatively, the hydrazine (0.989g,
6mmol) is added to a solution of glacial acetic acid (40ml) and concentrated HySO,4 (3ml) at ~0°, followed by
addition of NaMnO,.3H,0 (1.8g) in H,O (25ml). MnO, separates immediately, excess of NaMnO, and MnO,
are reduced with aqueous sodium bisulfite and poured into HyO. AIBN separates, is filtered off, washed with
H,0, dried in a vacuum desiccator and recrystallised as above to give pure azo compound (0.61g, 63%).
[Overberger & Lebovitz J Am Chem Soc 76 2722 1954, Overberger et al. J Am Chem Soc 71 2661 1949.]
[Beilstein 4 H 563, 41566, 4 111 1750, 4 IV 3377.]

Azomethane (dimethyldiimide) /503-28-6/ M 58.1, m —78%, b 1.5°, d}f 0.981, n |3 1.3933. Purify azomethane
by distillation in a vacuum line and store it in the dark at —80°. It is soluble in EtOH, Et,O and EtOAc. It can be
EXPLOSIVE. [Beilstein 4 H 562, 41566, 4 11 966, 4 111 1747, 4 IV 3366.]

B.A.L. (British Anti-Lewesite) sece 2,3-dimercapto-1-propanol.

Batyl alcohol (rac-3-[1-octadecyloxy|-1,2-propanediol) /[544-62-7] ™M 344.6, m 70.5-71°. Batyl alcohol
crystallises from aqueous Me,CO, EtOH or petroleum ether (b 40-60°). [Taguchi & Armarego Med Res Rev 18
pp43-88 1998, Beilstein 11V 2758.]

Behenoyl chloride (docosanoyl chloride) [27/732-76-3] M 359.0, m 40°. If the IR shows OH bands, then it
should be dissolved in oxalyl chloride in *CgHg solution and warmed at 35° for 24 hours in the absence of
moisture, evaporated and distilled in a vacuum of 10 5mm. It is soluble in *CgHg and Et,O. It is moisture
sensitive and is LACHRYMATORY. [Francis et al. J Chem Soc 1001 1937, Levene & Taylor J Biol Chem 59
905 1924, Beilstein 2 111 1076.]
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Biacetyl (butan-2,3-dione) /437-03-8] M 86.1, b 88°, d 3 0.981, n85 1.3933. Dry biacetyl over anhydrous
CaS0y, CaCl, or MgSOy, then distil it in a vacuum under nitrogen, taking the middle fraction and storing it at
Dry-Ice temperature in the dark (to prevent polymerisation). [Beilstein 11V 3644.]

Biguanide /56-03-1] M 101.1, m 130° pK 75 3.1, pK 33 12.8. Crystallise biguanide from EtOH. It gives a red
Cu derivative, and it forms salts with many metals. The monohydrochloride has m 235° [38664-03-8] and the
dihydrochloride forms plates with m 248° (213-214°, also reported) [25836-74-2]. [Beilstein 3 H93,3144,3
1I76,311171,31V 162.]

Bis-acrylamide (N,V'-methylene bisacrylamide) /[//0-26-9] M 154.2, m >300°. Recrystallise the amide
from MeOH (100g dissolved in 500ml boiling MeOH) and filter without suction in a warmed funnel. Allow to
stand at room temperature and then at —15°C overnight. The crystals are collected with suction in a cooled funnel
and washed with cold MeOH. The crystals are air-dried in a warm oven. [Beilstein 2 IV 1472.] VERY TOXIC
(neurotoxic).

Bis(B-chloroethyl)amine hydrochloride /821-48-7] M 178.5, m 214-215°, 216-217°, pKg, ~5.8 (free base).
Crystallise the salt from Me,CO or MeOH/Et,O. The picrate has m 112-113° (from EtOH or Me,CO). [Mann
J Chem Soc 464 1934, Ward J Am Chem Soc 57 915 1935, Beilstein 4 111 238.]

Bis(B-chloroethyl) ether /171-44-4] M 143.0, b 94°/33mm, 178.8°, d ﬁo 1.220, n & 1.45750. Wash the ether
with conc H;SOy4, then NayCO3 solution, dry with anhydrous Na,COjs, and finally pass it through a 50cm
column of activated alumina before distillation. Alternatively, wash it with 10% ferrous sulfate solution to
remove peroxides, then H,O, dry with CaSQy, and distil it in a vacuum. Add 0.2% of catechol to stabilise it.
[Beilstein 11V 1375, Kamm & Waldo J Am Chem Soc 43 2223 1921.] VERY TOXIC.

2,2'-Bis[di-(carboxymethyl)-amino]diethyl ether, (HOOCCH,);NCH,CH,OCH,CH;N-(CH,COOH),
[923-73-9] M 336.3, pK ?° 1.8, pK 3° 2.76, pK 3° 8.84, K 3° 9.47. Crystallise it from EtOH.

Bis(2-ethylhexyl) sebacate [‘dioctyl’ sebacate, di(2-ethylhexyl) 1,8-octanedicarboxylate] /[7/22-62-3] M
426.7, b 212°/1mm, d 2° 1.914, n ¥’ 1.4496. If it is acidic due to hydrolysis (effervesces with NaHCO3), then
purify by dissolving in Et,O, shaking with aqueous NayCOs3, dry (NaySQOy), filter, evaporate and distil the
residue at a high vacuum. Note that 2-ethylhexan-1-ol has b 184-185°/760mm with estimated b ~40-50°/1mm
(see Figure 1, and Table 2A, Chapter 1) and will distil at a much lower temperature than the ester. Otherwise it
should be distilled through a short column under high vacuum and the higher boiling fraction is redistilled. This
vacuum pump oil can be prepared by esterifying decanedioic acid with 2-ethylhexanoic acid by Fischer-Speier’s
method (Fiscer & Speier Chem Ber 28 1150 1895], whereby dry HCI gas is bubbled through the alcohol until its
weight is increased by ~10%, the acid is added, the mixture is heated at 100° until esterification is complete (~2-
3 hours), and purified as above. [Bruno USPat 2628249 1953, GBPat 747260 1956, Beilstein 2 IV 2803.]

N,N-Bis(2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) /10/91-18-1] M 213.3, m 150-155°, pK?25 7.17.
Crystallise BES from aqueous EtOH. [Beilstein 4 IV 3290.]

Bis(2-hydroxyethyl)amino-tris-(hydroxymethyl)methane (BIS-TRIS) /6976-37-0] M 209.2, m 89°, 104°,
pK?" 6.46. Crystallise BIS-TRIS from hot 1-butanol and dry it in a vacuum at 25°.

N,N-Bis(2-hydroxyethyl)glycine (BICINE) See in “Amino Acids and Peptides”, Chapter 7.

Bis(2-mercaptoethyl)sulfone (BMS) /145626-87-5] M 186.3, m 57-58°, pK 3° 7.9, pK 3° 9.0. BMS
recrystallises from hexane as white fluffy crystals. Large amounts are best recrystallised from de-oxygenated
HyO (charcoal). It is a good alternative reducing agent to dithiothreitol.  Its IR (film) has
Vimax [ 2995, 2657, 1306, 1248, 1124 and 729 cm™!. The synthetic intermediate thioacetate has m 82-83°
(white crystals from CCly). The disulfide is purified by flash chromatography on SiO, and elution with 50%
EtOAc/hexane, recrystallised from hexane, and has m 137-139°. [Lamoureux & Whitesides J Org Chem 58
633 1993, Beilstein 11V 2455.]
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Bis(trichloromethyl) carbonate (triphosgene) /[32315-10-9] M 296.8, m 79-83°, 81-83°, b 203-206°(slight
dec). It is a good solid substitute for phosgene (using a third mol per mol). Crystallise it from petroleum ether
(b 60-80°), wash it with anhydrous cold Et,O, de-gas it at 200mm then dry at 0.1mm (over H,SO,). It has IR
with Ve at 900 and 1900 cm!. It is a lachrymator, is TOXIC, and should be handled with gloves and in an
efficient fume hood. [Hales et al. J Chem Soc 620 1957, Eckert & Forster Angew Chem, Int Ed Engl 26 894
1987, Aldrichimica Acta 21 47 1988, Beilstein 3H 17,318,31116,3 111 36,3 1V 33.]

Bistrifluoroacetamide (BTFA) /407-24-9] M 209.1, m 85° b 135-136°/744mm, 141°/760mm. A major
impurity is trifluoroacetamide. Add trifluoroacetic anhydride to BTFA, reflux for 2 hours and fractionate using a
Vigreux column at atmospheric pressure. [Donike J Chromatogr 78 273 1973, Beilstein 2 1V 471.]

Biuret (allophanic acid amide, carbamoylurea) /[/08-19-0] M 103.1, sinters at 218° and chars at 270°,
pK #° —0.88, pK 35 >4. Crystallise biuret from EtOH. [Beilstein 31V 141.]

N-Bromoacetamide /[79-15-2] M 138.0, m 102-105°, 107-109°, 108°(anhydrous). A possible contaminant is
CH3CONBrj. Recrystallise it from CHClz/hexane (1:1, seed if necessary) or water and dry over CaCl,. Itis a
brominating agent. [Oliveto & Gerold Org Synth Coll Vol IV 104 1963.] Alternatively, dissolve it in the
minimum volume of warm H,O (60°), then cool in an ice bath, collect the crystals and dry them in an anhydrous
atmosphere, dissolve in Et,O, chill and evaporate till crystallisation. Dry the crystals in vacuo at 25°, then at 45°
(m 108°). Crystallise from CHCl3 (m 103°). Estimate the available Br iodometrically [Buckles et al. J Org Chem
23 483 1958). [Beilstein 2 H 181,2 182,211 180, 2 111 406, 2 IV 417.]

Bromoacetic acid /79-08-3] M 138.9, m 50°, b 118°/15mm, 208°/760mm, d25 1.93, pK?252.92. Crystallise
bromoacetic acid from pet ether (b 40-60°). A diethyl ether solution of it is passed through an alumina column,
and the ether is evaporated at room temperature under vacuum. It is best obtained by distillation from a Claisen
(flask immersed in an oil bath) fitted with an insulated Vigreux column and the fraction b 108-110°/30mm is
collected. It is light and moisture sensitive. [Natelson & Gottfried Org Synth Coll Vol Il 381 1955, Beilstein 2
IV 526.] LACHRYMATORY and is a skin IRRITANT.

Bromoacetone [598-3/-2] M 137.0, b 31.5%/8mm, 63.5-64°/50mm, 137%atm, d?3 1.643. Stand
bromoacetone over anhydrous CaCOs, filter, distil it under low vacuum, and store it with CaCOj3 in the dark at
0°. [Levene Org Synth Coll Vol II 88 1943.] Violently LACHRYMATORY and skin IRRITANT.

2-Bromobutane /78-76-2] M 137.0, b 91.2°, d 3° 1.255, n % 1.4367, n25 1.4341. Wash 2-bromobutane with
conc HCI, water, 10% aqueous NaHSO3, and then water. Dry it with CaCl,, NaySOy4 or anhydrous K,CO3, and
fractionally distil it through a 1m glass helices packed column. [Beilstein 11V 261.]

Bromoform /75-25-2] M 252.8, m 8.1°, 55-56°/35mm, 149.6°/760mm, d'5 2.9038, d3° 2.86460, n!5 1.60053,
n 3 1.5988. The storage and stability of bromoform and chloroform are similar. Ethanol, added as a stabiliser,
is removed by washing with H,O or with saturated CaCl, solution, and the CHBr3, after drying with CaCl, or
K,COs, is fractionally distilled. Prior to distillation, CHBr3 has also been washed with conc H,SOy4 until the
acid layer is no longer coloured, then dilute NaOH or NaHCOj3, and H,O. A further purification step is
fractional crystallisation by partial freezing. [Beilstein 11V 82.]

(£)-2-Bromohexadecanoic acid (2-bromopalmitic acid) //8263-25-7] M 335.3, m 51-53°, 52.3-52.59, 53¢,
pKgs ~3.2. Recrystallise the acid from petroleum ether (b 60-80°, charcoal) and finally from EtOH. The ethy!
ester has b 177-178°/2mm, d 3§ 1.0484, n 20 1.4560. [IR: Sweet & Estes J Org Chem 21 1426 1956, Beilstein 2
IV 1184.]

6-Bromohexanoic acid (6-bromocaproic acid) /[4224-70-8] ™M 195.1, m 32-33°, 359, 34-36°, b 129-
130°/5Smm. It has been prepared by the oxidation of 6-bromohexanol with concentrated HNOj5 (sp. gr. 1.42, one
hour for addition at 25-300, stir at ~25° for 4 hours then at 100° for 45 minutes) [Degering & Boatright J Am
Chem Soc 72 5137]. It is made more conveniently by oxidation of cyclohexanone (174 g) with Caro’s acid
(using a mixture prepared from 919g of potassium persulfate for 10-15 minutes as in Barger et al. J Chem Soc
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718 1937), and the crude lactones (200g) are treated with a cooled mixture of 48% HBr (1L) and concentrated
H,SO4 (240ml). After standing at ~25° for 2 hours, then for 4 hours at 100°, the mixture is cooled, poured into
H,O0, the organic layer is separated, the aqueous layer is saturated with (NH4),SOy, and is extracted with Et,0.
The combined organic layers and extracts are washed with saturated (NH4),SOy, dried (Mg;SOy), evaporated
and distilled in a vacuum. [See Brown & Partridge J Am Chem Soc 66 839 1944, Degering & Boatright J
AmChem Soc 72 5137 1950]. [Beilstein 2 11 287, 2 111 737, 2 IV 940.] When the acid is refluxed with SOCl, in
the absence of moisture until all the HC1 and SO, have evolved, then evaporated, and the residue is distilled in a
vacuum, it provides 6-bromohexanoyl chloride /22809-37-6] M 213.5, b 130°/20mm, d 25 1.395, n %)0 1.486
as an almost colourless oil which is typically reactive and corrosive like most acid chlorides. [Osmond J Chem
Soc 3469 1951]. 6-Bromohexanamide has m 107-108°, and the anilide has m 84°. [ Beilstein 2 IV 940.]

S-(+)-1-Bromo-2-methylbutane /[534-00-9] ™M 151.1, b 38.2°/39mm, 49°/62mm, 60.8°(57-58°)/100mm, 65-
65.6°/140mm, 116-122%/atm, d 3° 1.2232, n§} 1.4453, [a] 2° +5.1° (¢ 5, CHCl3) (neat, +5.8°). Wash the
bromobutane with ice-cold H,O, dry by freezing, shake it twice with an equal volume of HySO4 at 0°, and twice
with an equal volume of H,O at 0°. Freeze-dry and keep over freshly heated (and then cooled) K,CO3, and
distil it through a vacuum jacketed column of broken glass. Alternatively, dissolve it in petroleum ether (b 40-
60°), wash it with 5% NaOH, conc H>SOy4 (at 0°), then H,O, dry (CaCl,), evaporate it and distil. [Heller J Am
Chem Soc 74 4858 1952, Foley J Am Chem Soc 81 2779 1959, Easton & Hargreaves J Chem Soc 1413 1959,
Crombie & Harper J Chem Soc 2685 1950, Beilstein 11V 327.]

2-Bromo-2-methylpropane /507-19-7] M 137.0, b 71-73°, d3° 1.218, n3’ 1.429. Neutralise the
bromomethylpropane with K,COj3, distil, and dry it using molecular sieves (5A), then distil it in a vacuum and
degas it by the freeze-pump-thaw technique. Seal it under vacuum. [Beilstein 11V 295.]

1-Bromooctadecane [//2-89-0] M 333.4, m 26°, 27.3°, 28-30° b 178-179°/2mm, 214-218°/15mm, dﬁo
0.976, n % 1.461. Twice recrystallise bromooctadecane from the melt, then distil it under vacuum three times
taking the middle cut. Alternatively, wash the oil with aqueous Na,;SOy, then conc H,SOy4 (cool) and again with
aqueous NaySOy, and then fractionally distil it. [Meyer & Ried J Am Chem Soc 55 1574 1933, Hoffmann &
Smyth J Am Chem Soc 72 171 1950, IR: LeFévre et al. Aust J Chem 12 743 1959, IR: Brini-Fritz Bull Soc Chim
Fr 516 1957, Beilstein 11V 555.]

(+)-2-Bromopentane /[/07-81-3] M 151.1, b 117.2°/753mm, 116-117°/atm, 117.5°/740mm, d 3° 1.2190, n 3’
1.4401. Dry it over K,COj3 and distil it through a short Vigreux column. [IR: Pines et al. J Am Chem Soc 74
4063 1952, Brown & Wheeler J Am Chem Soc 78 2199 1956, Beilstein 1 1V 312.]

Bromopicrin (tribromonitromethane) /464-10-8] M 297.8, m 10.2-10.3°, b 85-87°/16mm, d 3° 2.788, n %’
1.579. Steam distil it, dry it with anhydrous Na;SO,4 and distil it again in a vacuum. HIGHLY TOXIC.
[Beilstein 1 H77,1121,11143, 1111 115,11V 106.]

R-(+)-2-Bromopropionic acid /[70009-70-8] M 153.0, b 78°/4mm, d ﬁ" 1.474, [a] 25 +27.2° (neat), pK?®
4.07. Dissolve it in Et,O, dry (CaCly), evaporate and distil it through a short column. Distillation through a
Podbielniak column (see S-(—)-2-chloropropionic acid below) led to decomposition. Store it in the dark under
Ny, preferably in sealed ampoules. Even at —10° it slowly decomposes. LACHRYMATORY. [Fuet et al. J Am
Chem Soc 76 6054 1954, Beilstein 21V 761.]

3-Bromopropionic acid /590-92-1] M 153.0, m 62.5°, 62.5-63.5°, 63-64°, pK?5 4.01. The acid crystallises as
plates from CCly. It is soluble in organic solvents and HyO. Its methyl ester has b 65°/18mm and 80°/27mm.
The S-benzylisothiouronium salt has m 136°. [Kendall & McKenzie Org Synth Coll Vol 1 131 1941, Beilstein
21V 764.]

Bromopyruvic acid (3-bromo-2-oxopropionic acid) //7/13-59-3] M 167.0, m 79-82°, pKg,; ~1.6. Dry it by
azeotropic distillation (with toluene), and then recrystallise it from dry CHCl3. Dry for 48 hours at 20° (0.5 torr)
over P,Os. Store it at 0°. [Labandiniere et al. J Org Chem 52 157 1987, Beilstein 3 111 1167.]



Chapter 4. Purification of Organic Chemicals — Aliphatic Compounds 121

N-Bromosuccinimide [728-08-5] M 178.0, m 183-184°(dec). N-Bromosuccinimide (30g) is purified by
dissolving rapidly in boiling water (300ml) and filtering through a fluted filter paper into a flask immersed in an
ice bath, and left for 2 hours. The crystals are filtered off, washed thoroughly with of ice-cold water (ca 100ml)
and drained on a Biichner funnel before drying under vacuun over P,O5 or CaCl, [Dauben & McCoy J Am
Chem Soc 81 4863 1959]. This brominating agent has also been recrystallised from acetic acid or water (10
parts see above), washed in water and dried in vacuo [Wilcox et al. J Am Chem Soc 108 7693 1986, Shell et al. J
Am Chem Soc 108 121 1986, Phillips & Cohen J Am Chem Soc 108 2013 1986, Beilstein 21/9 V 543.]

Bromotetronic acid (2-bromo-4-hydroxyacetoacetic lactone) /2/151-51-9] M 179.0, m 182.8°, pK?5 2.23.
Decolourise with Norit in EtOAc, evaporate, and crystallise from EtOAc or *CgHg. [Schuler et al. J Phys Chem
78 1063 1974, Gillespie & Price J Org Chem 22 782 1957, Beilstein 17 111/IV 5819.]

Bromotrichloromethane /75-62-7] M 198.5, f —5.6°, m 21°, b 104.1°, d 3" 2.01, n &’ 1.5061. Wash it with
aqueous NaOH solution or dilute Na;CO3, then with H,O, and dry with CaCl,, BaO, MgSQOy4 or P,O5 before
distilling in diffuse light and storing in the dark. It has also been purified by treatment with charcoal and
fractional crystallisation by partial freezing. It is purified also by vigorous stirring with portions of conc H,SOy4
until the acid does not discolour during several hours stirring. Wash with Na,CO3 and water, dry with CaCl,
and then illuminate it with a 1000W projection lamp at 15cm for 10 hours, after making it 0.01M in bromine.
Pass it through a 30 X 1.5cm column of activated alumina and fractionally redistil it through a 12-in Vigreux
column. [Firestone & Willard J Am Chem Soc 83 3511 1961; see also Cadogan & Duell J Chem Soc 4154 1962,
Beilstein 11V 77.]

1-Bromo-2,2,2-trifluoroethane /42/-06-7] M 163.0, m —94°, b 26-27°, d 2° 1.788, n %’ 1.332. Wash it with
water, dry (CaCl,) and distil it. [Beilstein 1111 179,11V 154.]

Bromotrifluoromethane (Freon 13B1) /75-63-8§] M 148.9, b -59°, d ﬁ“ 1.590. Purify the gas by passing it
through a tube containing P,O5 on glass wool into a vacuum system where it is frozen out in a quartz tube and
degassed by cycles of freezing, evacuating and thawing. [Beilstein 111183, 11V 73.]

5-Bromovaleric (y—bromopentanoic) acid /2067-33-6] M 181.0, m 40°, pKg~4.6. Crystallise the acid from
petroleum ether. [Beilstein 2 1V 883.]

(£)-Bromural [/V-(aminocarbonyl)-2-bromo-3-methylbutanamide, bromisovalum] /496-67-3] M 223.1, m
154-155°. Crystallise it from aqueous EtOH or toluene, and dry it in air. [Beilstein 3 H 63,3129,3 1151, 3111
123,31V 117.]

1,3-Butadiene [/06-99-0] M 54.1, b -2.6°. Dry the gas by condensing it into a solution of triethylaluminium
in decahydronaphthalene, then it is flash distilled. It has also been dried by passage over anhydrous CaCl, or
distilled from NaBH4. Also purify by passing through a column packed with molecular sieves (4A), followed by
cooling in a Dry-ice/MeOH bath overnight, filtering off the ice and drying over CaH, at —78° then distilling in a
vacuum line. [Beilstein 11V 976.]

n-Butane [106-97-8] M 58.1, m —135%, b —0.5°. Dry by passing over anhydrous Mg(ClOg4), and molecular
sieves type 4A. Air is removed by prolonged and frequent degassing at —107°. [Beilstein 11V 236.]

1,4-Butanediol (tetramethylene glycol) //10-63-4] M 90.1, f 20.4°, b 107-108°/4mm, 127°/20mm, d ﬁ" 1.02,
n# 1.4467. Distil the glycol and store it over Linde type 4A molecular sieves, or crystallise it twice from
anhydrous diethyl ether/acetone, and redistil it. It has been recrystallised from the melt and doubly distilled in
vacuo in the presence of NaySOy. [Beilstein 11V 2515.]

erythro-2,3-Butanediol (meso-2,3-butylene glycol) [5347-95-7] M 90.1, m 32-34°, 34.4°, b 89°/16mm,
181.7°/742mm, d 2 0.9939, n 2 1.443, n 2 1.4324. The meso-form is prepared from frans-2,3-epoxybutane and
is recrystallised from isopropyl ether at low temperature. [Wilson & Lucas J Am Chem Soc 58 2396 1936,
Beilstein 1 11 546, 1 111 2178, 1 IV 2524.]
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threo-2,3-Butanediol (rac £-2,3-butylene glycol) /573-85-9] M 90.1, m 7.6% b 86°/16mm, 172.7°/742mm,
183-1849/760mm, d is 0.995, n %)0 1.443, n %)5 1.4310. The +-threo-form is prepared from cis-2,3-epoxybutane
and is recrystallised from isopropyl ether at low temperature. [Beilstein 111 546, 1111 2180, 1 IV 2525.]

threo-2,3-Butanediol /R R(—) 24347-58-8, S,S(+) 19132-06-0] M 90.1, m 16-19°, 19.7°, b 77.5-78°/10mm,
179-180°/atm, d 35 0.987, n 2’ 1.443, n 2’ 1.4310, [o] 2 (—) or (+) 13.1° (neat). Purify by fractional distillation.
The bis-(p- nztrobenzoate) ester has m 141 142°, and [oc] D (=) or (+) 52° (¢ 4, CHCIl3). [Ghirardelli & Lucas J
Am Chem Soc 79 734 1957, Rubin et al. J Am Chem Soc 74 425 1952, Neish Can J Res 27 6 1949, Neish &
Ledingham Can J Res 27 694 1949, Beilstein 1 IV 2524-2525.] When (-)-2R,3R-butane-2,3-diol (22g, 21ml,
244.5mmol) is added slowly to a stirred mixture of toluene-p-sulfonyl chloride (100g, 525mmol) in dry pyridine
at 0° (ice-water bath), kept thus for 20 minutes, and the semi-solid mixture is set aside at ~25° overnight, then is
shaken vigorously with crushed ice-water for 2 hours, poured rapidly with stirring into a mixture of concentrated
HCI (70ml) and crushed ice, and the slurry is filtered gives solid (+)-2R,3R-butane-2,3-diol bis(tosylate) after
washing thoroughly with H>O and drying (91.0g, 93.5%). Alternatively, the crude dry ester is dissolved in
CH,Cl,, dried (MgSQy), evaporated in vacuo, and the residue is washed with petroleum ether (b 20-60°), and
stored over solid KOH in a desiccator. It has m 62-64° (65.1-65.5°), [a] %)0 +37.2° (¢ 2.105, CHCl3). [Corey &
Mitra J Am Chem Soc 84 2938 1962, Lucas et al. J Am Chem Soc 72 2138 1950, Fryzuk & Bosnich J Am Chem
Soc 99 6262 1977.] This (+)-2R,3R-ditosylate provides the chiral ligand (-)-S,S-CHIRAPHOS [cf 64896-28-2]
after reaction with 2 mols of PhyPLi, via inversion of configuration at the two chiral centres. (+)-2R,3R-butane-
2,3-diol bis(methanesulfonate) has m 123-125°, [a] %)2 +2° (¢ 1, CHCl3). [Beilstein 11250, 111 547, 1 111
2181-3,11V 2525.]

1-Butanesulfonyl chloride [2386-60-9] M 156.6, b 75-76°/7mm, 98°/13mm, 100-103°/27-28mm, d 30
1.2078, n 2" 1.4559. It has a pungent odour and is LACHRYMATORY. If IR shows OH bands, then dissolve
in EtyO, wash with cold saturated aqueous NaHCOj5 (care since CO, will be generated) then H,O, dry it over
solid NaySOy, filter, evaporate and distil the residue twice. Characterise it by shaking a solution in Et,O or
*CgHg with aqueous NH3, collect the solid /-butanesulfonamide with m 48° after recrystallisation from CHCI3,
CCly or EtyO/petroleum ether. [Douglass & Johnson J Am Chem Soc 60 1488 1938, Lee & Dougherty J Org
Chem 5 83 1940, Beilstein 4 1V 45.]

1-Butanethiol /709-79-5] M 90.2, b 98.4°, d25 0.837, n % 1.443, n25 1.440, pKy, ~11.3. Dry the thiol with
CaS0y, or NapSQy, then reflux it over magnesium, or dry with, and distil it from CaO, under nitrogen [Roberts &
Friend J Am Chem Soc 108 7204 1986.] It has been separated from hydrocarbons by extractive distillation with
aniline.

Dissolve it also in 20% NaOH, extract with a small amount of *CgHg, then steam distil it until clear. The
distillate is then cooled and acidified slightly with 15% H,SO4. The thiol is distilled out, dried with CaSOy4 or
CaCly, and fractionally distilled under N, [Mathias & Filho J Phys Chem 62 1427 1958]. It has also been
purified by precipitation as the lead mercaptide from alcoholic solution, then regeneration by addition of dilute
HCI to the residue followed by steam distillation. All operations should be carried out in a fume cupboard due
to the TOXICITY and obnoxious odour of the thiol. [Beilstein 11V 1555.]

2-Butanethiol /5/3-53-1] M 90.2, b 37.4°/134mm, d25 0.846, n25 1.4338, pKyy ~11.4. Purify it as for 1-
butanethiol. [Beilstein 11V 1584.]

n-Butanol /7/-36-3] M 74.1, b 117.7°, d25 0.80572, n %’ 1.39922, n!5 1.40118. Dry it with MgSOy, CaO,
K,COs3, or solid NaOH, followed by refluxing with, and distilling from, small amounts of calcium, magnesium
activated with iodine, or aluminium amalgam. It can also be dried with molecular sieves, or by refluxing with -
butyl phthalate or succinate. (For method, see Ethanol.) n-Butanol can also be dried by efficient fractional
distillation, water passing over in the first fraction as a binary azeotrope (contains about 37% water). An
ultraviolet-transparent distillate has been obtained by drying with magnesium and distilling from sulfanilic acid.
To remove bases, aldehydes and ketones, the alcohol is washed with dilute H,SO4, then NaHSOy4 solution; esters
are removed by boiling for 1.5 hours with 10% NaOH.

It has also been purified by adding NaBH,4 (2g) to butanol, (1.5L) gently bubbling under argon and a reflux con-
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denser for 1 day at 50°. Then add freshly cut sodium (2g, washed with butanol) and reflux 1 day. Distil, and
collect the middle fraction [Jou & Freeman J Phys Chem 81 909 1977]. [Beilstein 11V 1506.]

2-Butanone (methyl ethyl ketone, MEK) /78-93-0] M 72.1, b 79.6°, d 2° 0.853, n %’ 1.37850, n25 1.37612,
pK?25 —7.2 (aqueous H,SOy). In general, purification methods are the same as for acetone. Aldehydes can be
removed by refluxing with KMnO4 + CaO, until the Schiff aldehyde test is negative, prior to distillation.
Shaking with saturated K,CO3, or passing through a small column of activated alumina, removes cyclic
impurities. The ketone can be dried by careful distillation (an azeotrope containing 11% water boils at 73.4°), or
over CaSOy, P,05, NaySOy, or K,CO3, followed by fractional distillation. Purification as the bisulfite addition
compound is achieved by shaking with excess saturated Na;SOs3, cooled to 0°, filtering off the precipitate,
washing with a little ethyl ether and drying in air; this is followed by decomposition with a slight excess of
Na,COj3 solution and steam distillation, the distillate being saturated with K,COj3 so that the ketone can be
separated, dried with K,COs, filtered, and distilled. Purification as the Nal addition compound (m 73-74°) is
more convenient. (For details, see Acefone.) Small quantities of 2-butanone can be purified by conversion to the
semicarbazone, recrystallisation to constant melting point, drying under vacuum over CaCl, and paraffin wax,
refluxing for 30 minutes with excess oxalic acid, followed by steam distillation, salting out, drying and distilling.
[Cowan et al. J Chem Soc 171 1940]. [Beilstein 11V 3243.]

cis-2-Butene [590-18-1] M 56.1, b 2.95-3.05°/746mm. The gas is dried with CaH, and purified by gas
chromatography. [Beilstein 1 H205,111176,1 111 728,11V 778.] HIGHLY FLAMMABLE.

trans-2-Butene [624-64-6] M 56.1, b 0.3-0.4°/744mm. The gas is dried with CaH, and purified by gas
chromatography. [Beilstein 1 H 205,111 176,1 111 730,11V 781.] HIGHLY FLAMMABLE.

2-Butene-1,4-dicarboxylic acid (frans-3-hexenedioic acid, trans-B-hydromuconic acid) [4436-74-2] M
144.1, m 194-197°, 195-196°, pKgq) ~4-2, pKEst(z) ~5.00. Crystallise the acid from boiling water, then dry it
at 50-60° in a vacuum oven. [Beilstein 2 1V 2237.]

2-Butoxyethanol (butyl cellosolve) /1/1-76-2] M 118.2, b 171°/745mm, d 2° 0.903, n &’ 1.4191. Peroxides
can be removed by refluxing with anhydrous SnCl, or by passage under slight pressure through a column of
activated alumina. Dry with anhydrous K,CO3; and CaSOy, filter and distil, or reflux with, and distil from
NaOH. [Beilstein 11V 2380.]

n-Butyl acetate [123-86-4] M 116.2, b 126.1°, d 2° 0.882, n 2’ 1.394. Distil, reflux with successive portions
of KMnOy until the colour persists, dry with anhydrous CaSQy, filter and redistil. [Beilstein 2 1V 143.]

tert-Butyl acetate [540-88-5] M 116.2, b 97-98°, d 3° 0.866, n 2 1.387. Wash the ester with 5% Na,CO;
solution, then saturated aqueous CaCl,, dry with CaSO, and distil it. [McClosky et al. Org Synth Coll Vol IV
263 1963, Mangia et al. Org Prep Proc Int 18 13 1986, Beilstein 2 1V 151.]

tert-Butyl acetoacetate [/694-31-1] M 158.2, b 71°/10mm, 85°/20mm, d 3° 0.954, n 2’ 1.42. Distil it under
reduced pressure through a short column. [Lawesson et al. Org Synth Coll Vol V 155 1973, Lawesson et al. Org
Synth 42 28 1962, Beilstein 3 IV 1536.] HARMFUL VAPOUR.

tert-Butylacetyl chloride [7065-46-5] M 134.6, b 68-71°/100mm, 81°/180mm, 128-132%atm, dﬁ“ 0.964,
n &’ 1.423. Distil it under vacuum. If IR shows OH group, then treat with thionyl chloride or oxalyl chloride at
ca 50° for 30 minutes, evaporate and fractionate the residue using a short column.  Strongly
LACHRYMATORY, use a good fume hood. [Berliner & Berliner J Am Chem Soc 72 222 1950, Traynham &
Battiste J Org Chem 22 1551 1957, Beilstein 2 IV 956.]

Butyl acrylate [/47-32-2] M 128.2, b 59°/25mm, d ‘2‘0 0.894, n!2 1.4254. Wash it repeatedly with aqueous
NaOH to remove inhibitors such as hydroquinone, then with distilled water. Dry with CaCl,. Fractionally distil
under reduced pressure in an all-glass apparatus. The middle fraction is sealed under N, and stored at 0° in the
dark until required or with a stabiliser [Mallik & Das J Am Chem Soc 82 4269 1960]. [Beilstein 21V 1463.]
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tert-Butyl acrylate [1663-39-4] M 128.2, b 30.0-30.8°/26mm, 61-63°/15mm, 117-120°/760mm, d?5 0.875,
n &’ 1.410. Purify the ester by fractional distillation. If it contains acid (OH bands in the IR), then dissolve it in
Et,O, wash it with aqueous NaHCOj3, dry the organic layer (NaySOy), filter it and distil it under reduced
pressure.  Stabilise it by adding hydroquinone monomethyl ether (~0.05%). It forms a crystalline ferz-butyl
acrylate polymer which is soluble in organic solvents [Garrett et al. J Am Chem Soc 81 1007 1959]. [Beilstein 2
IV 1465.] For other alkyl acrylates see Rehberg Org Synth Coll Vol 3 146 1955.

(¥)-sec-Butyl alcohol (+ 2-butanol) /78-92-2; 15892-23-6] M 74.1, b 99.4°, d 3° 0.808. Purification methods
are the same as for n-Butanol. These include drying with K,CO3 or CaSOy, followed by filtration and fractional
distillation, refluxing with CaO, distillation, then refluxing with magnesium and redistillation, and refluxing
with, then distilling from CaH,. Calcium carbide has also been used as a drying agent. The anhydrous alcohol
is obtained by refluxing with sec-butyl phthalate or succinate. (For method see Ethanol.) Small amounts of
alcohol can be purified via conversion to the alkyl hydrogen phthalate and recrystallisation [Hargreaves J Chem
Soc 3679 1956]. For purification of optical isomers, see Timmermans and Martin [J Chem Phys 25 411 1928].
[Beilstein 2 111 1566.]

tert-Butyl alcohol [75-65-0] M 74.1, m 23-259, 25.7°, b 28.3°/60mm, 43.3°/123.8mm, 61.8°/315mm,
72.5°/507mm, 82.45°/760mm, d 2° 0.7858, n 2 1.3878. It is synthesised commercially by the hydration of 2-
methylpropene in dilute H,SO4. Dry it with CaO, K,COj3, CaSO4 or MgSQOy, filter and fractionally distil it. Dry
further by refluxing with, and distilling from, either magnesium activated with iodine, or small amounts of
calcium, sodium or potassium, under nitrogen. Passage through a column of type 4A molecular sieve is another
effective method of drying; as well as refluxing with tert-butyl phthalate or succinate. (For method see Ethanol.)
Other methods include refluxing with excess aluminium tert-butylate, or standing with CaH,, and distilling as
needed. Further purification is achieved by fractional crystallisation by partial freezing, taking care to exclude
moisture. tert-Butyl alcohol samples containing much water can be dried by adding *benzene, so that the water
distils off as a tertiary azeotrope, b 67.3°. Traces of isobutylene have been removed from dry fert-butyl alcohol
by bubbling dry pre-purified nitrogen through for several hours at 40-50° before using. It forms azeotropic
mixtures with a large number of compounds. It has also been purified by distillation from CaH; into Linde 4A
molecular sieves which had been activated at 350° for 24 hours [Jaeger et al. J Am Chem Soc 101 717 1979].
[Beilstein 11V 1609.]

Rapid purification: Dry tert-butanol over CaH, (5% w/v), distil and store it over 3A molecular sieves.

n-Butylamine /709-73-9] M 73.1, b 77.8°, d 3° 0.740, n &’ 1.4009, n25 1.399, pK?5 10.66. Dry it with solid
KOH, K,CO3, LiAlH4, CaH; or MgSQy, then reflux it with, and fractionally distil it from P,O5, CaH,, CaO or
BaO. Further purification is by precipitation as the Aydrochloride, m 213-213.5°, from ethereal solution by
bubbling HCI gas into it. This is re-precipitated three times from EtOH by adding ether, followed by liberation
of the free amine using excess strong base. The amine is extracted into ether, which is separated, dried with
solid KOH, the ether is removed by evaporation and then the amine is distilled. It is stored in a desiccator over
solid NaOH [Bunnett & Davis J Am Chem Soc 82 665 1960, Lycan et al. Org Synth Coll Vol II 319 1943].
[Beilstein 4 TV 540.] SKIN IRRITANT.

R-(-)-sec-Butylamine /13250-12-9] M 73.1, b 61-63°atm, 62.5%atm, d 3° 0.731, n}} 1.393, [a] 20 -7.5°
(neat), pK25 10.56. Dry it over solid NaOH overnight and fractionate it through a short helices packed column.
The L-hydrogen tartrate salt has m 139-140° (from H,0), the /H,0 has m 96° [a] 2! +18.1° (¢ 11, H,0), the
hydrochloride has m 152° [a] 2! —1.1° (¢ 13, HyO) and the benzoy! derivative crystallises from EtOH as needles
with m 97°, [a] 2]-34.9° (¢ 11, Hy0). [Bruck et al. J Chem Soc 921 1956, Kjaer & Hansen Acta Chem Scand 11
898 1957.] [Beilstein 4 H 161, 4 1372, 4 111 308, 4 IV 617.] The S-(+)-enantiomer has has same properties
except for the optical rotation which has the opposite sign.

tert-Butylamine /75-64-9] M 73.1, b 42°, d 3° 0.696, pK?5 10.68. Dry it with KOH or LiAIHy4, and/or distil it
from CaH; or BaO. [Beilstein 41V 657.]

tert-Butylammonium bromide /[60469-70-7] M 154.1, m >250°(dec). Recrystallise the salt several times
from absolute EtOH and thoroughly dry it at 105° in vacuo. [Beilstein 4 IV 657.]
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n-Butyl bromide /709-65-9] M 137.0, b 101-102°, d25 1.2678, n % 1.4399, n25 1.4374. Wash the bromide
with conc HySOy, water, 10% NayCOj3 and again with water. Dry it over CaCl,, CaSOy4 or K,CO3, and distil it.
Redistil it after drying with P,Os, or pass it through two columns containing 5:1 silica gel/Celite mixture and
store it with freshly activated alumina. [Beilstein 11V 258.]

tert-Butyl bromoacetate [5292-43-3] M 195.1, b 52°/10mm, 74-76°/25mm, d 3° 1.324, n }’ 1.4162. Dissolve
the ester in Et)O, wash it well with ice cold 10% aqueous K,CO3, dry it over CaCl,, filter and evaporate the
Et,0, then fractionate it through a Vigreux column in a vacuum. LACHRYMATORY. [Abramovitch et al. J
Am Chem Soc 64 2274 1942, Abramovitch & Hauser J Am Chem Soc 65 986 1943, Beilstein 2 111 482.]

tert-Butyl carbazate [870-46-2] M 132.2, m 41-42°, b 64°/0.01mm, 55-57°/0.4mm. Distil it in a Claisen
flask with a water or oil bath at ca 80°. After a couple of drops have distilled, the carbazate is collected as an oil
which solidifies to a snow white solid. It can be crystallised with 90% recovery from a 1:1 mixture of petroleum
ether (b 30-60°) and petroleum ether (b 60-70°). [Carpino et al. Org Synth Coll Vol V 166 1973, Caprino et al.
Org Synth 44 20 1964, Beilstein 31V 175.]

n-Butyl chloride [109-69-3] M 92.6, b 78°, d 3° 0.886, n 3 1.4021. Shake it repeatedly with conc H,SO,
(until no further colour develops in the acid layer), then wash it with water, aqueous NaHCO3 or Na;COs3, and
more water. Dry it with CaCl,, or MgSO,4 (then with P,Os if desired), decant and fractionally distil it.
Alternatively, a stream of oxygen continuing ca three times as long as is necessary to obtain the first coloration
of starch iodide paper by the exit gas. After washing with NaHCOj3 solution to hydrolyse ozonides and to
remove the resulting organic acid, the liquid is dried and distilled [Chien & Willard J Am Chem Soc 75 6160
1953]. [Beilstein 11V 246.]

tert-Butyl chloride /507-20-0] M 92.6, f —24.6°, b 50.4°, d 30 0.851, n %’ 1.38564. Purification methods
commonly used for other alkyl halides lead to decomposition. Some impurities can be removed by
photochlorination with a small amount of chlorine prior to use. The liquid is washed with ice water, dried with
CaCl, or CaCl, + CaO and fractionally distilled. It has been further purified by repeated fractional
crystallisation by partial freezing. [Beilstein 11V 288.]

tert-Butyl chloroacetate /[107-59-5] M 150.6, b 48-49°/11mm, 60.2°/15mm, 155°/atm (dec), d 3° 1.4204,
n % 1.4259. Check the NMR spectrum; if satisfactory then distil in a vacuum; if not then dissolve in Et,O, wash
with H,O, 10% H,SO4 until the acid extract does not become cloudy when made alkaline with NaOH. Wash the
organic layer again with H,O, then saturated aqueous NaHCOj3, dry over Na,;SQy, evaporate and fractionate it
through a carborundum-packed column or a 6-inch Widmer column (see tert-butyl ethyl malonate for
precautions to avoid decomposition during disillation). [Johnson et al. J Am Chem Soc 75 4995 1953, Baker
Org Synth Coll Vol 111 144 1944, Beilstein 2 111 444.]

tert-Butyl cyanide (trimethylacetonitrile, pivalonitrile) /630-18-2] M 83.1, m 16-18°, d 2° 0.765, b 104-
106°. Purify it by a two-stage vacuum distillation and de-gas by the freeze-pump-thaw technique. Store it under
vacuum at 0°. TOXIC, use an efficient fume hood. [Beilstein 2 1V 875.]

tert-Butyl cyanoacetate [/716-958-9] M 141.2, b 40-42°/0.1mm, 54-56°/0.3mm, 90°/10mm, 107-108°/23mm,
d 42‘0 0.989, n 2 1.4198. The IR spectrum of a film should have bands at 1742 (ester CO) and 2273 (C=N), but
no band at ca 3500 broad (OH) cm™!. If it does not have the last-named band, then fractionally distil; otherwise
dissolve in Et,O, wash with saturated aqueous NaHCO3, dry over K,CO3, evaporate Et,O, and distil the residue
under a vacuum (see tert-butyl ethyl malonate for precautions to avoid decomposition during distillation).
[Beech & Piggott J Chem Soc 423 1955, Dahn & Hauth Helv Chim Acta 42 1214 1959, Beilstein 21255.]

tert-Butyl diazoacetate [3505950-8] M 142.2, b 51-53%/12mm, d 3° 1.026, n ¥ 1.443. It is a poisonous
orange-yellow liquid which is explosive, and the necessary precautions should be strictly adhered to (i.e.
efficient fume cupboard, and face and body protection; see reference below). Check the purity by TLC on
Merck Kieselgel Fys4 or Eastman Kodak Silica Gel without indicator using CHClj3 as eluent (Rf 0.72). If the
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ester is suspect, then dissolve it in Et,O, wash it with brine, H,O, dry the organic layer (Na;SO,), and filter.
Remove most of the Et,O at 30°/water pump vacuum (rotovap), the remaing ether during distillation under lower
pressure (<12mm), and the residual oil then distils as a coloured liquid using a water bath at ~50° (no higher as
heat source). [Regitz et al. Org Synth Coll Vol V 179 1972.]

n-Butyl disulfide /629-45-8] M 178.4,b 110-113%/15mm, d iﬂ 0.938, n22 1.494. Shake it with lead peroxide,
filter and distil it in a vacuum under N,. [Beilstein 11V 1560.]

n-Butyl ether (di-n-butyl ether) /[/42-96-1] M 130.2, b 52-53°/26mm, 142.0°/760mm, dﬁo 0.764, n ¥
1.39925, n25 1.39685, pK?5 -5.40 (aqueous H,SOy). Peroxides (detected by the liberation of iodine from
weakly acid HCI solutions of 2% KI) can be removed by shaking 1L of ether with 5-10ml of a solution
comprising of ferrous sulfate (6.0g) in conc HySO4 (6ml) of water (110ml), with aqueous Na,SOs3, or with
acidified Nal, water, then aqueous Na,S,03. After washing with dilute NaOH, KOH, or Na,COj3, then water,
the ether is dried with CaCl, and distilled. It can be further dried by distillation from CaH; or Na (after drying
with P,Os), and stored in the dark with Na or NaH. The ether can also be purified by treating with CS; and
NaOH, expelling the excess sulfide by heating. The ether is then washed with water, dried with NaOH and
distilled [Kusama & Koike J Chem Soc Jpn, Pure Chem Sect 72 229 1951]. Other purification procedures
include passage through an activated alumina column to remove peroxides, or through a column of silica gel, and
distillation after adding about 3% (v/v) of a 1M solution of MeMgl in n-butyl ether. [Beilstein 11V 1520.]

n-Butyl ethyl ether [628-81-9] M 102.2,b 92.7°, d 30 0.751, n 3’ 1.38175, n25 1.3800. Purify by drying with
CaSQy, by passage through a column of activated alumina (to remove peroxides), followed by prolonged
refluxing with Na and then fractional distillation. [Beilstein 41V 1518.]

tert-Butyl ethyl ether [637-92-3] M 102.2, b 71-72°,d 30 0.741. Dry the ether with CaSQy, pass it through an
alumina column, and fractionally distil it. [Beilstein 11V 1618.]

tert-Butyl ethyl malonate /32864-38-3] M 188.2, b 83-85°/8mm, 93-95°/17mm, 107-109%/24mm, d 35 0.994,
n 3! 1.4150. A likely impurity is monoethyl malonate; check IR for OH bands at 3330 br cm™!. To ca 50g of
ester add ice cold NaOH (50g in 200ml of H,O and 200g of ice). Swirl a few times (filter off ice if necessary),
place it in a separating funnel and extract with Et;O (2 x 75ml). Dry the extract (MgSQOy) (since traces of acid
decompose the #-Bu group of the ester, the distillation flask has to be washed with aqueous NaOH, rinsed with
H,0 and allowed to dry). Addition of some K,CO3 or MgO before distilling is recommended to inhibit
decomposition. Distil it under reduced pressure through a 10cm Vigreux column. Decomposition is evidenced
by severe foaming due to autocatalytic decomposition and cannot be prevented from accelerating except by
stopping the distillation and rewashing the distillation flask with alkali again. [Breslow et al. J Am Chem Soc 66
1287 1944, Hauser et al. J Am Chem Soc 64 2714 1942, Strube Org Synth Coll Vol IV 417 1963, Stube Org
Synth 37 35 1957, Beilstein 2 TV 1884.]

n-Butyl formate /592-84-7] M 102.1, b 106.6°, d 2° 0.891, n 2’ 1.3890. Wash the formate with saturated
NaHCOj solution in the presence of saturated NaCl, until no further reaction occurs, then with saturated NaCl
solution, dry (MgSQy), filter and fractionally distil the filtrate. [Beilstein 2 1V 28.]

Butyl glycolate [7397-62-8] M 132.2, b 191-192°/755mm, 187-190°/atm, d 30 1.019, n &’ 1.4263. Dissolve
the ester in CHCl3 (EtOH-free), wash with 5% KHCOj5 until effervescence ceases (if free acid is present), dry
over CaCly, filter, evaporate and distil through a short column. [Behme & Opfer Z Anal Chem 139 255 1953,
Filachione et al. J/ Am Chem Soc 73 5265 1951, Beilstein 3 IV 589.]

tert-Butyl hydroperoxide (TBHP) /75-91-2] M 90.1, f 5.4°, m 0.5-2.0°, b 38°/18mm, d io 0.900, n 2’ 1.4013,
pK?® 12.8. Care should be taken when handling this peroxide because of the possibility of EXPLOSION. It
explodes when heated over an open flame. Work in an efficient fume cupboard, behind a thick plastic
transparent shield, and with eye protection. Alcoholic and volatile impurities can be removed by prolonged
refluxing at 40° under reduced pressure, or by steam distillation. For example, Bartlett, Benzing and Pincock [J
Am Chem Soc 82 1762 1960] refluxed at 30mm pressure in an apparatus for azeotropic liquid separation until the
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two phases no longer separated, and then distilled at 41°/23mm. Pure material is stored under N», in the dark at
0°. Crude commercial material has been added to 25% NaOH below 30°, and the crystals of the sodium salt
have been collected, washed twice with *benzene and dissolved in distilled water. After the pH of the solution is
adjusted to 7.5 by adding solid CO,, the peroxide is extracted into petroleum ether, from which, after drying with
K,CO3, TBHP is recovered by distilling off the solvent under reduced pressure at room temperature [O'Brien et
al. J Am Chem Soc 79 6238 1957]. The temperatures should be kept below 75°. It has also been distilled
through a helices packed column (ca 15 plates) and the material with b 34-35°/20mm is collected. Similarly, a
solution in petroleum ether has been extracted with cold aqueous NaOH, and the hydroperoxide has been
regenerated by adding at 0°, KHSOy4 to a pH not higher than 4.5, then extracted into diethyl ether, dried with
MgSOQy, filtered and the ether evaporated in a rotary evaporator under reduced pressure at as low a temperature
as possible [Milac & Djokic J Am Chem Soc 84 3098 1962].

A 3M solution of TBHP in CH;Cl, is prepared by swirling of commercial TBHP (85ml, 0.61mol, 70% TBHP-
30% H0, d 0.935 ca 7.2mmol/ml) with of CH,Cl, (140ml) in a separating funnel. The milky mixture is
allowed to stand until the phases separate (ca 30 minutes). The organic (lower) layer (ca 200ml) containing
0.60mole of TBHP is separated from the aqueous layer (ca 21ml) and used without further drying. TBHP is
assayed by iodometric titration. With 90% grade TBHP (w/w, d 0.90, ca 9.0mmole/ml) no separation of layers
occurs, i.e. when TBHP (66.67ml, 0.60mole) is added to CH,Cl, (140ml) the resulting solution (ca 200ml)
should be clear. [Walling & Buckler J Am Chem Soc 77 6032 1955, Rogers & Campbell J Am Chem Soc 74
4742 1952, Akashi et al. J Org Chem 43 2063 1978 state the quality of available grades, handling and
compatibility for reactions, Beilstein 11V 1616.]

n-Butyl iodide (1-iodobutane) /[542-69-§/ M 184.0, b 130.4°, d 42‘0 1.616, n?5 1.44967. Dry the iodide with
MgSO,4 or P,Os, fractionally distil it through a column packed with glass helices, taking the middle fraction and
storing over calcium or mercury in the dark. Alternatively, purify it by prior passage through activated alumina
or by shaking with conc H,SO4 then washing with Na,SOj solution. It has also been treated carefully with
sodium to remove free HI and H,O, before distilling through a column containing copper turnings at the top.
Another purification procedure consisted of treatment with bromine, followed by extraction of free halogen with
Na,S,03, washing with H,O, drying and fractionally distilling. [Beilstein 11V 271.]

tert-Butyl iodide /558-17-8] M 184.0, b 100°(dec), d 42;0 1.544. Vacuum distillation has been used to obtain a
distillate which remained colourless for several weeks at —5°. More extensive treatment has been used by Boggs,
Thompson and Crain [J Phys Chem 61 625 1957] who washed it with aqueous NaHSO3 solution to remove free
iodine, dried this for 1 hour over Na,SOj3 at 0°, and purified it by four or five successive partial freezings of the
liquid to obtain colourless material, and was stored at —78° with Ag wool. [Beilstein 11V 300.]

tert-Butyl isocyanate [1609-86-5] M 99.1, m 10.5-11.5°, b 30.5-32°/10mm, 64°/52mm, d 32 0.9079, n 3’
1.470. It is LACHRYMATORY and TOXIC, and should have IR with 2251 (C=N) cm~! but no OH bands.
The NMR should have one band at 1.37 ppm from TMS. Purify it by fractional distillation under reduced
pressure. [Greene & Bergmark J Org Chem 36 3056 1971, Curtius J Prakt Chem 125 152 1930, Beilstein 4 IV
669.]

tert-Butyl isocyanide [7/88-38-7] M 83.1, b 91-92°/730mm, 90°/758mm, d io 0.735. Dissolve it in
petroleum ether (b 40-60°), wash it with H,O, dry (Na,SO,), filter, remove petroleum ether under slight vacuum,
and distil it using a vacuum-jacketed Vigreux column at atmospheric pressure, its IR has a band at 2134 cm!.
[Ugi & Meyr Chem Ber 93 239 1960, Beilstein 4 1V 661.] It has toxic vapours.

tert-butyl isocyanoacetate [2769-72-4] M 141.2, b 50°/0.1mm, 49-50°/10mm, 63-65°/15mm, d 50 0.970, nlz)0
1.420. If it contains some free acid (OH bands in IR), then dissolve it in Et,O, shake with 20% Na,COj3, dry
over anhydrous K,CO3, evaporate and distil it. [Ugi et al. Chem Ber 94 2814 1961, Schhollkopf Angew Chem
89 351 1977.]

n-Butyl methacrylate [97-88-1] M 142.2, b 49-52°/0.1mm, 163-165°/atm, d ﬁo 0.896, nf)o 1.424. Purify it as
for butyl acrylate. [Beilstein 21V 1525.]
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tert-Butyl methacrylate [585-07-9] M 142.2, f —48°, b 135-136°/760mm, d ﬁo 0.878, nlz)0 1.415. Purify it as
for butyl acrylate. [Beilstein 2 1V 1582.]

n-Butyl methyl ether /[628-28-4] M 88.2, b 70°, d 50 0.744, pK?5 -3.50 (aqueous HSOy). Dry it with
CaSQOy, pass it through an alumina column to remove peroxides, and fractionally distil it. [Beilstein 11V 1518.]

tert-Butyl methyl ether (methyl tert-butyl ether, MTBE) [1634-04-4] ™M 88.2, b 56°, n 1.369. Purify it as for
n-butyl methyl ether. [Beilstein 11V 1615.]

tert-Butyl methgfl ketone (3,3-dimethyl-2-butanone, pinacolone) /75-97-§ ™M 100.2, b 105°/746mm,
106°/760mm, d 40 0.814, n;ﬂ 1.401. Reflux the ketone with a little KMnOy4. Dry it with CaSO4 and distil it.
[Beilstein 11V 3310.]

tert-Butyl nitrite /540-80-7] M 103.1, b 34°/250mm, 61-63°/atm, d ﬁo 0.8671, n ¥’ 1.3660. If it is free from
OH bands (IR) then distil it through a 12inch helices packed column under reduced pressure, otherwise wash
with aqueous 5% NaHCOj (effervescence), then H,O, dry (Na,SOy4) and fractionate it through a 10 theoretical
plates column at ca 10mm pressure. [Allen J Chem Soc 1968 1954, Coe & Doumani J Am Chem Soc 70 1516
1948, UV: Ungnade & Smiley J Org Chem 21 993 1956, IR: Terte Bull Soc Chim Belg 60 240 1951, Beilstein 1
IV 1622.]

tert-Butyl peracetate [/07-71-1] M 132.2, b 23-24°/0.5mm, n25 1.4030. Wash the ester with NaHCO3 from a
*benzene solution, then redistil to remove *benzene [Kochi J Am Chem Soc 84 774 1962]. Handle with
adequate protection due to possible EXPLOSIVE nature. [Beilstein 2 1V 391.]

tert-Butylperoxy isobutyrate [109-13-7] M 160.2, f —45.6°. After diluting the material (90ml) with petroleum
ether (120ml), the mixture is cooled to 5° and shaken twice with 5% NaOH solution (90ml portions, also at 5°).
The non-aqueous layer, after washing once with cold water, is dried at 0° with a mixture of anhydrous MgSO4
and MgCOj containing ca 40% MgO. After filtering, this material is passed, twice, through a column of silica
gel at 0° (to remove tert-butyl hydroperoxide). The solution is then evaporated at 0°/0.5-1mm to remove the
solvent, and the residue is recrystallised several times from petroleum ether at —60°, then subjected to high
vacuum to remove traces of solvent [Milos & Golubovic J Am Chem Soc 80 5994 1958]. Handle with adequate
protection due to possible EXPLOSIVE nature.

Butyl stearate [/23-95-5] M 340.6, m 26.3°, d 50 0.861. Acidic impurities are removed by shaking with
0.05M NaOH or a 2% NaHCOj solution, followed by several water washes, then purified by fractional freezing
of the melt and fractional crystallisation from solvents with boiling points below 100°. [Beilstein 21V 1219.]

S-tert-Butyl thioacetate [999-90-6] M 132.2, b 31-32°/11mm, 38°/14mm, 44-45°/28mm, 67°/54mm, 135.6-
135.99/773mm, d 35 0.9207, n ¥ 1.4532. Dissolve it in CHCl3 (EtOH-free), wash with H,O, 10% H,SOy,
saturated aqueous NaHCOj3 (care CO, liberated), H,O again, dry over Drierite and anhydrous K,CO3, and
fractionate under reduced pressure. [Rylander & Tarbell J Am Chem Soc 72 3021 1950, Beilstein 2 IV 546.]

N-tert-Butyl urea [1118-12-3] M 116.2, m 1829, 185°(dec). Possible impurity is N,N'-di-fert-butyl urea which
is quite insoluble in H,O. Recrystallise it from hot H,O, filter off insoluble material, and cool from 0° to —5°
with stirring. Dry in vacuum at room temperature over KOH or HySOy4. If dried at higher temperatures, it
sublimes slowly. It can be recrystallised from EtOH as long white needles or from 95% aqueous EtOH as plates.
During melting point determination the bath temperature has to be raised rapidly as the urea sublimes slowly
above 100° at 760mm. [Smith & Emerson Org Synth Coll Vol II1 151 1955, Beilstein 4 1V 665.]

n-Butyl vinyl ether [//7-34-2] M 100.2, b 93.3°,d 50 0.775. After five washings with equal volumes of water
to remove alcohols (made slightly alkaline with KOH), the ether is dried with sodium and distilled under
vacuum, taking the middle fraction [Coombes & Eley J Chem Soc 3700 1957]. Store it over KOH. [Beilstein 1
IV 2052.]
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2-Butyne [503-17-3] M 54.1, b 0°/253mm, d ﬁo 0.693. Keep it over Na wire for 24 hours, then fractionally
distil it under reduced pressure into a cooled receiver. [Beilstein 11V 971.]

2-Butyne-1,4-diol [710-65-6] M 86.1, m 54-57°, 56-58°, b 238°. Crystallise the diol from EtOAc. [Beilstein
11V 2687.]

Butyramide /[5/4-35-5] M 87.1, m 115°, b 230°. Crystallise it from acetone, *benzene, CCly/petroleum ether,
20% EtOH or water. Dry it under vacuum over P,O5, CaCl, or 99% H,SOy. [Beilstein 2 H 275,2 1122, 211,
251,211 616, 2 TV 804.]

n-Butyric acid /107-92-6] M 88.1, f -5.3°, b 163.3°, d ﬁo 0.961, n25 1.396, pK25 2.82. Distil the acid, them
mix it with KMnO,4 (20g/L), and fractionally redistil, discarding the first third of the distillate [Vogel J Chem
Soc 1814 1948)]. [Beilstein 21V 779.]

n-Butyric anhydride //06-31-0] M 158.2, b 198°, d ‘2‘0 0.968. Dry the anhydride by shaking it with P,Os,
then distilling it. [Beilstein 2 1V 802.]

v-Butyrolactone /96-48-0] M 86.1, b 83.8°/12mm, d ‘2‘0 1.124. Dry the lactone over anhydrous CaSQOy, then
fractionally distil it. Handle it in a fume cupboard due to its TOXICITY. [Beilstein 17V 7.]

Butyronitrile /109-74-0] M 69.1, b 117.9°, d 50 0.793, n 2" 1.3846, n3° 1.37954. Treat it with conc HCI until
the smell of the isonitrile had gone, then dry with K,CO3 and fractionally distil [Turner J Chem Soc 1681 1956].
Alternatively, it is twice heated at 75° and stirred for several hours with a mixture of Na,CO3 (7.7g) and KMnOy4
(11.5g) per L of butyronitrile. The mixture is cooled, then distilled. The middle fraction is dried over activated
alumina. [Schoeller & Wiemann J Am Chem Soc 108 22 1986, Beilstein 2 1V 806.]

Butyryl chloride (butanoyl chloride) /[/4/-75-3] M 106.6, f —-89°, b 101-102%atm, d ﬁo 1.026, nlz)0 1.412.
Check IR to see if there is a significant peak at 3000-3500 cm! (br) for OH. If OH is present then reflux it with
less than one mole equivalent of SOCI, for 1 hour and distil directly. The fraction boiling between 85-100° is
then refractionated at atmospheric pressure. Keep all apparatus free from moisture and store the product in
sealed glass ampoules under N,. LACHRYMATORY; handle in a good fume hood. [Hefferich & Schaeffer
Org Synth Coll Vol I 147 1941, Beilstein 21V 803.]

Capric acid (decanoic acid) /334-48-5] M 172.3, m 31.5° b 148%11mm, d io 0.886, n25 1.424, pKgg
~4.9. The acid is best purified by conversion into its methyl ester, b 114.0°/15mm (using excess MeOH, in the
presence of HySOy4). The H,SO4 and MeOH are removed, the ester is distilled in vacuo through a 3ft column
packed with glass helices. The acid is then obtained from the ester by saponification and vacuum distillation.
[Trachtman & Miller J Am Chem Soc 84 4828 1962, Beilstein 2 1V 1041.]

n-Caproamide (n-hexanamide) /628-02-4] M 115.2, m 100°, 100.5°. Recrystallise the amide from hot water.
[Beilstein 2 H324,21141,2 11286, 2 111 732.]

Caproic acid (hexanoic acid) [/42-62-1] M 116.2, b 205.4°, d ‘2‘0 0.925, n 2 1.417, pK254.85. Dry the acid
with MgSQOy and fractionally distil it from CaSQOy. [Beilstein 2 1V 917.]

Capronitrile (hexanenitrile) /628-73-9/ M 97.2, m —80°, b 163.7°, n ]2)0 1.4069, n25 1.4048. Wash the nitrile
twice with half-volumes of conc HCI, then with saturated aqueous NaHCO3, dry over MgSOQy, filter and distil it.
[Beilstein 2 H 324,2 1141, 2 11286, 2 111 733, 2 IV 930.]

Caprylonitrile (heptylcyanide) /724-12-9] M 125.2, m —45°, b 198-200°/~760mm, d 2° 0.812, n 2° 1.420.
Wash the nitrile twice with half-volumes of conc HCI, then with saturated aqueous NaHCO3, dry over MgSQy,
filter and distil it. [Beilstein 2 H 349,21148,2 11 303, 2 111 798, 2 IV 993.]
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Carbon Black /7333-86-4] M 12.0, d 1.887/ml, bulk d 0.056g/ml, surface area >200m2/g, av pore diameter 64A.
Leach the carbon for 24 hours with 1:1 HCI to remove oil contamination, then wash it repeatedly with distilled
water. Dry it in air, and elute for one day each with *benzene and acetone. Again dry it in air at room
temperature, then heat it in a vacuum for 24 hours at 600° to remove adsorbed gases. [Tamamushi & Tamaki
Trans Faraday Soc 55 1007 1959.]

Carbon disulfide See entry in “Inorganic Compounds”, Chapter 5.

Carbon tetrabromide /[558-13-4] M 331.7, m 92.5°. Reactive bromide is removed from CBr4 by refluxing
with dilute aqueous NayCOs, then steam distilling, crystallising from EtOH, and drying in the dark under
vacuum. [Sharpe & Walker J Chem Soc 157 1962.] It can be sublimed at 70° and low pressure. It must not be
dried with sodium. [Beilstein 11V 85.]

Carbon tetrachloride /56-23-5] M 153.8, b 76.8°, d25 1.5842. For many purposes, careful fractional
distillation gives adequate purification. Carbon disulfide, if present, can be removed by shaking vigorously for
several hours with saturated KOH, separating, and washing with water: this treatment is repeated. The CCly is
shaken with conc HySO4 until there is no further coloration, then washed with water, dried with CaCl, or
MgSO4 and distilled (from P,0Os5 if desired). It must not be dried with sodium. An initial refluxing with
mercury for 2 hours removes sulfides. Other purification steps include passage of dry CCly through activated
alumina, and distillation from KMnOy4. Carbonyl containing impurities can be removed by percolation through a
Celite column impregnated with 2,4-dinitrophenylhydrazine (DNPH), H3PO4 and water. (Prepared by
dissolving 0.5g DNPH in 6ml of 85% H3PO4 by grinding together, then mixing with 4ml of distilled water and
10g Celite.) [Schwartz & Parks Anal Chem 33 1396 1961]. Photochlorination of CCly has also been used: CCly
to which a small amount of chlorine has been added is illuminated in a glass bottle (e.g. for 24 hours with a
200W tungsten lamp near it), and, after washing out the excess chlorine with 0.02M Na,SOj3, the CCly is washed
with distilled water and distilled from P,Os. It can be dried by passing through 4A molecular sieves and
distilled. Another purification procedure is to wash CCly with aqueous NaOH, then repeatedly with water and
N gas is bubbled through the liquid for several hours. After drying over CaCl, it is percolated through silica gel
and distilled under dry N, before use [Klassen & Ross J Phys Chem 91 3664 1987]. [Beilstein 11V 56.]

Rapid purification: Distil, discarding the first 10% of distillate or until the distillate is clear. The distilled CCly
is then stored over 5A molecular sieves.

Carbon tetrafluoride /75-73-0] M 88.0, b —15°. Purify CF,4 by repeated passage over activated charcoal at
solid-CO, temperatures. Traces of air are removed by evacuating while alternately freezing and melting.
Alternatively, liquefy CF4 by cooling in liquid air and then fractionally distil it under vacuum. (The chief
impurity originally present is probably CF3Cl). Use brass equipment. It is non-flammable, but is TOXIC.
[Beilstein 1H 59,118, 11111, 111135, 11V 26.]

Carbon tetraiodide /507-25-5] M 519.6, m 168°(dec). Sublime Cly in vacuo. [Beilstein 1 H 74,11V 98.]
Carbonyl sulfide See “Inorganic Compounds”in Chapter 5.

Cerulenin (helicocerin, 2R,35-2,3-epoxy-4-0x0-7E,10E-dodecadienamide) [/7397-§9-6] M 223.3, m 93-
94°, 93-95°, b 120°/10-3mm, [a] })6 +63° (¢ 2, MeOH). It forms white needles from *CgHg. It has also been
purified by repeated chromatography through Florisil and silica gel. It is soluble in EtOH, MeOH, *CgHg,
slightly soluble in H,O and petroleum ether. The d/-form has m 40—42° (from *CgHg/hexane), and the 2R,3S-
tetrahydrocerulenin has m 86-87°, [a] 20 +44.4 (c 0.25, MeOH after 24 hours). [Ohrui & Emato Tetrahedron
Lett 2095 1978, Sneda et al. Tetrahedron Lett 2039 1979, Broeckman & Thomas J Am Chem Soc 99 2805 1977,
Jakubowski et al. J Org Chem 47 1221 1982, Beilstein 18/2 V 201.]

Cetyl acetate [629-70-9] M 284.5, m 18.3°, b 158°/2mm, 204°/18mm, d 3° 0.861. Distil the ester in a
vacuum twice, then recrystallise it several times from diethyl ether/MeOH. [Beilstein 2 H 136, 2 11 146, 2 111
265,21V 171.]
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Cetyl alcohol (1-hexadecanol) [36653-82-4] M 242.5, m 49.3°. Crystallise the alcohol from aqueous EtOH or
from cyclohexane. Alternatively, purify it by zone refining. The purity can be checked by gas chromatography.
[Beilstein 1 H429,11219,111466,1 111 1815, 11V 1876.]

Cetylamide [629-54-9] M 255.4, m 104-104.5°, 106-107°, b 235-236°/12mm. Crystallise the amide from
thiophene-free *benzene and dry it under vacuum over P,Os. It is slightly soluble in EtOH, Me,CO, CHCl; and
toluene but insoluble in HyO. [Beilstein 2 H374,211341,2 111 975,21V 1182.]

Cetylamine (1-hexadecylamine) [/43-27-1] M 241.5, m 48°, b 162-165°/5.2mm, pK?2510.60. Crystallise the
base from thiophene-free *benzene and dry under vacuum over P,Os. Store away from CO, [Beilstein 4 IV §18.]

Cetylammonium chloride /[7602-97-7] M 278.0, m 178°. Crystallise the salt from MeOH. [Beilstein 4 IV
818.]

Cetyl bromide (1-bromohexadecane) ///2-82-3] M 305.4, m 15°, 16-18°, b 144.8°/1mm, 171.5-172°/5mm,
190°/11mm, 193-196°/14mm, d 25 0.999, nf)o 1.461. It is prepared by boiling hexadecan-1-ol with 48%
aqueous HBr and 25% H,SOy4 for several hours, distilling and purifying by shaking the bromide with H,SOy,
washing with H,O, drying with K,CO3 and fractionally distilling it in vacuo. [Bezzi & Lanza Gazzetta 80 180
1950, Vogel J Chem Soc 146 637 1943, Heston et al. J Am Chem Soc 72 2071 1950, Beilstein 1 H 17,1168, 111
138, 1111559, 1 1V 542.]

Cetyl ether (dihexadecyl ether) /4113-12-6] M 466.9, m 54°. Distil the ether in a vacuum then crystallise it
several times from MeOH/*benzene. [Beilstein 1 H 430, 111467, 1 111 1820, 1 IV 1878.]

Cetyltrimethylammonium bromide (cetrimonium bromide, CTAB) /57-09-0] M 364.5, m 227-235%(dec).
Crystallise it from EtOH, EtOH/*benzene or from wet acetone after extracting twice with petroleum ether.
Shake it with anhydrous diethyl ether, filter and dissolve it in a little hot MeOH. After cooling in the
refrigerator, the precipitate is filtered off at room temperature and re-dissolved in MeOH. Anhydrous ether is
added and, after warming to obtain a clear solution, it is cooled and the crystalline material is collected and dried
in vacuo. [Dearden & Wooley J Phys Chem 91 2404 1987, Hakemi et al. J Am Chem Soc 91 120 1987, Beilstein
41V 819.]

Cetyltrimethylammonium chloride /7//2-02-7] M 320.0. Crystallise the chloride from acetone/ether mixture,
EtOH/ether, or from MeOH. [Moss et al. J Am Chem Soc 109 4363 1987, Beilstein 4 1V 819.]

Charcoal [7440-44-0] M 12.0, m ~3550°. Charcoal (50g) is added to 1L of 6M HCI and boiled for 45 minutes.
The supernatant is discarded, and the charcoal is boiled with two more lots of HCI, then with distilled water until
the supernatant no longer gives a test for chloride ion. The charcoal (now phosphate-free) is filtered onto a
sintered-glass funnel and dried in air at 120° for 24 hours. [Lippin et al. J Am Chem Soc 76 2871 1954.] The
purification can be carried out using a Soxhlet extractor (without cartridge), allowing longer extraction times.
Treatment with conc H,SO, instead of HCI has been used to remove reducing substances.

Chimyl alcohol (1-0-n-hexadecylglycerol) /[(+) 506-03-6, 10550-58-0 (chimyl alcohol)] M 316.5, m 64°.
Recrystallise it from hexane. [Beilstein 1 111 2322.]

Chloral (trichloroacetaldehyde) [75-87-6, 302-17-0 (hydrate)] M 147.4, b 26°/35mm, 98°/760mm. pK?25
10.04. Distil chloral, then dry it by distilling through a heated column of CaSOy. It readily forms a hydrate

m 57°, an alcoholate m 47.5° [515-83-3] and an ammonia adduct m 72-74° [507-47-1]. It is a sedative and a
hypnotic. [Beilstein 1 H 616, 11328, 111467, 1 111 2663, 1 IV 3142 for anhydr, 1 IV 3143 for hydrate.]

Chloralacetone chloroform (2,2,2-trichloro-1-[2,2,2-trichloro-1,1-dimethylethoxy|ethanol) /5/2-47-0]
M 324.9, m 65°. Crystallise it from *benzene. It sublimes on careful heating and hydrolyses in cold H,SO4 to
chloral acetone and chloroform. [Beilstein 1 H 622.]
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Chloroacetaldehyde dimethyl acetal /97-97-2] M 124.6, m —34.4°, b 64°/23mm, 71-72°/35mm, d 30 1.0172,
n % 1.4175. Purify the acetal by fractional distillation, preferably in a vacuum. [Melhotra J Indian Chem Soc
36 4405 1959, Beilstein 11V 3134.]

a-Chloroacetamide /79-07-2] M 93.5, m 121°, b 224-225°743mm. Recrystallise the amide from acetone
and dry it under vacuum over P,Os. [Beilstein 2 IV 490.]

Chloroacetic acid /79-711-8] M 94.5, m 62.8°, b 189°, pK?5 2.87. Crystallise the acid from CHCl3, CCly,
*benzene or water. Dry it over P,Os or conc HySOy4 in a vacuum desiccator. Further purification is by
distillation from MgSQy, and by fractional crystallisation from the melt. Store it under vacuum or under dry N».
[Bernasconi et al. J Am Chem Soc 107 3621 1985, Beilstein 2 1V 474.]

Chloroacetic anhydride /54/-88-8] M 171.0, m 46°, b 122-123°/20mm, 203°/760mm, d3° 1.5494.
Crystallise it from *benzene. [Eglinton et al. J Chem Soc 1860 1954, Beilstein 2 1V 487.]

Chloroacetone [78-95-5] M 92.5, b 61°/50mm, 119°/763mm, d 20 1.15. Dissolve it in water and shake it
repeatedly with small amounts of diethyl ether which extracts, preferentially, 1,1-dichloroacetone present as an
impurity. The chloroacetone is then extracted from the aqueous phase using a large volume of diethyl ether, and
distill at slightly reduced pressure. It is dried with CaCl, and stored at Dry-ice temperature. Alternatively, it is
kept over CaSO4 for several hours, distilled and stored over CaSOy. It is steam volatile. The 2,4-
dinitrophenylhydrazone forms yellow needles from EtOH with m 120° or 124°. [Beilstein 1 IV 3215.]
LACHRYMATOR with toxic vapour.

Chloroacetonitrile //07-14-2] M 75.5, b 125°. Reflux it with P,Os5 for one day, then distil it through a helices-
packed column. Also purified by gas chromatography. [Beilstein 2 IV 492.] LACHRYMATORY AND
HIGHLY TOXIC.

2-Chlorobutane /78-86-4] M 92.6, b 68.5°, d 3 0.873, n25 1.3945. Purify it in the same way as n-butyl
chloride. [Beilstein 11V 248.]

N-Chlorocarbonyl isocyanate /27738-96-1] M 105.5, m —68°, b 63.6°/atm, d 3° 1.310. Fractionally distil it at
760mm using a 40cm column. TOXIC vapour, use a good fume hood. Store it dry, its IR (film) has
Vmax at 2260 (NCO), 1818 (CO) and 1420 (NCO sym) cm™!. [Jickl & Sundmeyer Chem Ber 106 1752 1975.]

2-Chloroethanol (ethylene chlorohydrin) /707-07-3] M 80.5, b 51.0°/31mm, 128.6°/760mm, d io 1.201, n15
1.444. Dry it with, then distil it from, CaSOy4 in the presence of a little Na,CO3 to remove traces of acid.
[Beilstein 11V 1372.]

2-Chloroethyl bromide (1-bromo-2-chloroethane) /707-04-0] M 143.4, b 106-108°, d 30 1.723, n f)o 1.490.
Wash it with conc H,SO4, water, 10% Na,CO3 solution, and again with water, then dry with CaCl, and
fractionally distil before use. [Beilstein 1H 89,1128, 11161, 1111179,11V 155.]

2-Chloroethyl chloroformate /[627-11-2] M 143.0, b 52-54%/12mm, 153°/760mm, dls 1.3760, nf,0 1.446.
Purify it by fractional distillation, preferably in a vacuum, and store it in a dry atmosphere. [Jones J Chem Soc
2735 1957, Beilstein 3 1V 24.]

2-Chloroethyl vinyl ether /[1/0-75-8] M 106.6, b 109°/760mm, d 2° 1.048, n} 1.437. Wash the ether
repeatedly with equal volumes of water made slightly alkaline with KOH, dry with sodium, and distil it under a
vacuum. Stabilise it with ~0.01% of triethanolamine. [Beilstein 11V 2051.] TOXIC.

Chlorofluoroacetonitrile (CIFCHCN) [+ 92484-61-2 and 359-05-7] M 93.4, b 66%atm, d?° 1.267, n%
1.3627. 1t is prepared from ethyl chlorofluoroacetate (see below) by conversion to the amide (0.5mol, b 72-
77°/1mm) which is added slowly to, P,Os (0.25mol), and the nitrile (3.5g) is distilled off at 50-70°/atmospheric
and redistilled (30g, 66°/atmospheric). It is slowly hydrolysed by H,O but rapidly by aqueous alkali. [Young &
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Tarrant J Am Chem Soc 71 2432 1949, Beilstein 2 111 454]. Theoretical studies of the molecular dynamics of the
enantiomers {(+)- [85196-70-9] and (-)- [85196-71-0]} have been made although they had not been separated
[Roselli et al. J Mol Lig 28 1 1984, Evans Phys Rev A 30 2062 1984, Craig & Elsam Chem Phys 73 349 1982].
Samarium (II) iodide [32248-43-4] promotes the reaction of chlorofluoroacetonitrile with aldehydes to form
cyanofluorohydrins in the presence of HMPA [Asano et al. Synthesis 1309 2007].

Chloroform [67-66-3] M 119.4,b 61.2°, d!5 1.49845, d10 1.47060, n!5 1.44858. It reacts slowly with oxygen,
or oxidising agents, when exposed to air and light, giving, mainly, phosgene, Cl, and HCl. Commercial CHCl;
is usually stabilised with up to 1% of EtOH or of dimethylaminoazobenzene. Simplest purifications involve
washing with water to remove the EtOH, drying with K,CO3 or CaCl,, refluxing with P,Os, CaCl,, CaSOy4 or
Na,SOy, and distilling. It must not be dried with sodium. The distilled CHCl3 should be stored in the dark to
avoid photochemical formation of phosgene. In an alternative purification, CHCIl3 (500ml) was shaken
(mechanically) with several small portions of 12% H,SOy, for 1 hour, washed thoroughly with water, saturated
NaHCO3, washed again with water, and dried over CaCl, or K,CO3 (100g) for 1 hour before filtering and
distilling. After further drying for a short time over P,Os, the CHCl3 was redistilled and stored over Drierite in
the dark [Reynolds & Evans J Am Chem Soc 60 2559 1938].

EtOH can be removed from CHCIj3 by passage through a column of activated alumina, or through a column of
silica gel 4-ft long by 1.75-in diameter at a flow rate of 3ml/minute. (The alumina column, which can hold about
8% of its weight of EtOH, is regenerated by air drying and then heating at 600° for 6 hours. It is pre-purified by
washing with CHClI3, then EtOH, leaving in conc H,SO4 for about 8 hours, washing with water until the
washings are neutral, then air drying, followed by activation at 600° for 6 hours. Just before use it is reheated for
2 hours at 154°.) [McLaughlin et al. Anal Chem 30 1517 1958.]

Carbonyl-containing impurities can be removed from CHCl;3 by percolation through a Celite column
impregnated with 2,4-dinitrophenylhydrazine (DNPH), phosphoric acid and water. (Prepared by dissolving 0.5g
DNPH in 6ml of 85% H3PO4 by grinding together, then mixing with 4ml of distilled water and 10g of Celite.)
[Schwartz & Parks Anal Chem 33 1396 1961]. Chloroform can be dried by distillation from powdered type 4A
Linde molecular sieves. For use as a solvent in IR spectroscopy, chloroform is washed with water (to remove
EtOH), then dried for several hours over anhydrous CaCl, and fractionally distilled. This treatment removes
material absorbing near 1600 cm™!. (Percolation through activated alumina increases this absorbing impurity).
[Goodspeed & Millson Chem Ind (London) 1594 1967, Beilstein 11V 42.]

Rapid purification: Pass through a column of basic alumina (Grade I, 10g/ml of CHCl;), and either dry by
standing over 4A molecular sieves, or alternatively, distil from P,O5 (3% w/v). Store away from light (to avoid
formation of phosgene which is tested by shaking with conc NH; forming urea) and use as soon as possible.

Chloromethyl methyl ether (MOMCI) [107-30-2] M 80.5, b 55-57°, dﬁ“ 1.060, n]2)0 1.396. If suspect
(check IR), shake it with saturated aqueous CaCl, solution, dry over CaCl, and fractionally distil taking the
middle fraction. Alternatively, it can be prepared afresh. While working in a fume cupboard, a rapid stream of
HCI gas ([7647-73-6] from a cylinder, or generated from concentrated H,SO, on NaCl) is bubbled through a
solution of MeOH (438ml, 10.9moles) and technical formalin (900ml, 252¢g, 8.4moles, [50-00-0]) which is
cooled with running water. After 2 hours two layers are formed, but HCI flow is continued for 2 to 3 hours
further until saturation. The MOMCI layer is separated, the aqueous phase is saturated with CaCl,, and the
additional MOMC that is salted out is combined with the first lot, dried over CaCl,, filtered and fractionally
distilled at atmospheric pressure. The fraction that distils at 55-60° is redistilled to give pure MOMCI (586-
600g, 86-89%). [Marvel & Porter Org Synth Coll Vol 1 377 1941, Beilstein 1 H 580, 1 1304, 1 11 645, 1 111
2587,11V 3046.] VERY TOXIC VAPOUR and CARCINOGENIC.

1-Chloro-2-nitroethane /[625-47-8§] ™M 109.5, b 37-38°/20mm, 55°/60mm, 127.5%atm, n ]2)0 1.4224, n25
1.4235. Dissolve it in alkali, extract with ether (discard), then the aqueous phase is acidified with hydroxylamine
hydrochloride, and the nitro compound is collected and fractionally distilled under reduced pressure. [Pearson
& Dillon J Am Chem Soc 75 2439 1953, Beilstein 1 H 101, 1 111 202, 1 IV 173.]

Chloropicrin (trichloronitromethane) [76-06-2] M 164.5, b 112°. Dry it over MgSOy4 and fractionally distil.
[Beilstein 1 1V 106.] EXTREMELY NEUROTOXIC, use appropriate precautions.
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RS-2-Chloropropionic acid /598-78-7] M 108.5, b 98°/3mm, d 2° 1.182, n &’ 1.453 pK?252.89. Dry it with
P,05 and fractionally distil it under vacuum. [Beilstein 2 1V 745.]

S-(-)-2-Chloropropionic acid /29617-66-1] M 108.5, b 77°/10mm, 80.7°/10mm, 185-188%/atm, d 35 1.2485,
n® 1.436, [a] 35 -14.6° (neat). Purify the acid by fractionating twice through a 115cm Podbielniak column
(calculated 50 theoretical plates at atmospheric pressure) using a take-off ratio of 1:5. The acid chloride is
prepared by dissolving the acid in SOCl,, adding a few drops of PCl3, refluxing and then distilling through a
30cm column, b 53%/100mm, [a] 2’ —4.6° (neat), d 3% 1.2689, n 2> 1.4368. [Fu et al. J Am Chem Soc 76 6954
1954, Beilstein 2 TV 745.]

3-Chloropropionic acid /7107-94-8] M 108.5, m 41°, pK?5 4.08. Crystallise the acid from petroleum ether or
*benzene. [Beilstein 2 1V 748.]

3-Chloropropyl bromide (1-bromo-3-chloropropane) /109-70-6] M 157.5, b 142-145°, n25 1.4732. Wash it
with conc HySOy4, water, 10% Na,COj3 solution, water again and then dry with CaCl, and fractionally distil it
just before use [Akagi et al. J Am Chem Soc 78 4034 1956]. [Beilstein 1 H 109,11V 212.]

2-Chloro-1,1,1-triethoxyethane /5/076-95-0] M 196.7, b 75-80°/5mm, 91°/25mm, 147%atm, d 2° 1.024, n &
1.422. Distil the chloroethane in a vacuum; but if it is discoloured or suspect, then it is better to prepare it anew.
To (EtO)3CH (ethyl orthoformate see [122-51-0]) in CCly add a slight excess of N-chlorosuccinimide and heat to
60° while exposing to a sun lamp. An exothermic reaction occurs during 30 minutes; filter off the succinimide
formed, evaporate and distil the residue in vacuo. [McElvain & Nelson J Am Chem Soc 64 1825 1942, Mylari et
al. Synth Commun 19 2921 1989, Ueno et al. J Med Chem 34 2468 1991, Beilstein 2 111 442, 2 TV 482.]

2-Chlorotriethylamine hydrochloride /[869-24-9] M 172.1, m 208-210°, pKg,; ~8.6 (free base). Crystallise
the salt from absolute MeOH (to remove highly coloured impurities). [Beilstein 4 111 240.]

Chlorotrifluoroethylene (CTFE) /79-38-9] M 116.5, b =26 to —24°. Scrub it with 10% KOH solution, then
10% HSO4 solution to remove inhibitors, dry and pass it through silica gel. It is stabilised with ~1%
tributylamine. Use brass equipment. [Beilstein 1111 646.] TOXIC GAS.

Chlorotrifluoromethane /75-72-9] M 104.5, m —180°, b —81.5°. Main impurities are CO,, O, and N,. The
CO, is removed by passage through saturated aqueous KOH, followed by concentrated HySO4. The O is
removed using a tower packed with activated copper on Kieselguhr at 200°, and the gas is dried over P,Os.
[Miller & Smyth J Am Chem Soc 79 20 1957, Beilstein 1111 42, 1 1V 34.] TOXIC GAS.

Choline acetate ([2-hydroxyethyl]trimethylammonium acetate) [/6586-35-7] M 163.2, m varies with
amount of H»O. Choline acetate is a very hygroscopic solid and should be kept in well stoppered containers,
preferably under N, or Ar. [Sasaki & Kobayashi J Agric Chem Soc 23 456 1949, Chem Abstr 47 2696 1953.] It
forms a gold complex [HOCH,CH,N*(Me);][AcO7] [AuCl3] with m 263°. Choline Reineckate has m 267-270°
(from aqueous Me,CO, m 226-258° was also reported). Choline picrate has m 247-247.5° (from EtOH, m’s of
237-238° and 242-245° were also reported) [Taylor & Kraus J Am Chem Soc 69 1732 1947] and choline
picrolonate has m 186° (from EtOH). [Beilstein 4 IV 1444.]

Choline chloride ([2-hydroxyethyl|trimethylammonium chloride) /[67-48-1] M 139.6, m 302-305°(dec).
Extremely deliquescent. Check purity by AgNOs titration or by titration of OH-base after passage through an
anion-exchange column. Crystallise it from absolute EtOH, or EtOH/Et,0, dry it under vacuum and store it in a
vacuum desiccator over P,Os5 or Mg(ClOy),. [Beilstein 4 IV 1443.]

Citraconic acid (methylmaleic acid) /498-23-7] M 130.1, m 91°, pK 5 2.2, pK 3% 5.60 (cis). Steam distil
and crystallise it from EtOH/ligroin. [Beilstein 2 H 768,2 1309, 2 11 652, 2 IIT 1938, 2 IV 2230.]

Citraconic anhydride (methylmaleic anhydride) /6/6-02-4] M 112.1, m 8-9°, b 109%/30mm, 132°/74mm,
213°/760mm, d 3° 1.245, n 2 1.472. Possible contamination is from the acid formed by hydrolysis. If the IR
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has OH bands, then reflux with Ac,O for 30 minutes, evaporate, and distil the residue in a vacuum; otherwise

distil in a vacuum. Store it in a dry atmosphere. [Vaughan & Andersen J Am Chem Soc 77 6702 1955, Vaughan
& Andersen J Org Chem 21 680 1956, Beilstein 17 H 440, 17 1234, 17 11 448, 17 1I/IV 5912, 17/11 V 65.]

Citric acid (HyO) [5949-29-1 (monohydrate); 77-92-9 (anhydrous)] M 210.1, m 156-157°, 153° (anhyd),
pK 5 2.96, pK 3% 4.38, pK %° 5.68. Crystallise it from hot H,O solution (w/w solubility is 54% at 10°, 71% at
50° and 84% at 100°). The monohydrate (softens at ~75° and melts at ~100°) dehydrates in air or when heated
gently above 40°. The triethylester ([77-93-0] M 276.3, b 127°/1mm, 294°/atm, d 3° 1.137, n ¥ 1.4420) is a
bitter tasting oil. [Beilstein 3 H 556 and 568, 3 IV 1272.]

Citronellal (3,7-dimethyloctan-6-al) /[R(+) 2385-77-5, S(=) 5949-05-3] M 154.3, b 67°/4mm, 8§9°/14mm,
104-105°/21mm, 207°/760mm, [a] 23, (+) and (-) 20°, [a] 2? (+) and (-) 16.5° (neat). Fractionally distil it.
Alternatively, extract it with NaHSO3 solution, wash it with Et,O, then acidify it to decompose the bisulfite
adduct and extract with Et,O, dry (Nay;SOy), evaporate and distil. Check for purity by hydroxylamine titration.
The ORD in MeOH (c 0.167) has: [at],9 99, [0t]sge 7119, [0t],75 +12° and [ot],g +12°. The semicarbazone has m
859, and the 2,4-dinitrophenylhydrazone has m 79-80°. [(+)-compound: Tietze & Beifuss Org Synth 71 167
1993, 1IR: Carroll et al. J Chem Soc 3457 1950, ORD: Djerassi & Krakower J Am Chem Soc 81 237 1959,

Beilstein 1 TV 3515.]

B—Citronellene (2,6-dimethylocta-2,7-diene) /S-(+) 2436-90-0, R-(-) 10281-56-8] M 138.3, b 153-
154°/730mm, 155%/atm, d 3> 0.757, n §} 1.431, [a] 2, (+) and (-) 13°, [a] 2° (+) and (-) 10° (neat). Purify it
by distillation over Na (three times) and fractionation. [(—) Arigoni & Jeager Helv Chim Acta 37 881 1954, (+)

Eschenmoser & Schinz Helv Chim Acta 33 171 1950, Beilstein 11V 1059-1060.]

B—Citronellol (3,7-dimethyloctan-6-ol) [R-(+): 11171-61-9, S-(-): 106-22-9] M 156.3, b 47°/1mm, 102-
104(110)°/10mm, 112-113%/12mm, 221-224%/atm, 225-226°/atm, d * 0.8551, n 3} 1.4562, [a] 2, (+) and (-)
6.3%, [a] 2 (+) and (-) 5.4° (neat). Purify them by distillation through a cannon packed (Ni) column and the
main cut collected at 84°/14mm and redistilled. Also purify via the benzoate. [IR: Eschenazi J Org Chem 26

3072 1961, Naves Bull Soc Chim Fr 505 1951, Beilstein 11V 2188.]

Crotonaldehyde (2-butenal) //23-73-9] M 70.1, b 104-105°, d 3° 0.851, n %’ 1.437. Fractionally distil it
under N, through a short Vigreux column. Stabilise it with 0.01% of 2,6-di-tert-butyl-p-cresol and store it in
sealed ampoules. [Beilstein 11V 3447.]

trans-Crotonic acid (trans-2-butenoic acid) //07-93-7] M 86.1, m 72-72.5°, pK 125 —6.17 (aqueous H,SOy),
pK 38 4.71. Distil the acid under reduced pressure and/or recrystallise it from petroleum ether (b 60-80°) or
water, or by partial freezing of the melt. [Beilstein 2 1V 1498.]

E- and Z-Crotonitrile (mixture) /4786-20-3] M 67.1, b 120-121°, d 2° 1.091, n 3’ 1.4595. Separate the
mixture by preparative GLC on a column using 5% FFAP on Chromosorb G. [Lewis et al. J Am Chem Soc 108
2818 1986, Beilstein 2 1V 1507.]

trans-Crotonoyl chloride /625-35-4] M 104.5, b 42-45°/20mm, 124-125°/760mm, d 3° 1.080, n 3’ 1.4570. If
the IR of a film has no OH bands, then fractionally distil it, taking the middle fraction and redistilling it. If OH
bands are present then add excess of oxalyl chloride, reflux for 3 hours, then distil off the reagent and
fractionally distil the crotonoyl chloride as before. Stabilise the distillate with 160ppm of hydroquinone. The
amide forms needles m 158° from aqueous ammonia, and the anilide also forms needles from H,O, but with m
115-118°. [Beilstein 2 H411,2 1188, 2 11 392, 2 111 1265, 2 IV 1506.]

Crotyl bromide [29576-14-5] M 135.0, b 103-105°/740mm, n?5 1.4792. Dry the bromide with
MgS0,4/CaCO3; mixture and fractionally distil it through an all-glass Todd column. [Beilstein 11V 789.]

Cyanoacetamide [/07-91-5] M 84.1, m 119.4°. Crystallise the amide from MeOH/dioxane (6:4), then water
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and dry it over P,Os under vacuum. [Beilstein 2 IV 1891.]

Cyanoacetic acid /372-09-8] M 85.1, m 70.9-71.1°, pK?5 2.47. Recrystallise the acid to constant melting
point from *benzene/acetone (2:3), and dry it over silica gel. [Beilstein 2 H 583, 2 1253, 2 11 530, 2 III 1626, 2
IV 1888.]

Cyanoacetic acid hydrazide [/40-87-4] M 99.1, m 114.5-115°. Crystallise the hydrazide from EtOH. The
hydrochloride has m 178-180° and the benzylidene derivative has m 178°. It is converted to 3-oxo-5-
iminopyrazolidine in hot 40% aqueous NaOH. [Beilstein 2 H 591, 21256, 2 111 1636.] IRRITANT.

Cyanoguanidine (dicyanodiamide) [46/-58-5] M 84.1, m 209.5°, pK?25 -0.4. Recrystallise cyanoguanidine
from water or EtOH. [Beilstein 3 1V 160.]

n-Decane [124-18-5] M 142.3, m —29.7°, b 57.6°/10mm, 174.1°, d 2° 0.7300, n 2’ 1.4102, n25 1.40967. It
can be purified by shaking with conc H,SO,4, washing with water, aqueous NaHCO3, and more water, then
drying with MgSQy, refluxing with Na and distilling. Also purify through a column of silica gel or alumina. It
has been purified by azeotropic distillation with 2-butoxyethanol, the alcohol being washed out of the distillate
using water, the decane is next dried and redistilled. It can be stored with NaH. Further purification can be
achieved by preparative gas chromatography on a column packed with 30% SE-30 (General Electric methyl-
silicone rubber) on 42/60 Chromosorb P at 150° and 40psig, using helium [Chu J Chem Phys 41 226 1964]. It
is soluble in EtOH and Et,O. [Beilstein 11V 484.]

Decan-1,10-diol /7/72-47-0] M 174.3, m 72.5-74°. Crystallise the diol from dry ethylene dichloride. [Beilstein
11V 2613.]

n-Decanol (n-decyl alcohol) /772-30-1] M 158.3, f 6.0°, b 109°/8mm, 231%/atm, d 3° 0.823, n ¥’ 1.434.
Fractionally distil n-decanol in an all-glass unit at 10mm pressure (b 110°), then fractionally crystallise by partial
freezing. Also purify by preparative GLC, and by passage through alumina before use. [Beilstein 11V 1815.]

n-Decyl bromide (1-bromodecane) ///2-29-§] M 221.2, b 117-118°/15.5mm, d 50 1.066. Shake the it with
H,S0Oy4, wash with H,O, dry with K,CO3, and fractionally distil it. [Beilstein 11V 470.]

Decyltrimethylammonium bromide /[2082-84-0] M 280.3, m 239-242°. Crystallise the salt from 50% (v/v)
EtOH/Et,0, or from acetone and wash with ether. Dry it under vacuum at 60°. Also recrystallise it from EtOH
and dry it over silica gel. [McDonnell & Kraus J Am Chem Soc 73 2170 1952, Dearden & Wooley J Phys Chem
91 2404 1987, Beilstein 41V 784.]

Diacetamide /625-77-4] M 101.1, m 75.5-76.5°, b 222-223°, Purify the amide by recrystallisation from MeOH
[Arnett & Harrelson J Am Chem Soc 109 809 1987]. [Beilstein 2 H 181.]

(+)-Di-O-acetyl-L-tartaric anhydride [(R,R)-2,3-diacetoxysuccinic anhydride] [6283-74-5] M 216.2, m
129-132°, 133-134°, 135°, 137.5°, [a] & +97.2° (¢ 0.5, dry CHCly), [a] 2? +60° (¢ 6, Me,CO). If the IR is
good, i.e. no OH bands, then keep it in a vacuum desiccator overnight (over P,Os/paraffin) before use. If OH
bands are present then reflux 4g in Ac,O (12.6ml) containing a few drops of conc H,SOy4 for 10 minutes (use a
relatively large flask), pour onto ice, collect the crystals, wash with dry *CgHg (2 x 2ml), stir with 17ml of cold
Et,0, filter and dry in it a vacuum desiccator as above, or store it in dark evacuated ampoules under N, in small
aliquots. It is not very stable in air, the melting point of the crystals drop one degree in the first four days then
remains constant (132-134°). If placed in a stoppered bottle, it becomes gummy and the m falls 100° in three
days. Recrystallisation leads to decomposition. If good quality anhydride is required it, should be prepared
freshly from tartaric acid. It sublimes in a CO, atmosphere. [Shriner & Furrow Org Synth Coll Vol IV 242
1963, Bell Aust J Chem 34 671 1981, Beilstein 18 11I/1V 2296.]
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Diallyl amine (N-2-propenyl-2-propen-1-amine) //24-02-7] M 97.2, b 107-111°/760mm, 112°/760mm, d 3°
0.789, n 2 1.440, pK2° 9.42. Keep the amine over KOH pellets overnight, decant and distil it from a few
pellets of KOH at atmospheric pressure (b 108-111°), then fractionate through a Vigreux column. [Vliet J Am
Chem Soc 46 1307 1924, Org Synth Coll Vol 1 201 1941.] The hydrochloride has m 164-165° (from
Me,CO/EtOH). [Butler & Angels J Am Chem Soc 79 3128 1957.]

(+)-N,N'-Diallyl tartardiamide (DATD) /58477-85-3] M 228.3, m 1849, [a]s, +141° (¢ 3, MeOH). Wash
DATD with Et,O containing 10% EtOH until the washings are clear and colourless, and dry in vacuo. [FEBS
Lett 7293 1970, Beilstein 4 H 218.]

1,4-Diaminobutane dihydrochloride (putrescine 2HC1) /333-93-7/ M 161.1, m >290°, pK 75 9.63, pK 3°
10.80. Crystallise the salt from EtOH/H,O. [Beilstein 4 IV 1284.]

2,2'-Diaminodiethylamine (diethylenetriamine) //17-40-0] M 103.2, b 208°, d 3° 0.95, n &’ 1.483, pK 75
4.34, pK 3° 9.13, pK %5 9.94. Dry the amine with Na and distil, preferably under reduced pressure, or in a
stream of Ny. [Beilstein 41V 1284.]

§ Polymer-bound diethylenetriamine is commercially available.

3,3'-Diaminodipropylamine (Norspermidine, bis-[3-aminopropyllamine) /[56-/8-§] M 1312, b
152°/50mm, d 2 0.938, n 2 1.481, pK # 7.72, pK 3° 9,57, pK 25 10.65. Dry the amine with Na and distil it
under vacuum. [Beilstein 4 IV 1278.]

1,8-Diaminooctane /[373-44-4] M 144.3, m 50-52°, 51-52°, 52-53°, b 121°/18mm, 120%/24mm, pK ?° 10.1,
pK 3° 11.0. Distil the diamine under vacuum in an inert atmosphere (N5 or Ar), cool and store the distillate in an
inert atmosphere in the dark. The dihydrochloride has m 273-274°. [Nae & Le Helv Chim Acta 15 55 1955,
Beilstein 4111 612.]

1,5-Diaminopentane [462-94-2] M 102.2, m 14-16°, b 78-80°/12mm, 101-103°/35mm, 178-180°/750mm,
d 3 0.869, n 3’ 1.458, pK?° 10.02, pK 3° 10.96. Purify the base by distillation, after standing over KOH
pellets (at room temperature, i.e. liquid form). Its dihydrochloride has m 275° (sublimes in a vacuum), and its
tetraphenyl boronate has m 164°. [Schwarzenbach et al. Helv Chim Acta 35 2333 1952, Beilstein 4 1V 1310.]

1,3-Diaminopropane dihydrochloride /10517-44-9] M 147.1, m 243°, pK # 8.29, pK 2° 10.30. Crystallise
the salt from EtOH/H,O. [Beilstein 4 IV 1258 free base.]

1,3-Diaminopropan-2-ol /616-29-5] M 90.1, m 38-40°, pK 75 7.94, pK 35 9.57. Dissolve it in an equal
amount of water, shake it with charcoal and distil it at 68°/0.1mm. The distillate solidifies. It is too viscous to be
distilled through a packed column. [Beilstein 4 1V 1694.]

1,11-Diamino-3,6,9-trioxaundecane [2,2'-oxybis(ethyleneoxy)bisethylamine] /929-75-9] M 192.3, b 115°/0-
2mm, 138-153%/1mm, 145-150°/2mm, 135°/3mm, n%)o 1.440. Distil the diamine under vacuum, but if it is
suspect then dissolve it in EtOH add 6N HCI boil for 1 hour, evaporate to dryness, and dry the residue in a
vacuum. The solid di-hydrochloride residue is treated with 4N NaOH to release the free base which is extracted
into CH,Cl,, the extract is dried over K,CO3, filtered, evaporated and then distilled in a vacuum. It is a
hydrophilic linker in dendrimer formation or biotinylation. [Zhan et al. J Am Chem Soc 123 8914 2001, Han et
al. Synth Commun 21 79 1999, Bogatiskii et al. J Org Chem USSR (English Transl) 16 1124 /980, McReynolds
et al. Bioorg Med Chem 10 625 2002.]

Diazomethane [H,CN;] /334-88-3] M 42.0, m —145°, b —23°, Diazomethane is produced when N-methyl-N-
nitroso-amides, e.g.  N-methyl-N-nitrosourea, N,N'-dimethyl-N,N'-dinitrosooxamide,  bis-(N-methyl-N-
nitroso)terephthalamide or p-toluenesulfonyl-N-methyl-N-nitrosoamide (Diazald), are treated with strong
solutions of NaOH or KOH. [Fieser and Fieser’s Reagents for Organic Synthesis 1 191 1967, see also 2 102
1969.] 1t has been commonly prepared from Diazald as it is commercially available, although N-methyl-N-
nitrosourea, which is readily prepared and stored below 5° [Arndt Org Synth Coll Vol II 461 /943], is also
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frequently used. Diazomethane is a sweet smelling, highly irritating yellow gas which is TOXIC when inhaled,
causing severe irritation, pulmonary oedema, asthma, chest pains, headaches, weakness as well as producing
hypersensitivity reactions and skin irritation. It is a carcinogen. Diazomethane and its precursors should be
handled in an efficient fume cupboard; and because of its potentially explosive nature experiments should be
carried out behind a safety screen with face and eye protection.

Preparation: A distilling flask (100ml) containing KOH (5g) in H,O (8ml) and diluted with 95% EtOH (25ml)
is heated to ~65° using a water bath, and a solution of Diazald (21.4g, see [80-11-5]) in Et,O (130ml) is added
through a dropping funnel in ~25 minutes while the ether which is yellow in colour due to the diazomethane
distils off, and the distillate is collected in a receivers immersed in ice. When addition of Diazald is complete, a
further volume of Et;O (20ml) is added dropwise and distillation is continued until the Et,O distillate is
colourless. The yield of diazomethane in the distillate is ~3g. [Note that if 95% EtOH is not added to the KOH
solution no diazomethane is formed since the base does not dissolve into the Et;O.] Do NOT redistil this
ethereal solution as an explosion may result, particularly from the smaller volume left in the flask. [For alcohol-
free diazomethane distillate, the distilling flask should contain diethyleneglycol monomethyl ether (35ml), Et,O
(10ml) and KOH (6g) in H>O (10ml) to which is added the ethereal Diazald as before.] [deBoer & Backer Org
Synth 34 96 1954, Org Synth Coll Vol VI 943 1963, Rec Trav Chim Pays Bas 73 229 1954.] By using 13C, 14C
and/or 2H or 3H methyl labeled Diazald (some of these are also commercially available) appropriately labeled
diazomethane can be prepared. The amount of diazomethane is determined by adding a measured volume of
0.2N pure benzoic acid in ether to an aliquot of the ethereal diazomethane solution which will discharge the
yellow colour, meaning that all the diazomethane has been consumed. Water is added to this mixture and the
excess of benzoic acid is then titrated with 0.1N aqueous NaOH. (See the safer Me3SiCHN, [18107-18-1].)

For most purposes it is not necessary to distil the diazomethane in ether. In such cases it is better to use N-
methyl-N-nitrosourea because the unwanted products of the reaction are soluble in water. To a mixture of 50%
aqueous KOH (60ml) and pure Et,O (200ml) at 0 to 5° is added solid nitrosomethylurea (20g) with shaking or
stirring. The ethereal layer becomes deep yellow and is decanted or siphoned off; or separated if in a separating
funnel. The aqueous layer can be extracted with Et,O to get a further amount of diazomethane. The ethereal
solutions can be dried over KOH pellets and can be used directly or kept at ~0° for 2-3 days. [Arndt Org Synth
Coll Vol IT 165 1943] Diazomethane is a very powerful methylating agent and, in so doing the yellow colour
disappears and N, bubbles off. It is a versatile reagent in organic synthesis [Black Aldrichim Acta 16 2 1983.]

Di-O-benzoyl-(R and S)-tartaric acid (H,O) [R-(+) 17026-42-5, S-(-) 2743-38-6 (anhydrous), 62708-56-9
(hydrate)] M 376.3, m 88-89° (hydrate), 173° (anhydrous), [a] 2} (+) and (-) 136° (c 2, EtOH), [a] 2 (+)
and (-) 117° (¢ 5, EtOH), pKgg) ~2.9, pKEst(z) ~4.2. Crystallise the acid from water (18g from 400 ml boiling
H,0) and stir vigorously while cooling in order to obtain crystals; otherwise an oil will separate which solidifies
on cooling. Dry it in a vacuum desiccator over KOH/H;SOy (yield 16.4g) as monohydrate, m 88-89°.

It crystallises from xylene as the anhydrous acid, m 173° (150-153°). It does not crystallise from *CgHg,
toluene, *CgHg/petroleum ether (oil), or CHCls/petroleum ether. [Butler & Cretcher J Am Chem Soc 55 2605

1933, Acs et al. Tetrahedron 41 2465 1985, R(+) Beilstein 9 IV 557, S(-) Beilstein 9 111 870.]

trans-1,4-Dibromobut-2-ene [82/-06-7] ™M 213.9, m 54°, b 85°10mm. Crystallise the dibromide from
ligroin and/or distil it in a vacuum. [Beilstein 11V 79.]

Dibromodichloromethane /594-18-3] M 242.7, m 21.8°, b 66°/81mm, d 3° 2.433, n %’ 1.5499. Crystallise
CBr,Cly, repeatedly from its melt, after washing with aqueous NayS,03 and drying with BaO. Alfernatively,
distil it in a vacuum. Store away from light. [Beilstein 1 H 68,1 111 88, 11V 82.]

1,2-Dibromoethane [/06-93-4] M 187.9, £10.0°, b 29.1°/10mm, 131.7°/760mm, d 2.179, n!5 1.54160. Wash
the dibromide with conc HCI or H>,SOy4, then water, aqueous NaHCOj3 or Na,COj3, more water, and dry it with
CaCl,. Fractionally distil it. Alternatively, keep in daylight with excess bromine for 2 hours, then extract with
aqueous Na,SO3, wash with water, dry with CaCl,, filter and distil. It can also be purified by fractional
crystallisation by partial freezing. Store it in the dark. [Beilstein 1H 90,1128, 11161, 1111 182,11V 158.]

Dibromomaleic acid /608-37-7] M 273.9, m 123.5°, 125%(dec), pK #> 1.45, pK 3> 4.62. It has been
recrystallised from Et,O or Et)O/CHCI3. It is soluble in AcOH, also slightly soluble in water, but insoluble in
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*CgHg and CHCI3. [Salmony & Simonis Chem Ber 38 2583 1905, Ruggli Helv Chim Acta 3 566 1929, Beilstein
31V 2224.]

1,3-Dibromopropane [109-64-8] M 201.9, f —34.4°, b 63-63.5°/26mm, 76-77°/40mm, 90°/80mm, 165°/atm,
d 3° 1.977, n 1.522. Wash the dibromide with dilute aqueous NayCO3, then water. Dry and fractionally distil it
under reduced pressure. [Beilstein 11V 216.]

meso-2,3-Dibromosuccinic acid /608-36-6] M 275.9, m 288-290°(sealed tube, dec), pK 7 1.56, pK 3° 2.71.
Crystallise the acid from distilled water, keeping the temperature below 70°. [Beilstein 2 IV 1930.]

1,2-Dibromotetrafluoroethane [/24-73-2] M 259.8, b 47.3°/760mm. Wash it with water, then with weak
alkali. Dry with CaCl, or HySO4 and distil it. [Locke et al. J Am Chem Soc 56 1726 1934.] Also purify it by
gas chromatography on a silicone DC-200 column.

Di-n-butylamine //77-92-2] M 129.3,b 159°, d 3° 0.761, n 2 1.41766, pK25 11.25. Dry this strong base with
LiAlHy4, CaH, or KOH pellets, filter and distil it from BaO or CaH,. [Beilstein 4 1V 550.]

Di-tert-butylazodicarboxylate /870-50-8] M 230.3, m 89-92°, 90-92°. The fert-butyl ester has the advantage
over the ethyl ester (below) in being a solid and more acid labile. It crystallises from ligroin and is best purified
by covering the dry solid (22g) with petroleum ether (b 30-60°, 35-40 ml) heating to boiling and adding ligroin
(b 60-90°) until the solid dissolves. On cooling, large lemon yellow crystals of the ester separate (~ 20g), m
90.7-92°. Evaporation of the filtrate gives a further crop of crystals [Carpino & Crowley Org Synth 44 18
1964]. This reagent is useful in the Mitsunobu reaction [Mitsunobu Synthesis 1 1981, Gennari et al. J Am Chem
Soc 108 6394 1986, Evans et al. J Am Chem Soc 108 6394 1986, Hughes Org React 42 335 1992, Dodge et al.
Org Synth 73 110 1996, Hughes Org Prep Proc Int 28 127 1996, Ferguson & Marcelle J Am Chem Soc 128 4576
2006, see also DEAD and DIAD below].

Dibutylcarbitol (di[ethyleneglycol]-dibutyl ether, bis[2-butoxethyl]-ether [/7/2-73-2] ™M 218.3, b 125-
130°/0.1mm, d 2° 0.883, n 2 1.424. Dibutylcarbitol is freed from peroxides by slow passage through a column
of activated alumina. The eluate is then shaken with Na,CO3 (to remove any remaining acidic impurities),
washed with water, and stored with CaCl, in a dark bottle [Tuck J Chem Soc 3202 1957]. [Beilstein 1 1V 2395.]

Di-tert-butyl dicarbonate (di-fer-butyl pyrocarbonate, Boc anhydride) /24424-99-5] M 218.3, m 23° (21-
22°), b 55-56°/0.15mm, 62-65°/0.4mm, d 3° 0.950, n 2* 1.409. Melt the ester by heating at ~35°, and distil it in

avacuum. Ifthe IR and NMR (v;,1810m and 1765 cm™!, § in CCly 1.50 singlet) suggest that it is very impure,
then wash it with an equal volume of H,O containing citric acid to make the aqueous layer slightly acidic, collect
the organic layer, dry it over anhydrous MgSO, and distil it in a vacuum. Store it away from moisture at ~ 4°. If
some moisture enters the container pressure may develop since it hydrolyses to tert--BuOH and CO,. It is also
available commercially as a 1.0 M solution in THF. It is FLAMMABLE. [Pope et al. Org Synth 57 45 1977,
Keller et al. Org Synth 63 160 1985.] It is a useful reagent for easy introduction of the N-Boc protecting group
in amines [Iwanowicz et al. Synth Commun 23 1443 1993], amino acids, peptides and proteins [Keller et al. Org
Synth 63 160 1985], amides [Flynn et al. J Org Chem 48 2424 1983, Grehn et al. Angew Chem 97 519 1985],
and N-Boc-ylation of sensitive compounds in non-aqueous media [Kemp & Carey J Org Chem 54 3640 1989].
Boc protection of alcohols has been achieved via Lewis acid catalysis [Bartoli et al. Synlett 2104 2006], and Boc
reacted with 4-carboxyphenylhydrazine to form the N,N,N'-tris-Boc protected acid which was converted to 4-
Fmoc(9-fluorenylmethoxycarbonyl ester)phenyl-hydrazine which is used as a chromophoric reagent to quantify
aldehydes attached to a solid-phase since the hydrazine NH; group forms a coloured Schiff’s base with the
aldehyde [Shannon & Barany J Org Chem 69 4586 2004]. [See the many volumes of Fieser and Fieser Reagents
for Organic Synthesis, ] Wiley & Sons, for more applications.]

N,N-Dibutyl formamide /76/-65-9] M 157.3, b 63°/0.1mm, 118-120°/15mm, 244-246°/760mm, d 3° 0.878,
n ]2)0 1.445. Purify the amide by fractional distillation [Mandel & Hill J Am Chem Soc 76 3981 1954). [Beilstein
41V 565.]
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Di-tert-butyl peroxide (tert-butyl peroxide) /110-05-4] M 146.2, d 0.794, n 2’ 1.389. Wash the peroxide
with aqueous AgNOj to remove olefinic impurities, water and dry (MgSQOy4). Free it from tert-butyl
hydroperoxide by passage through an alumina column [Jackson et al. J Am Chem Soc 107 208 1985], and if
necessary two high vacuum distillations from room temperature to a liquid-air trap [Offenbach & Tobolsky J Am
Chem Soc 79 278 1957]. [Beilstein 1 1V 1619.] The necessary protection from EXPLOSION should be used.

Di-n-butyl sulfide [544-40-1] M 146.3, a-form b 182°, B-form b 190-230°(dec). Wash the sulfide with
aqueous 5% NaOH, then water. Dry with CaCl, and distil it from sodium. [Beilstein 11V 1559.]

Di-n-butyl sulfone /[598-04-9] M 162.3, m 43.5°. Purify it by zone melting. It crystallises from petroleum
ether (m 44-44.5°), CHCl; (m 44°), and EtOH (m 45°). [Beilstein 1 H371,111400, 1 III 1524, 1 IV 1561.]

N,N'-Di-tert-butylthiourea [4041-95-6/ M 188.3, m 174-175%%evacuated capillary). Recrystallise it from
H,O [Bortnick et al. J Am Chem Soc 78 4358 1956]. [Beilstein 4 IV 585 for N-butylthiourea.]

Dichloroacetic acid /79-43-6] M 128.9, m 13.5°, b 95.0-95.5°/17-18mm, d 3° 1.563, n ’ 1.466, pK25 1.35.
Crystallise this strong acid from *benzene or petroleum ether. Dry it with MgSO,4 and fractionally distil it.
[Bernasconi et al. J Am Chem Soc 107 3612 1985, Beilstein 2 1V 498.]

sym-Dichloroacetone (1,3-dichloropropan-2-one) /534-07-6] M 127.0, m 41-43°, 45°, b 86-88°/12mm, 75-
77°/22mm, 172-172.5°/760mm, 170-175°/760mm, d 3° 1.383. Crystallise it from CCly, CHCI3 or *benzene
and/or distil it under vacuum [Conant & Quayle Org Synth Coll Vol 1211 1941, Hall & Sirel J Am Chem Soc 74
836 7952]. It is dimorphic [Daasch & Kagarise J Am Chem Soc 77 6156 1955]. The oxime has m 130-131°, b
106°/25mm [Arzneimittel-Forsch 8 638 1958]. [Beilstein 11V 3219.]

Dichloroacetonitrile /30/8-12-0/ ™M 110.0, b 110-112°, d 3° 1.369, n2’ 1.440. Purify the nitrile by
distillation or by gas chromatography. [Beilstein 21V 506.] FLAMMABLE.

2,5-Dichlorobenzoic acid [50-79-3] M 191.0, m 154°, b 301°/760mm, pK?252.47. Recrystallise the acid from
water. [Beilstein 9 IV 1005.]

2,3-Dichloro-1,3-butadiene [7653-19-6] M 123.0, b 41-43°/85mm, 98°/760mm. Crystallise it from pentane
to constant melting point of —40°. A mixture of meso and d,/ forms is separated by gas chromatography on an
8m stainless steel column (8mm i.d.) with 20% DEGS (diethyleneglycolsilyl chloride) on Chromosorb W (60-80
mesh) at 60° and 80ml He/min. Distil it under vacuum. [Su & Ache J Phys Chem 80 659 1976.]

1,2-Dichloro-1,2-difluoroethane /[437-06-1] M 134.9, b 59°, nf)o 1.376. Purify it by fractional distillation
[Hazeldine J Chem Soc 4258 1952]. For purification of a diastereoisomeric mixture, with resolution into meso
and rac forms, see Machulla and Stocklin [J Phys Chem 78 658 1974].

Dichlorodifluoromethane (Freon 12) /75-71-8] M 120.9, m —158°, b —29.8%/atm, 42.5°/10atm. Pass the gas
through saturated aqueous KOH then conc H,SOy4, and a tower packed with activated copper on Kielselguhr at
200° to remove CO, and O. A trap cooled to —29° removes a trace of high boiling material. It is a non-
flammable propellant.

1,1-Dichloroethane (ethylidene dichloride) /75-34-3] M 99.0, b 57.3°, d!5 1.18350, d 2° 1.177, n!5 1.41975.
Shake it with conc H,SO4 or aqueous KMnQy, then wash it with water, saturated aqueous NaHCO3, again with
water, dry with K,CO3 and distil it from CaH, or CaSOy4. Store it over silica gel. [Beilstein 11V 130.]

1,2-Dichloroethane /107-06-2] M 99.0, b 83.4%, d3° 1.256, n!5 1.44759. It is usually prepared by
chlorinating ethylene, so that likely impurities include higher chloro derivatives and other chloro compounds
depending on the impurities originally present in the ethylene. It forms azeotropes with water, MeOH, EtOH,
trichloroethylene, CCly and isopropanol. Its azeotrope with water (containing 8.9% water, has b 77°) can be
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used to remove gross amounts of water prior to final drying. As a preliminary purification step, it can be steam
distilled, and the lower layer is treated as below.

Shake it with conc H,SO4 (to remove alcohol added as an oxidation inhibitor), wash with water, then dilute
KOH or aqueous NayCO3 and again with water. After an initial drying with CaCl,, MgSO, or by distillation, it
is refluxed with P,Os5, CaSO4 or CaH, and fractionally redistilled. Carbonyl-containing impurities can be
removed as described for chloroform. [Beilstein 11V 131.]

1,2-Dichloroethylene /cis + trans 540-59-0] M 96.9, b 60° (cis), d 3° 1.284, b 48° (trans), d 2° 1.257. Shake
it successively with conc H,SOy4, water, aqueous NaHCO3 and water. Dry it with MgSO, and fractionally distil
it through an efficient column to separate the cis- and trans-isomers. [Beilstein 11V 707-709.]

cis-1,2-Dichloroethylene /156-59-2] M 96.9, b 60.4°, d 2° 1.2830, n!5 1.44903, n %’ 1.4495. Purify it by
careful fractional distillation, followed by passage through neutral activated alumina. Also by shaking with
mercury, drying with K,COj3 and distilling from CaSO,. Stabilise it with 0.02% of 2,6-di-tert-butyl-p-cresol.
[Beilstein 11V 707.]

trans-1,2-Dichloroethylene [156-60-5] M 96.9, b 47.7°, n!5 1.45189, d 2° 1.2551, n %’ 1.4462. Dry it with
MgSOy, and fractionally distil it under CO,. Fractional crystallisation at low temperatures has also been used.
[Beilstein 11TV 709.]

2,3-Dichloromaleic anhydride /77/22-17-4] M 167.0, m 105-115°, 120°, 121-121.5°. Purify the anhydride by
sublimation in vacuo [Katakis et al. J Chem Soc, Dalton Trans 1491 1986]. It has also been purified by Soxhlet
extraction with hexane, recrystallisation from CHCl3 and by sublimation. [MS, Relles J Org Chem 37 3630
1972]. [Beilstein 17/11 V 63.]

Dichloromethane (methylene dichloride) /75-09-2] M 84.9, b 40.0°, d ﬁo 1.325, n %)0 1.42456, n25 1.4201.
Shake it with portions of conc H,SO, until the acid layer remains colourless, then wash with water, aqueous 5%
Na,CO3, NaHCO3 or NaOH, then water again. Pre-dry with CaCl,, and distil it from CaSO,4, CaH; or P,Os.
Store it away from bright light in a brown bottle with Linde type 4A molecular sieves, in an atmosphere of dry
Ny. Other purification steps include washing with aqueous Na,S,03, passage through a column of silica gel, and
removal of carbonyl-containing impurities as described under Chloroform. It has also been purified by
treatment with basic alumina, distillation, and stored over molecular sieves under nitrogen [Puchot et al. J Am
Chem Soc 108 2353 1986].

Dichloromethane from Japanese sources contained MeOH as stabiliser which is not removed by distillation. It
can, however, be removed by standing over activated 3A Molecular Sieves (note that 4A Sieves cause the
development of pressure in bottles), passed through activated Al,O3 and distilled [Gao et al. J Am Chem Soc 109
5771 1987]. 1t has been fractionated through a platinum spinning band column, degassed, and distilled onto
degassed molecular sieves Linde 4A (heated under high vacuum at over 450° until the pressure readings reached
the low values of 107 mm, ~1-2 hours). Stabilise it with 0.02% of 2,6-di-tert-butyl-p-cresol [Mohammad &
Kosower J Am Chem Soc 93 2713 1971]. [Beilstein 11V 35.]

Rapid purification: Reflux over CaH, (5% w/v) and distil it. Store it over 4A molecular sieves.

1,2-Dichloropropane /78-87-5] M 113°, b 95.9-96.2°, d 2° 1.158, n 2 1.439. Distil the propane from CaH,.
It has a limited shelf life. [Beilstein 11V 195.]

2,2-Dichloropropane /594-20-7] M 113.0, b 69.3°, d 2° 1.090, n 3’ 1.415. Wash it with aqueous Na,CO;
solution, then distilled water, dry it over CaCl, and fractionally distil it. [Beilstein 11V 196.]

Di-n-decylamine [/120-49-6] M 297.6, m 34°. b 153%/1mm, 359%/760mm, pKg ~11.0. Dissolve the amine
in *benzene and precipitate it as its bisulfate salt by shaking with 4M H,SOy4. Filter, wash with *benzene,
separate by centrifugation, then the free base is obtained by treating with NaOH [McDowell & Allen J Phys
Chem 65 1358 1961]. It is a strong base; store away from CO,. [Beilstein 4 IV 780.]

Didodecylamine /3007-31-6] M 353.7, m 51.8°, b 263-265°/27mm, d ‘2‘5 0.806, pK?311.00. Crystallise the
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amine from EtOH/*C¢Hg under Ny, and store away from CO,. It provides two crystalline forms: an a-form with

m 44.4° and a B-form with m 51.8°. The hydrochloride has m 207-208°(dec, from isoProOH), the hydroiodide
has m 23.8-234°(dec, sealed capillary), and the nitrate has m 125.4-125.2°(dec. sealed capillary) when
crystallised from MeOH/Me,CO. [Hoerr et al. J Am Chem Soc 65 328 1943, Hoerr & Harwood J Org Chem 16
779 1951, Beilstein 4111412, 41V 801.]

Didodecyldimethylammonium bromide /3282-73-3] M 463.6, m 157-162°. Recrystallise the salt from
acetone, acetone/ether mixture, then from ethyl acetate, wash with ether and dry it in a vacuum oven at 60°
[Chen et al. J Phys Chem 88 1631 1984, Rupert et al. J Am Chem Soc 107 2628 1985, Halpern et al. J Am Chem
Soc 108 3920 1986, Allen et al. J Phys Chem 91 2320 1987]. [Beilstein 41V 801.]

Diethanolamine (2,2'-iminodiethanol) ////-42-2] M 105.1, m 28°, b 154-155°/10mm, 270°/760mm pK325
8.88. Fractionally distil the amine twice, then fractionally crystallise it from its melt. Its solubility in H,O is
10% at 20°. It absorbs CO, and HO, from the atmosphere. [Perrin & Dempsey Buffers for pH and Metal lon
Control Chapman & Hall, London 1974, Beilstein 4 H 283, 4 11 729, 4 111 689, 4 IV 1514.]

N,N-Diethylacetamide /685-91-6] M 157.2, b 86-88°, d 3° 0.994, n ¥ 1.474. Dissolve the amide in
cyclohexane, shake with anhydrous BaO and then filter. The procedure is repeated three times, and the
cyclohexane is distilled off at atmospheric pressure. The crude amide is also fractionally distilled three times
from anhydrous BaO. [Beilstein 4 111 349.]

Diethyl acetamidomalonate /[/068-90-2] M 217.2, m 96°. Crystallise the ester from *benzene/petroleum
ether. [Beilstein 4 111 2993.]

Diethyl acetylenedicarboxylate [762-27-0] M 170.2, b 60-62°/0.3mm, 107-110°/11mm, 118-120°/20mm,
d 3° 1.0735, n % 1.4428. Dissolve the ester in *C¢Hg, wash it with NaHCO3, H,0, dry over Na,SOy, filter,
evaporate and distil it in a vacuum [IR: Walton & Hughes J Am Chem Soc 79 3985 1957, Truce & Kruse J Am
Chem Soc 81 5372 1959]. [Beilstein 2 H 803.]

Diethylamine //09-89-7] M 73.1, b 55.5°, d 3° 0.707, n 1.38637, pK!5 11.38. Dry diethylamine with LiAlH,
or KOH pellets. Reflux it with, and distil it from, BaO or KOH. Convert it to the p-toluenesulfonamide and
crystallise it to constant melting point from dry petroleum ether (b 90-120°), then hydrolyse it with HCI; excess
NaOH is added, and the amine is passed through a column of activated alumina. Redistil the amine and dry it
with activated alumina before use [Swift J Am Chem Soc 64 115 1942]. [Beilstein 4 111 313.]

§ A polystyrene diethylaminomethyl supported version is commercially available.

Diethylamine hydrochloride /660-68-4] M 109.6, m 223.5°, 226-229°. Crystallise salt from absolute EtOH.
Also recrystallise it from dichloroethane/MeOH. Hygroscopic. [Beilstein 4 111 113.]

Diethyl azodicarboxylate (DEAD) //972-28-7] M 174.2, b 104.5°/12mm, 211-213%atm, d 3° 1.110, n %’
1.420. Dissolve DEAD in toluene, wash it with 10% NaHCOs5 till neutral (may require several washes if too
much hydrolysis had occurred: check IR for OH bands), then it wash with H,O (2x), dry it over Na,;SQy, filter,
evaporate the to