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PREFACE

1t is hoped that this monograph will fill the urgent need for an intro-
ductory survey of the broad field of the carbohydrates including sugars,
derived products, and polysaccharides from organic, physical, analytical,
biological, and industrial chemical aspects. In any case, this book brings
together much hitherto unassembled material and considers many subjects
both frem the standpoint of products and of the reactions involved. The
latter approach may make this work of interest to organic and physical
chemists who are not specialists in the carbohydrate field. In general, the
intention has been to write this monograph for the use of research workers
- and graduate students, but it is hoped that generally the style is such that
the book can be used to advantage by readers not having an extensive
acquaintance with ofganic and physical chemistry.

The preparation. of a specialized monograph of this type presents many
problems for thé author; two of the most difficult are the selection of
material and the proper balance between various subjects. The number of .
published researches is so great that only a small part of the material can be
presented in a single volume, and it would appear that the complete summa-
tion of researches in special fields requires new publication media. For the
earbohydrates, it is hoped that the ‘“‘Advances in Carbohydrate Chemistry”
in time will bridge the gap between the publication of original papers and
passage of the data and concepts into texts and the general body of scientific
knowledge. Certainly there is no conflict of purpose between the present
book-and the “Advances,” for the former represents a brief summary of a
broad field, whereas the latter gives detailed discussions of restricted scope.

Numerous subjects of considerable importance such as carbohydrate
metabolism, fermentations and photosynthesis have been omitted or
covered only briefly. The discussion of cellulose and starch is inadequate
in terms of the amount of material available, but it was felt that a book
purporting to cover éarbohydrates must include something on these im-
portant subjects; in any case there are numerous more extensive works on
the subject. Perhaps only the author’s privilege and the particular interest
of the writer can justify the depth of the discussion of several other subjects.
Within these limitations, it is hoped that this monograph presents a fair
view of the subject of carbohydrates in its broad aspects.

The problem of the proper citation of old work is often very difficult,
particularly when reviews are not available or when old work has lost its
significance. The citation of original work by the author refers only to
the specific statements involved. When a statement may involve work
prior to the reference actually given, the word ‘“See’” may be inserted before
the actual citation. Practically all the references were inspected in the

ni



iv PREFACE

original; in most of the remaining instances, the secondary references em-
ployed are also given. The literature covered comprises the period to early
1946, but some later work is included.

In spite of extensive attempts to avoid errors, undoubtedly additional
ones will be found. It will be greatly appreciated if such instances are
called to the attention of the writer.

The -current status of nomenclature in the carbohydrate field, in spite
of the excellent work of the Nomenclature Committee of the Division of
Sugar Chemistry and Technology of the American Chemical Society, has
created many difficulties in the preparation of this book. With but few
exceptions, the recommendations of this committee have been followed,
but the scope of the recommendations is extremely limited. Attempts -
have been made to point out difficulties and possible improvements in
nomenclature without completely accepting or standardizing the usage in
the book. The most radical changes are in the names of the dibasic or
‘‘aric” acids, but even here old and new names are intermingled with the hope
~of a gradual introduction of the more systematic nomenclature. The
preparation of the index required that a definite stand be made on many
questions of nomenclature, and, in general, represents the nomenclature
favored by the writer. To reduce difficulties in the use of the index, an
extensive system of cross entries and multiple headings including synonyms
is used. Undoubtedly, no one, including the writer, will be completely
satisfied with the nomenclature, but there seems to be no better solution
until progress is made by national or international agreement.

Active work on the present book commenced in 1940 while the writer
was associated with the National Bureau of Standards and was continued
subsequently at the Corn Products Refining Co. and the Institute of Paper
Chemistry. Originally, Dr. H. 8. Isbell was to participate as eo-author.
The pressure of other duties prevented active collaboration on his part,
but the writer is deeply indebted to Dr. Isbell for suggestions of the general
organization of material and for the use of his valuable file of reference
cards.

In 1943, Dr. R. Max Goepp, Jr., decided to participate as co-author.
Dr. Goepp’s contribution to the present book is very significant, although
his actual written contributions are limited to the Introduction (Chapter I)
and the section on anhydrides in Chapter VIII. His death on October 3,
1946, as a result of an airplane accident while traveling to Germany under
the authority of the Office of Technical Services, U. 8. Department of
Commerce, ended a brilliant and promising career and prevented the com-
pletion of his assignment as co-author. His notes were used by Drs. Green
and Soltzberg and the present writer in the preparation of Chapters VI and
VII. Dr. Goepp, however, had devoted much time te critical evaluations
of the other chapters, and his suggestions were found to be of the utmost
value.
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Dr. Sol Soltzberg and Dr. John W. Green were mainly responsible for
the preparation of Chapters VI and VII, respectively. The present writer
ig deeply grateful for their belp. Dr. Green also undertook the principal
responsibility for the preparation of the subject index, an extremely difficult
and time-consuming task. '

The assistance of many other individuals has been of the greatest
importance. Professor C. S. Hudson read many of the chapters and gave
many valuable critical comments. His comments, as well as those of
persons mentioned hereafter, added much to the present book, but the
statements made therein are the sole responsibility of the writer and are not
to be blamed on any of the co-operating individuals. Others who have read
one or more chapters are:

Drs. R. 8. Tipson, H. K. Rutherford, A. M. Sookne, Sol Soltzberg, L. E.
Wise, Harriet Frush, D. H. Brauns, H. G. Fletcher, Jr., E. Anderson, N. K.
Richtmyer and T. J. Schoch.

The advice and aid with proof reading on the part of Dr. C. J. West were
of great help. Drs. Hewitt G. Fletcher, Jr., Sol Soltzberg and Charles J.
Pedersen devoted much time to the reading of the page proofs and suggested
important changes. Their help is deeply appreciated.

The editorial work in connection with a project of this type is a grueling
but essential task. Particular gratitude for help in this connection is due
Dr. Mary Grace Blair and Dr. Elizabeth Osman; both revised or wrote
several sections and contributed valuable suggestions. The assistance of
Miss Marilyn Podest, Mrs. John W. Green and Mrs. W. Bruce Weber is also
gratefully acknowledged.

The author index was prepared by Miss Hannah Bergman of the
Academic Press. Her help, as well as that of the Academic Press, generally,
was of great value. Miss Mary Ann Zastrow and Miss Marﬂyn Podest
cooperated in this work.

Valuable sustaining assistance was provided by Mr. John G. Strange,
Mr. Westbrooke Steele and Dr. H. F. Lewis (of the Institute of Paper
Chemistry), Drs. E. W. Reid, H. F. Cox, A. L. Elder and 8. M. Cantor
(of Corn Products Refining Co.), Mr. F. J. Bates (of the National Bureau of
Standards), and Mr. K. R. Brown and Dr. R. S. Rose, Jr. (of Atlas Powder
Co.). The organizations representad by these individuals provided
important encouragement for this project.

To the authors of reviews and books in the carbohydrate field, the present
writer is deeply indebted, for these reviews were used extensively in the
preparation of this book. ~

. Warp Preman
Appleton, Wisconsin '
April 1, 1948
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CuaPTER 1
INTRODUCTION*

1. Developmemt of Carhbohydrate Chemistry!

The culture of sugar cane and the use of the juices as a sweetening agent
appear to have originated in northeastern India. As early as 300 A.D., the
crystalline sugar was known and used. Sugar cane culture was extended to
China around 400 A.D. and to Egypt around 640 A.D.; from Egypt, the
culture and use of the sugar spread gradually over North Africa to Spain
and Sicily. The introduction into North America is ascribed to Columbus
who brought the plant to Santo Domingo on his second voyage. Sugar cane
cannot :be grown well in Europe because it requires a tropical or semi-
tropieal climate, but the sugar was known in Europe during the fourteenth
and fifteenth centuries and used as a costly sweetening agent. However,
by 1600 many sugar refineries had been erected in Europe, and the use of
cane sugar had become widespread.

The necessary restriction of the culture of sugar cane to tropical or semi-
tropical Jands stimulated the search for sweetening materials which could
be obtained from plants native to the temperate region. This search led to
the technical development on the European continent of the sugar beet
during the latter part of the eighteenth century and especially in the early
years of the nineteenth because of the continental blockade during the
Napoleonic wars.

The desire to find sweetening agents stimulated the study of known
products and of new sources. Honey, grape juice, and raisins were known to
contain material which crystallized under some conditions. Marggraf in
1747 described a type of sugar which occurs in raisins. Lowitz (1792)
isolated a sugar from honey which he indicated to be different from cane
sugar. Proust (1802) claimed that grapes contain a sugar which is different
from sucrose. The action of acids on starch was shown to produce a sweet
sirup from which a crystalline sugar was isolated by Kirchoff in 1811. Later
workers established that the sugar contained in grapes is identical with
that in honey, in diabetic urine, and in the acid-hydrolyzates of starch and
cellulose ; it was given the name of glucose by Dumas (1838) and of dextrose
by Kekulé (1866). Emil Fischer revived the name glucose, and it is now
used generally in scientific work.

* The principal portion of this chapter was prepared by the late R. Max Goepp, Jr.

! For more details of the history and earlier work, the reader is referred to the
following references from which the present discussion was abstracted:

a. E. O. von Lippmann, ‘“Geschichte des Zuckers’’; 2nd Ed., Berlin (1929).

b. ““Beilsteins Handbuch der organischen Chemie,”” Vol. 8I; J.  Springer,

Berlin (1938).
1



2 CHEMISTRY OF THE CARBOHYDRATES

Our present knowledge of carbohydrate chemistry is an outgrowth of
scientific inquiry into the composition of such common substances as sugar,
honey, milk, starch, cotton, wood, vegetable gums, crabshells, and also the
less familiar sweet principles, acids, pigments, and pharmacological ex-
tractives of numerous plants.

Due to their ease of isolation and purification, sucrose, lactose (milk
sugar), starch, cotton cellulose, glucose and fructose were among the
first to be studied, and their empirical composition was found to correspond
to the general formula C,(H0).. Since structural chemistry and the exist-
ence of hydroxyl groups and hydrogen as structural elements was unknown
at the time, the substances were looked upon quite naturally as compounds
of carbon and water, and were termed carbohydrates (French, hydrates.
de carbone).

It was.soon learned that acid hydrolysis converted starch and cellulose,
[Ce(H30)s)s, into glucose, Cs(H:O)s, with the uptake of one mole of water
per Cs unit. Cane sugar, Cis(H:0)u, took up one mole of water to give two
Ce(H,0)s sugars (hexoses), glucese and fructose. Lactose,another Cys(H:O)1
compound, gave glucose and galactose, both Ce (H;0)e. Hydrolysis of cherry
gum yielded arabinose, Cs(H:0)s, a pentose. Another C, sugar, sorbose,
was discovered in an old, fermented sample of sorb apple juice. Hence some
of the carbohydrates came to be considered as anhydride polymers of the
simpler sugars. Further work showed that arabinose, glucose, and galactose
were polyhydroxy aldehydes (aldoses) while fructose and sorbose were
polyhydroxy ketones (ketoses). Somewhat later a third Cs aldose (aldo-
hexose), mannose, was synthesized from mannitol, and subsequently found
in nature. The actual structure of the three natural Cs aldoses was un-
known, but after the development of the Le Bel-van’t Hoff theory it was
evident that they were stereoisomers, since all were straight-chain com-
pounds.

Meanwhile, the series of naturally occurring, homologous, straight-chain
polyhydri¢ alcohols: glycol, glycerol, erythritol (C.), arabitol (Cs), man-
nitol, dulcitol, sorbitol, and iditol (Cs), and perseitol (C;), had been dis-
covered. They had the general formula C,(H:0).H:, -(in modern terms,
HOCH,(CHOH),_sCH:OH). Erythritol and the higher members were
crystalline, sweet-tasting and water-soluble. The four hexitols were known
to be isomeric, but their relationship to each other and to the five natural
Cs sugars was not known until Emil Fischer’s classical work in the early
nineties. v

Three dibasic acids of the series HOOC(CHOH).sCOOH were likewise
discovered very early, the C, tartaric acid from wine lees, and the isomeric
Cs mucic and saccharic acids from the nitric acid oxidation of lactose and
of cane sugar.

Similarly, a few monobasic or aldonic acids corresponding to the oxida-
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tion of one end of a polyhydric alcohol or the aldehyde group of a sugar— -
hence of the formula HOCH,;(CHOH ), :COOH—were found. The first was
glyceric acid, from glycerol and nitric acid, the next gluconic acid, from
glucose. Subsequently gluconic acid was found to be a common product of
the bacterial oxidation of glucose.

Application of established organic chemical reactions to these compounds
demonstrated that the simple sugars, as aldehydes or ketones, could be
reduced to alcohols, oxidized to mono- or dibasic acids, and reacted, under
suitable conditions, with carbonyl reagents, such as phenylhydrazine,
hydroxylamine, and hydrocyanic acid. The hydrocyanic addition reaetion
led to Kiliani’s proof of a 2-keto structure for fructose, and also allowed the
conversion of a Cs aldehyde sugar to a Ce sugar acid. Fischer showed that
phenylhydrazine could be used for isolating various sugars, and that glucose,
mannose and fructose had the same stereochemical configuration on carbons
3, 4 and 5. Similarly the aleohols could be oxidized to mixtures of sugars
and sugar acids by nitric acid, and the acids, in the form of their lactones,
could be reduced to the aldehyde sugars, and ultimately to the alcohols, by
sodium amalgam. ‘

CH,OH CHO (IJOOH COOH
(CHOH)p: *—; (CHOH)as (CI:HOH)H ~—— (CHOH)n-

CH,OH CH,OH CH,OH COOH
Polyhydric Sugar Aldonic Saccharic

aleohol acid acid

These interconversions, applied to the naturally occurring sugars, sugar
alcohols, and derived acids, played an essential part in elucidating their
structure, so that the chemistry of all four groups had a parallel develop-
ment. The following family relationships were discovered.

Duleitol «—— galactose «——> galactonic acid —> muecic acid

Mannitol «<— mannose ¢«— mannonic acid «——> manno-saccharic acid
fructose

Sorbitol ¢ glucose «——> gluconic acid —— gluco-saccharic acid

AN

sorbose

'

Iditol «—— idose «——> idonic acid ~—— ido-saccharic acid



4 CHEMISTRY OF THE CARBOHYDRATES

It is noteworthy that sorbitol, glucose, and gluconic acid are all readily
fermented, or utilized as a carbon source, by numerous species of molds
and bacteria. .

The sodium amalgam reduction of a saccharic acid monolactone to an
aldonic acid goes by way of an intermediate, aldehyde acid. In this way
glucuronic acid was first synthesized from a gluco-saccharic monolactone
acid. It had been discovered previously in urine, hence the name.

(IJOOH ?HO
(CHOH), — (CHOH).

COOH COOH

p-gluco-Saccharic p-Glucuronic acid
acid (as monolactone)

Somewhat later, it was found that the Cs aldehyde acids, or uronic acids,
are widely distributed (citrus pulp, beet pulp, seaweed, cartilage, mucin,
agar-agar) as polymers, known as polyuronides, analogous to starch and
cellulose. Here again the glucuronic, mannuronic, dnd galacturonic acids
were the only representatives found in nature.

Glucose, mannose and galactose residues likewise appear in epirhamnose,
rhamnose, and fucose, six-carbon sugars in which the hydroxyl on carbon 6
is replaced by hydrogen, giving the 6-desoxy sugars or methyloses.

Two other natural sugar types have been found, the 2-desoxy sugars,
represented by the Cs sugar, 2-desoxyribose, HOCH,(CHOH);CH,CHO,
~ present in many cell nuclei, and the 2-amino sugar, glucosamine, HOCH;-
(CHOH),CHNH.CHO, obtained by the acid hydrolysis of chitin, a struc-
tural polymer in the shells of insects and crustaeeans. Neither of these
biologically important sugars has the empirical composition Cs(H:O)s.

The glycamines, 1-desoxy-1-amino glykitols CH,OH(CHOH).CH,NHo,,
are another class of straight chain, polyhydroxylic compounds, wherein the
characteristic functional group is NH,. They do not occur naturally, but
ribamine, HOCH,(CHOH);CH,NH; is a starting material for one of the
riboflavin syntheses. The glycamines and their N-substituted derivatives
are obtainable by pressure hydrogenation of sugars in the presence of am-
monia, primary, or secondary amines.

A series of naturally occurring compounds having the carbohydrate for-
mula Cs(H,0)s is known, which are not sugars, but cyclic polyhydric alco-
hols, or cyclitols, CsHs(OH)s, of which meso-inositol, possibly a provitamin,
is the most important.

The simple carbohydrate formula C,(H:O). is also shared by a class of
saccharinic acids, Co_1Hat1(OH)a esCOOH, obtainable by the alkaline isom-~



