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EDITORS’ PREFACE

The increasing tempo of research and the consequent increased
specialization of research workers make it desirable to provide frequent
reviews of important developments in carbohydrate chemistry, not only
for carbohydrate chemists, but also for research workers in other fields
and industrial chemists and teachers. With this book there is begun
the publication of a series of annual volumes entitled ‘“Advances in
Carbohydrate Chemistry.” For each volume invitations will be ex-
tended to selected research workers to prepare critical reviews of special
topics in the broad field of the carbohydrates, including the sugars,
polysaccharides, and glycosides. It is also the intention to cover, as
far as the available space will permit, biochemical, industrial, and
analytical developments. It is our plan to have the individual con-
tributors furnish critical, integrating reviews rather than mere literature
surveys and to have the articles presented in such a form as to be in-
telligible to the average chemist rather than only to the specialist.
Although the usual rules of the assignment of proper credit for develop-
ments will be followed, we do not believe it necessary to quote all past
work done in a particular field and the contributions of a particular
laboratory or group may be emphasized.

It may be found desirable to present several reviews of controversial
subjects, particularly of those in fields undergoing a rapid state of develop-
ment. In this way different points of view will find expression. In
addition to the presentation of topics covering recent advances, we are
providing occasional articles which will review thoroughly special funda-
mental topics in carbohydrate chemistry. These articles will cover fields
which have matured and will be quite complete from the historical stand-
point. After a number of years, it is hoped that the aggregate of these
articles will provide a fairly complete summary of carbohydrate re-
searches.

The general policies of the “Advances’” have been formulated by an
Executive Committee consisting of W. L. Evans, H. O. L. Fischer, R.
Max Goepp, Jr., W. N. Haworth, C. 8. Hudson and the two editors. It
is a pleasure to announce that, beginning with the second volume, Dr.
Stanley Peat of Birmingham University, England, will act as Associate
Editor to solicit and edit contributions from the British Isles. It seems
probable that an enlargement of the organization may be expected in
the future.
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iv EDITORS’ PREFACE

Because the present volume is the first to be presented, we trust that
the readers will not be too critical and will remember that the attainment
of uniformity and the establishment of permanent policies will require
some time and much consideration. The present international conflict
has made the solicitation of manuscripts difficult and has provided many
other difficulties. The cooperation shown by the contributors to the
first volume is greatly appreciated. N

We hope that the “Advances” will receive the whole hearted support
of carbohydrate chemists in particular and of the chemical profession as
a whole. Such support is necessary for the successful continuation of
our work. We would be very glad to receive suggestions from the
readers, of better ways in which we can serve the needs of carbohydrate
chemists and of fields in need of review.

The support and encouragement given by the publishers in this under-
taking are gratefully acknowledged. The index has been compiled by
Dr. L. T. Capell. Mr. J. V, Karabinos has rendered valuable editorial
assistance.

Tuae Eprrors
Chicago, Illinois W. W. P.
Columbus, Ohio M.L. W.
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Errata

Page 24, line 3 under section 4. For “z-propanol” read ‘“2-propanol.”

Page 25, footnote 73. For “Diehls” read ““Diels.”

Page 35, line 3 from bottom. For “p-Manno-L-manno-octitol” read
“Manno-manno-octitol” since the structure is meso.

Page 59, last line. For “trihydroxypyrazole’’ read “5-(p-erythro-1,
2, 3-trihydroxypropyl) pyrazole.”

Page 111, line 2 below formula. Reference number 56 should be 5, 6.

Page 231, formula XI. Insert bond between P and OH at bottom.

Page 275, line 13. For “hydroxymethyl” read ‘“hydroxyethyl.”

Page 276, line 10 from bottom. For “carbonyl” read ‘‘carboxyl.”



‘THE FISCHER CYANOHYDRIN SYNTHESIS ARD THE
CONFIGURATIONS OF HIGHER-CARBON
SUGARS AND ALCOHOLS

By C. 8. Hupson
National Institute of Health, U. S. Public Health Service, Bethesda, Maryland

CONTENTS
IR OAUOEIONN o5 15,5155 s st 5, oy v, e B, e wan Sais 1 se d Ee Foaw o 2
I. The Cyanohydrins and the Corresponding Acids and Lactones. . ......... 2
1I. Emil Fischer’s Discovery and Application of the Synthesis. .............. 3
1. Higher-carbon Sugars from p-Mannose. ...............oouui.... 5
2. Higher-carbon Sugars from Rhammnose................ ... ......... 7
3. Higher-carbon Sugars from p-Glucose. . . .......................... T
4. Higher-carbon Sugars from p-Galactose. . ... ...................... 8
1II. The Configurations of the po-Mannoheptoses and the p-Galaheptoses. ... .. 8
List of Configurations and Systematic Names for the Aldoheptoses from
p-Glucose, p-Mannose and p-Galactose. . ............ ... ... ......... 9
1V. The Synthesis of Altrcse and Allose from Ribose. ....................... 10
V. The Synthesis of the p-Guloheptoses. .. ... ......... ... ... .. ... ... 11
V1. Mannoheptulose, Sedoheptulose, Perseulose, Perseitol and Volemitol. . . . .. 12
VII. The p-Perseitol and p-Mannitol Groups of Natural Carbohydrates. . ...... 14
VIII. p-(a,ex,a,a)-Glucodecose and the Epimeric n-Glucodeconic Lactones. . ... .. 17
IX. Early Indications of Configurations by the Lactone Rule of Rotation. ... .. 18
1. Rhamnose, Fucocse, and the “Rhamnohexoses” .................... 19
2 D GNICTOCIOREY 5 . os o5 R0 S o 8 5 536 B Rl AT B 8 B 3 5P 20
X. The Configurations of Certain p-Gluccoctoses and p-Galaoctoses. ... ...... 21
XI. Improvements in the Details of the Fischer Cyanohydrin Synthesis of Higher-
carbon Sugars and the ldentification of the Produets . ............ 22
1. The Conversion of Aldonic Phenylhydrazides to Lactones. .......... 22
2. The Use of Calcium or Barium Salts with Scdium Cyanide. ... ...... 23
3. The Reduction of Sugars tc Aleohels by Hydrogen and Raney Nickel.. 24
4. The Useof VariousSolvents. ............... ... ... ... ... ..., 24
5. Improvements in the Characterization of Osazones. . ............... 24
X, Bialar BUERIE - 74505 v s svas 5 55506 § 6168 § 535§ 5 57 5 6 4 6 ©16 § 5 S0, 8007605 5 700 5 .. 26
XIII. Nomenclature of Higher-carbon Sugars from Hexoses ................... 28

1



2 C. S. HUDSON

XIV. Miscellaneous

1. “Rhamnoheptose” and “Rhamnooctonic” Acid.................... 28
2. “p-Glucononose” and “p-(a,a,a,a)-Glucodecose” . .. ................ 29
3. Fischer and Leuchs’ Synthesis of Glucosamine..................... 30
4. Levene and Compton’s 6-Desoxy-p-gulose. ............... . 30
5. The “Fucohexonic” Acids........ R SR 30
6. Remarks concerning Certain Nonitol Configurations ............... 31
7. Remarks concerning Synthetic p-Volemitol ....................... 32
8. Remarks concerning the Names “Volemose” and “Volemulose” ...... 32
9. A Simple Proof of Configurations in the Glucose and Galactose Series. 33
XV. Data for the Identification of Various Higher-carbon Alcohols of the Sugar
T % 0 1 o2 5menarins 2 5 i B R TR AR B 5 B350 505 518 o o o e s msasogoss 34
INTRODUCTION

Demonstrations of the chemist’s art in changing one sugar to another
never fail to excite wonder, even among the initiated. Starting with
either of the two most abundant carbohydrates in nature, starch or
cellulose, he makes p-glucose by the very old and simple process of acid
hydrolysis. From this p-glucose he can make today in the laboratory
by other processes in yields that are actually practical, p-mannose
(epimerization through the glycal), p-fructose (alkaline enolization), n-
altrose (Walden inversions), p-arabincse and r-xylose (oxidative degra-
dations) and p-ribose. In addition, a considerable number of sugars
can be made from the sugars of the list by a process which is the subject-
of this review, namely, Emil Fischer’s eyanohydrin synthesis of higher-
carbon sugars. The importance of this synthesis in the historical de-
velopment of the theoretical chemistry of the carbohydrates places it in
the first rank of that fieid; the major role that its experimental results
have piayed in the establishment of the van’t Hoff-Le Bel theory of the
asymmetric carbon atom extends its significance far beyond the carbo-
hydrate group.

I. Tae CYANOHYDRINS AND THE CORRESPONDING ACIDS AND LACTONES

The synthesis of a-hydroxy acids from carbonyl compounds by way
of the cyanohydrin was an early discovery in organic chemistry.! In
1867 Simpson and Gautier,? working ir Wurtz’ laboratory, described the
cyanohydrin from acetaldehyde and hydrocyanic acid, and its conversion
to racemic lactic acid by strong hydrochloric acid.

CH;-CHO + HCN ——— CH;-CH(OH)-CN ——— CH,;-CH(OH)-COOH

t Mandelic acid from benzaldehyde cyanchydrin: F. W. Winckler, 4Ann., 4, 246
(1832); 18, 310 and 319 (remarks by J. Liebig) (1836).

* M. Simpson and A. Gautier, Compi. rend., 65, 414 (1867); J. Wislicenus had
accomplished the synthesis from acetaldehyde, hydrocyanic acid and hydrochlioric acid
without isolating the cyanchydrin, Ana., 128, 22 (1863). '
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The analogous reaction with a ketone is illustrated from the work of
Staedeler? in 1859, who prepared a-hydroxy-isobutyric acid from acetone,
hydrocyanic acid and hydrochloric acid, without isolating the interme-
diate acetone cyanohydrin.

(CH;)CO + HCN ——— (CH;):C(OH)-CN ——— (CH,)).C(OH)-COOH

In a series of researches Kiliani* succeeded in applying this cyano-
hydrin reaction to reducing sugars; the resulting polyhydroxy acids,
which contained one more carbon atom than the sugar from which each
was derived, were then reduced by hydriodic acid and phosphorus to
homologs of acetic acid, which were accurately identified. The results
of this pioneering work are summarized below, using the names that
were current then and appending the present ones.

Summary of Kiliani’s Cyanohydrin Results

Arabinose ————— Arabinosecarboxylic acid -—— normal hexylic acid
[L-Arabinose’] [1~-Mannonic acid]

Dextrose - Dextrosecarboxylic acid ———— normal heptylic acid
[p-Glucose] [p-Gluco-p-gulo-heptonic acid J¢

Galactose ——— Galactosecarboxylic acid ————— normal heptylic acid
[p-Galactose] [p-Gala-L-manno-heptonic acid]

Levulose ————» Levulosecarboxylic acid ————— methyl-n-butyl-acetic acid
[p-Fructose] [Full configuration unknown?]

Kiliani accomplished the purpose of his plan of research; he established
the aldopentose structure for arabinose and proved that glucose and
galactose are aldohexoses and fructose a 2-keto-hexose. His discovery
that these polyhydroxy acids lose water readily and pass to stable lactones
of crystalline habit soon became of great significance.

Ii. EmiL FiscHER’S DISCOVERY AND APPLICATION OF THE SYNTHESIS

In 1889 Fischer® discovered that the lactones of the acids of the sugar
group can be reduced by sodium amalgam to yield the corresponding
carbonyl compound, an aldose. The addition of this reaction to the
cyanohydrin procedure of Kiliani made possible the first synthesis of

3 Staedeler, Ann., 111, 320 (1859) and W. Markownikoff, ibid., 146, 339 (1868).

+ H. Kiliani, (a) (fructose) Ber., 18, 3066 (1885); 19, 221, 772 (1886); (b) (glucose)
ibid., 19, 767, 1128; {c) (arabinose) 7bid., 19, 3029 (1886); 20, 282, 339 (1887); (d) (galac-
tose) ibid., 21, 915 (1888); 22, 521 (1889).

8 It is recommended that the reader refer at this point to p. 28, where this nomen-
clature is explained,

- S E. Fischer, Ber., 22, 2204 (1889). [“Untersuchungen iiber Kohlenhydrate und
Fermente,” vol. 1, p. 315. Verlag Julius Springer, Berlin (1909).]
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higher-carbon sugars. Apparently the extent to which the sugar chain
might be lengthened by successive applications of this synthesis would
be limited only by experimental factors such as yield and erystallization
of products. In the same year Fischer and Passmore’ discovered that
the phenylhydrazides of the aldonic acids crystallize well, s development
which proved of fundamental importance for the isolaticn and purifica-
tion of such acids. At that time Fischer was beginning to use the van’t
Hoff-Le Bel theory of the asymmetric carbon atom in the interpretation
of experimental results, and in 1891, in the introduction to his classical
proof of the configuration of glucose and related substances, he stated:
“‘all previous observations in the sugar group are in such complete agree-
ment with the theory of the asymmetric carbon atom that the use of this
theory as a basis for the classification of these substances seems justi-
fiable.”® The theory predicts that two diastereoisomers should result
from the addition of hydrocyanic acid to a reducing sugar; Fischer found
that such is the case. Arabinose yielded in addition to Kiliani’s ara-
binosecarboxylic acid [L-mannonic acid] also some L-gluconic acid, the
isolation of which was accomplished through its phenylhydrazide.® From
p-xylose there were prepared the new synthetic diastereoisomeric hexoses
p-gulose!® and p-idose.!! In the continuation, such diastereoisomers will
be designated ‘‘epimers,” following usual practice. When two acids
are found to result from the application of the cyanohydrin synthesis to
a sugar it is naturally assumed that they are epimers. Fischer® estab-
lished several methods for proving the relationship: (1) the acids are
interconvertible through heating with aqueous pyridine; (2) the epimeric
aldoses which result from the reduction of the lactones of the epimeric
acids yield one and the same osazone; (3) each epimeric aldose reduces
to a pelyhydroxy alcohol, both of which alechols are obtaired in mixture
when the related 2-ketose is reduced. This ketose can be recognized
also through the observation that it yields the same osazone.

Using the van’t Hoff~Le Bel theory as a guide, Fischer extended his
cyanohydrin syntheses from the work with xylose and arabinose to
researches on all the other aldoses that were available in quantity at
that time; the list consisted of glucose, mannose, galactose, rhamnose,
lactose and maltose. The experimental results with the disaccharides

7 F. Fischer and F. Passmore, Ber., 22, 2728 (1889). [“Untersuchungen,” p. 222.]

8 . Fischer, Ber.; 24, 1836, 2683 (1891). [“Untersuchungen,” pp. 417, 427.]
The writer has reviewed the subject in the Journal of Chemical Education, 18, 353 {1941).

9 B. Fischer, Ber., 23, 2611 (1890). [“Untersuchungen,” p. 362.]

10 B, Fischer and R. Stahel, Ber., 24, 528 (1891). [“Untersuchungen,” p. 389.]

U E. Fischer and I. W, Fay, Ber., 28, 1975 (1895). [“Untersuchungen,” p. 526.]
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were meager, due to the failure of the synthetic substances to crystallize.*?
The monoses led to brilliant developments.

1. Higher-carbon Sugars from p-A{annose

From p-mannose there was synthesized® one mannoheptose [it is
p-manno-d-gala-heptose], the cyanide addition seeming to proceed so
much in one direction that the epimer was not detected; the reduction
of this mannoheptose gave an alcohol which proved to be ideniical with
natural perseitol. Continuing the synthesis from the mannoheptose a
mannooctose [it is D-manno-L-manno-octose], and from the latter a
mannononose, were prepared. It was reported at that time that this
mannononose . was fermented readily by yeast; subsequently Fischer™
mentioned that a research which Dr. Hagenbach had carried out under
his direction confirmed the data concerning mannooctose but led to
different results in the nonose series, in consequence of which he expected
to study the subject again in order to determine the reason for the
difference. As there is no later statement, it seems probable that
Fischer’s extensive activities in other lines of research left no opportunity
for the resumption. Hermann O. L. Fischer has preserved most of his
father’s records, among which he has found Dr. Hagenbach’s notebook,
and he has kindly loaned it to the writer for study. With Dr. Fischer’s
permission the following data from the notebook are published in the
belief that they can be helpful to future investigators.

Data from R. Hagenbach’s Research on p-Mannononose under the Direction
of Emil Fischer. The mannooctonic lactone of Fischer and Passmore was
obtained again (m. p. 165-170°, [aJp® —42° in water, m. p. of the phenyl-
hydrazide of the acid, 252°, the corresponding values from the older work
being 167-170°, —44° and 243°). The reduction of this lactone yielded an
amorphous octose which formed a crystalline phenylhydrazone of low solu-
bility, that appeared to be identical (m. p. 218-220°) with Fischer and
Passmore’s phenylhydrazone (212°). The two researches appear to be in
agreement so far. In Hagenbach’s first trial of the addition of hydrocyanic
acid to his octose, he used 15 g. of octose that had been made from its phenyl-
hydrazone by the usual benzaldehyde process. At room temperature the
precipitation of amide began after three hours. The usual treatment with
barium hydroxide was made eight days later. A nononic acid was isolated
as a readily crystallizing phenylhydrazide, which began to appear even in the
hot solution. The yield was small, about 5 g., m. p. 249°. This phenyl-
hydrazide was converted to a lactone in the usual way (barium hydroxide) and
crystallization took place on the water bath when high concentration was

12 Q, Reinbrecht, Ann., 272, 197 (1892). [“Untersuchungen,” p. 661.]
13 B, Fischer and F. Passmore, Ber., 23, 2226 (1890). [“Untersuchungen,” p. 569.]
4 B, Fischer, ‘“Untersuchungen,” p. 582.
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reached. The crystals were washed with aleohol and showed m. p. 178°, yield
2.8 g. They were recrystallized from 200 cc. 95% alcohol, as small needles,
m. p. 177-178° and [« Jp® +42°. The m. p. and magnitude of rotation agreed
with the data of Fischer and Passmore (175-177°, —41°), but the direction of
rotation was opposite. After two more recrystallizations this sample melted
at 185°, but there is no record of a rotation; Hagenbach thought it probable
that this lactone sample was an impure preparation of the higher melting
lactone that was obtained .in all later experiments. This first sample of
lactone was reduced with sodium amalgam to an amorphous sugar not free of
ash, which rotated [aJp —10.9° (i.e. levorotatory) and was not fermented by
yeast at 26° during 24 hours. The yeast fermented both glucose and galactose
vigorously. In all later syntheses from the octose, & nononic lactone of much
higher m. p. was obtained as needle crystals. It is much less soluble (12 parts
of hot water) than the mannoheptonic and mannooctonic lactones and it forms
a barium salt of low solubility; it is recrystallized best from solution in hot
aleohol, in which it is difficultly soluble, and subsequent concentration. The
best product showed [a]p +60° (dextrorotation), m. p. 199.5° corr., and the
carbon and hydrogen analyses were correct for a nononic lactone. The phenyl-
hydrazide from it showed correct percentages of carbon, hydrogen and nitrogen,
m. p. 254°, and was difficultly soluble in hot water, from which it.crystallized
a8 ‘“‘mikroscopische Krystalle sechsseitig, fast rund.” Twelve separate syn-
theses from the octose were made, varying the temperature (12° to 35°) and
the concentration of hydrocyanic acid; the lower temperatures gave better
yields and cleaner products. In total, 60 g. of octose was used, from which
40.9 g. of nononic phenylhydrazide was obtained; the lactone from every
experiment except the first, always melted with decomposition at some point
between 192° and 202°; the rotations of two samples are recorded ([aJp +55°
and +57° once recrystallized material). The reduction of this high melting
lactone yielded an amorphous mannononose. It rotated [a]p® —35° (levo-
rotatory) and it was not fermentable by yeast. It formed a phenylhydrazone
which was only slightly soluble in water, m. p. 209° corr. (dec.); carbon,
hydrogen and nitrogen percentages were correct. The nonose which Fischer
and Passmore described formed a phenylhydrazone (m. p. 195-260° uncorr.
(dec.)) of low solubility in water, but their nonose was a crystalline sugar,
could be recrystallized from hot 96% aleohol .(m. p. about 130°), showed ap
initial rotation [aJp about +50° (mutarotation not recorded), and it was
readily fermentable by yeast. There is no record of a nonose osasone in
Hagenbach’s notebook.

The writer makes the following comments. The mannooctonic lactone
that Fischer, Passmore and Hagenbach had in hand was certainly p-manno-
L-manno-octonic lactone; it was later made by Peirce (ref. 23, p. 8) and also
by workers in the writer’s laboratory in connection with the research of ref. 55
(p. 18). Our data, not published before, are m. p. 169-172°, and [a]p® in
water —44.8° (initial) which did not change in 24 hours. The absence of any
rapid mutarotation suggests that it is a y-lactone. The phenylhydrazide of
the acid showed m. p. 257°; it is so slightly soluble in cold water that its rota-
tion could not be measured. Concerning the substances of the mannonononic
series, if the same nononic phenylhydrazide was obtained in the two researches,
the lactone from it may have crystallized in the earlier research as & levo-
rotatory d-lactone and in the later as a dexirorotatory y-lactone, or mixture
of the two. Since the nononic acid probably has the L-galactonic acid end



