Ascorbic Acid:
Chemistry, Metabolism, and Uses

TO0M$'0020-286T-8d/TZ0T 0T :10p | Z86T ‘T dunr :@jed Uoied!|dnd



TO0M$'0020-286T-8d/TZ0T 0T :10p | Z86T ‘T dunr :@jed Uoied!|dnd



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.fw001

Ascorbic Acid:
Chemistry, Metabolism, and Uses

Paul A. Seib, EprToR

Kansas State University

Bert M. Tolbert, EDITOR
Unwversity of Colorado

Based on a symposium
sponsored by the Division of
Carbohydrate Chemistry

at the Second Chemical Congress
of the North American Continent
(180th ACS National Meeting),
Las Vegas, Nevada,

August 26-27, 1980.

ADVANCES IN CHEMISTRY SERIES 200

AMERICAN CHEMICAL SOCIETY
WASHINGTON, D. C. 1982




Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.fw001

Library of Congress Cataloging in Publication Data

Ascorbic acid.
(;\dvances in chemistry series, ISSN 0065-2393;
200

Includes bibliographies and index.

1. Vitamin C—Congresses.

I. Seib, Paul A, 1936- . IL Tolbert, Bert M,
1921- . III. American Chemical Society. Division
of Carboydrate Chemistry. IV. Chemical Congress of
the North American Continent (2nd: 1980: Las
Vegas, Nev.). V. American Chemical Society. Na-
tsioqal Meeting (180th: 1980: Las Vegas, Nev.). VL
eries.

QD1.A355 no. 200 [QP772.A8] 540s 82-13795
ISBN 0-8412-0632-5 [574.1926] ADCSAJ 200
1-604 1982

Copyright © 1982
American Chemical Society

All Rights Reserved. The appearance of the code at the bottom of the first page of each
article in this volume indicates the copyright owner’s consent that reprographic copies of
the article may be made for personal or internal use or for the personal or internal use of
specific clients. This consent is given on the condition, however, that the copier pay the
stated per copy fee through the Copyright Clearance Center, Inc. for copying beyond that
permitted by Sections 107 or 108 of the U.S. Copyright Law. This consent does not extend
to copying or transmission by any means—graphic or electronic—for any other purpose,
such as for general distribution, for advertising or promotional purposes, for creating new
collective work, for resale, or for information storage and retrieval systems. The copying
fee for each chapter is indicated in the code at the bottom of the first page of the chapter.

The citation of trade names and/or names of manufacturers in this publication is not to be
construed as an endorsement or as approval by ACS of the commercial products or services
referenced herein; nor should the mere reference herein to any drawing, specxﬁcauon,
chemical process, or other data be regarded as a license or as a conveyance of any right or
permission, to the holder, reader, or any other person or corporation, to manufacture, repro-
duce, use, or sell any patented invention or copyrighted work that may in any way be
related thereto.

PRINTED IN THE UNITED STATES fipesieisn Chemical
Society Library
1156 16th St. N. W.
Washington, D. C. 20036



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.fw001

Advances in Chemistry Series

M. Joan Comstock, Series Editor

Advisory Board
David L. Allara
Robert Baker
Donald D. Dollberg
Robert E. Feeney
Brian M. Harney
W. Jeffrey Howe
James D. Idol, Jr.
Herbert D. Kaesz

Marvin Margoshes
Robert Ory

Leon Petrakis
Theodore Provder
Charles N. Satterfield
Dennis Schuetzle
Davis L. Temple, Jr.

Gunter Zweig



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.fw001

FOREWORD

Apvances IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and
collections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are reviewed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Volumes in the
Apvances 1IN CHEMISTRY SERIES maintain the integrity of the
symposia on which they are based; however, verbatim repro-
ductions of previously published papers are not accepted.
Papers may include reports of research as well as reviews since
symposia may embrace both types of presentation.
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PREFACE

THE BRILLIANT SUCCESS OF ASCORBIC ACID RESEARCH in the 1930s led to
the commercial production of inexpensive ascorbic acid in large quanti-
ties. The wide distribution of ascorbic acid, and its incorporation into
many food products, so completely solved the problem of scurvy in both
general and special populations that pressure for a more complete
scientific understanding of this vitamin was sharply reduced. As a result
many questions concerning ascorbic acid’s chemistry, biochemistry,
physiological roles and kinetics, and its nutritional requirements were
deferred for more pressing scientific problems.

In spite of a relaxed position for ascorbic acid studies, our technical
knowledge regarding this vitamin has greatly increased during the second
half of the 20th century. Much remains to be done. The results described
in this book will contribute to that development by summarizing current
work in many areas.

The metabolism of ascorbic acid has yet to be clarified. Only one
of the major water-soluble urinary metabolites of ascorbic acid has been
isolated and characterized; the others and the matabolic pathways in-
volved are yet to be defined. When these pathways and their inter-
mediates are understood, there will be good possibilities for significant
nutritional and medical innovation.

The physiological roles of ascorbic acid have not yet been described
in a manner that is scientifically satisfactory. The presence of ascorbic
acid in all eucaryote organisms suggests fundamental roles that are not
understood. The absence of ascorbic acid in procaryote organisms sug-
gests an unknown fundamental difference between these two classes of
organisms in which ascorbic acid plays an essential role.

Perhaps more than any other nutritional factor, ascorbic acid has
been the focus of the questions, “How much ascorbic acid is required
in humans for optimum health and well-being?” and “What factors can
change this requirement?” There seem to be no simple answers to these
questions, but good progress has been made in fundamentals related to
this problem, such as measurement of pool sizes and turnover in humans
as a function of environmental variables. The lack of such physiological
data for children, women, and pregnant women needs to be corrected.

Ascorbic acid has been implicated in a great variety of biological
phenomena, such as the immune reactions, the cytochrome Py, system,

ix
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cell division, neurological function, atherosclerosis, and free radical
reactions in biological fluids. Unfortunately none of these different
proposals have led to well defined and accepted uses of ascorbic acid.
Even the demonstrated requirement for ascorbic acid in the formation
of connective tissues is not sufficient to mandate post-operational supple-
mentation of a diet with ascorbic acid. To prove beneficial effects from
supplemental dietary ascorbic acid has been extremely difficult.

Large quantities of ascorbic acid are used by the pharmaceutical and
food industries. Ascorbic acid is added to food as a nutrient or as a
processing acid in brewing, wine making, bread making, meat curing,
and freezing of fruits. Losses of the vitamin in processing, storing and
cooking of foods are substantial. There is still a need for a stable form
of vitamin C to use in foods.

Recently, C. F. Klopfenstein, E. Varriano-Marston and R. C. Hoseney
(Nutrition Reports International 1981, 24: 1017-1028) found that a diet
of 50% grain sorghum gave poor growth in guinea pigs receiving 2 mg
of ascorbic acid/day. When the level of ascorbic acid was increased to
40 mg/day, the pigs grew normally. Wheat, millet, and oats did not
depress the growth of pigs. The impact of these findings in human nutri-
tion is not clear.

Much progress has been made in recent years in the chemistry of
ascorbic acid. At least six new syntheses of L-ascorbic acid have been
devised since 1971. One of those methods was used to prepare specifically
labeled r-ascorbic acid to investigate its biosynthesis in plants. Proton
magnetic resonance at 600.2 MHz has shown that the side chain of
L-ascorbic acid and its sodium salt in aqueous solution adopt the same
conformation as crystalline L-ascorbic acid. The conformation of crystal-
line sodium vr-ascorbate, on the other hand, is different.

Assay methods for ascorbic acid have steadily improved. High
performance liquid chromatography can now be used to separate and
quantitate ascorbic, dehydroascorbic, and 2-ketogulonic acids. Improved
analytical techniques are needed to identify and quantitate the oxidation
products of ascorbic acid.

New derivatives of rL-ascorbic acid have been synthesized including
saccharoascorbic acid, 5-ketoascorbic acid, 2-phosphoric-ascorbic acid,
6-bromo-6-deoxyascorbic acid, 6-chloro-6-deoxyascorbic acid, the 5,6-
dehydro-5,6-dideoxy derivative, the 4,5-dehydro-5-deoxy derivative, the
5,6-dideoxy derivative, and numerous nitrogen derivatives.

Dehydroascorbic acid is now readily prepared in pure form by the
Ohmori-Takagi method in which ascorbic acid is dissolved in ethanol
and oxygenated in the presence of charcoal. The structure of dehydro-
L-ascorbic acid is solvent dependent. In water, dehydro-L-ascorbic acid
exists almost exclusively in the bicyclic hydrated monomer in which 6-OH

X
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bonds to C3 through a hemiketal linkage. In N,N-dimethylformamide
and acetonitrile, dehydroascorbic acid forms a mixture containing a
symmetrical and asymmetrical dimer. Monodehydroascorbic acid is
present in tissue as a relatively stable free radical. That radical anion
has been postulated as an intermediate in the oxidation of ascorbic acid
by metal ions. The stability of the radical anion and its disproportiona-
tion into dehydroascorbic acid and ascorbic acid helps explain the
antioxidant role that ascorbate plays in biological systems and in foods.

There continues to be a fascination in the challenge of the scientific
problems related to ascorbic acid. The authors of the chapters in this
book have probably felt an intellectual curiosity about this commonplace
substance: Why is it so unique? What does it do? The excitement and
challenge will lead us on and intrigue the next generation of scientists
working in this field.

It is our pleasure to thank Myron Brin, Frank Loewus, Dietrich
Hornig, and Jack Bauernfeind for helpful discussions in planning the
symposium and this book. We are grateful to the chairmen of the various
sessions: Frank Loewus, Linus Pauling, and Benjamin Borenstein. The
work of Suzanne B. Roethel and Robin Giroux of the ACS Books
Department to assemble the manuscripts is gratefully acknowledged.

PauL A. SEB
Kansas State University
Manhattan, KS 66506

BerT M. TOLBERT
University of Colorado
Boulder, CO 80309

June 28, 1982
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Synthesis of L-Ascorbic Acid

THOMAS C. CRAWFORD
Central Research, Chemical Process Research, Pfizer Inc., Groton, CT 06340

The methods by which vL-ascorbic acid has been synthesized
are readily divided into three major categories. The first
involves coupling a C, fragment and a C; fragment, and the
second involves coupling a C, fragment and a C, fragment.
The third involves the conversion of a C, chain into the
correct oxidation state and stereochemical configuration. All
of these approaches will be reviewed with special regard
given to those syntheses that are suitable for the prepara-
tion of analogues of v-ascorbic acid, the preparation of
radiolabeled derivatives of vL-ascorbic acid, and the current
commercial synthesis of L-ascorbic acid.

Fol]owing the isolation of crystalline “hexuronic acid” from the adrenal
cortex of the ox and from orange juice in 1928 (1) and the determina-
tion in 1933 (2) that the structure of this material was 1 (with other
proton tautomers shown in Scheme 1), efforts were begun to synthesize
this novel vitamin. In a very short time several syntheses were success-
fully accomplished that confirmed that the structure of r-ascorbic acid
or vitamin C was indeed that proposed (2). Complete details of the
crystal structure of 1 have since been obtained by both x-ray (3,4) and
neutron diffraction (5) analysis and are approximated by structure 1a.
Efforts directed toward the synthesis of rL-ascorbic acid have been
governed by the following factors:

1. The need to synthesize material to confirm the structure
and provide larger quantities of material for further study.

2. The desire to synthesize analogues of L-ascorbic acid.

3. The desire to prepare radiolabeled material for use in the
study of L-ascorbic acid metabolism in plants, fish, animals,
and humans.

4. The need to develop a commercially viable, low cost syn-
thesis. This is illustrated by the fact that in 1934 1 kg of
L-ascorbic acid sold for $7000 (6).

0065-2393/82/0200-0001$10.00/0
© 1982 American Chemical Society
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1. crawrorp  Synthesis of L-Ascorbic Acid 3

The design of syntheses of L-ascorbic acid must take into considera-
tion the following points:

1. The synthesis must be chiral since only the L-enantiomer is
biologically active.

2. The final step in the synthesis must be carried out under
nonoxidative conditions because of the very facile oxida-
tion of L-ascorbic acid to dehydro-L-ascorbic acid followed
by further degradation.

3. L-Ascorbic acid must be stable to the conditions used to

éenerate it (ie., no vigorous acid or base treatment in the

nal step because degradation of vL-ascorbic acid can
result).

4. For commercial use, the synthesis must be economical.

This chapter provides an overview of the various available syntheses
of r-ascorbic acid. The key synthetic discoveries that have resulted in
the preparation of L-ascorbic acid analogues, the preparation of radio-
labeled derivatives of L-ascorbic acid, and the production of commercial
quantities of L-ascorbic acid are highlighted. For a comprehensive review
of all these approaches, see Reference 7.
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4 ASCORBIC ACID

All syntheses of L-ascorbic acid are actually partial syntheses be-
cause the chirality at C5 and C4 is obtained via naturally derived sugars
and not by total synthesis. Various methods by which the six carbons of
ascorbic acid have been assembled with the appropriate oxidation state
and stereochemistry are shown in Scheme 2.

One approach to the synthesis of L-ascorbic acid is by combining a
C; fragment and a C, fragment (in effect making the carbon—carbon
bond between C1 and C2 in 1). Intermediates derived from L-xylose
and r-arabinose have been used in these syntheses. L-Ascorbic acid has
been synthesized by combining a C, fragment and a C, fragment (in
effect making the carbon—carbon bond between C2 and C3 in 1) starting
with L-threose. No syntheses of rL-ascorbic acid have been reported in
which the carbon—carbon bond between C3 and C4 or between C4 and
C5 (see 1) has been formed (in effect a C; fragment plus a C; fragment
or a C, fragment plus a C, fragment representing C5 and C6, respec-
tively). Most methods for making these carbon—carbon bonds will result
in the formation of a mixture of enantiomers and/or diastereomers.

Most syntheses of r-ascorbic acid start with preformed Cg sugars,
which by manipulation of the oxidation state at C1, C2, C5, and/or C6

Cq + C5 (xylose, arabinose)

CH,0H

HCOH

Cy + C4 (threose) _—— o

HO OH

glucose — carbon chain inversion
Ce glucose — no carbon chain inversion

galacturonic acid (galactose) Scheme 2
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1. CRAWFORD Synthesis of vL-Ascorbic Acid 5

and by manipulation of the stereochemistry at C2 or C5 have been con-
verted into L-ascorbic acid by a variety of reaction sequences. The most
common Cg sugar starting material is D-glucose, which has been con-
verted into intermediates formally derived from L-gulose, L-galactose,
L-idose, or L-talose.

A survey of the reported syntheses of L-ascorbic acid reveals that
derivatives related to 2-keto acid (2) (Scheme 3) are the most fre-
quently used intermediate to L-ascorbic acid. 3-Keto acid (3), keto-
lactone (4) (in protected form), and 6-aldehydo-L-ascorbic acid (5)
are less frequently used. The use of each of these intermediates (2-5)
will be illustrated in the following discussion of the different syntheses
of L-ascorbic acid.

Ascorbic Acid via C; and C; Fragments

The first synthesis of L-ascorbic acid (1) was reported in 1933,
before the correct structure had been determined. In early 1933, Micheel
and Kraft (8) suggested that carboxylic acid (6) was the structure for
L-ascorbic acid. A short time later the synthesis of D-ascorbic acid shown
in Scheme 4 starting with D-xylosone was reported (9-12). This synthe-
sis gave material identical with natural r-ascorbic acid, except for the
specific rotation, and was used (9-12) as evidence to support structure 6
as the structure for L-ascorbic acid. Shortly after these initial reports
(9-12), the same sequence of reactions was reported (13-15) and, hav-
ing the advantage of knowing the correct structure of r-ascorbic acid,
the sequence of reactions leading from L-xylosone to L-ascorbic acid was
correctly depicted as that shown in Scheme 5; the synthesis proceeds via
8-keto acid derivative 3a. It is ironic that one of the more difficult and
important problems of those times—the synthesis of L-ascorbic acid—
was accomplished before the correct structure of 1 was known.

This C; homologation of osones proved to be valuable in the prepara-
tion of L-ascorbic acid analogues (16) as well as in the preparation of
radiolabeled vr-ascorbic acid (17-20). This synthesis was greatly im-
proved when aldoses were discovered to be directly oxidized to osones
with cupric acetate (Equation 1) (21). Subsequently, the conditions
were modified so that p-xylose could be oxidized to D-xylosone in 50—
55% yield with cupric acetate in methanol. The intermediacy of the
imino ether was proved by the isolation of 7 when D-glucosone was
treated with potassium cyanide (16). The initial cyanohydrin adduct
(3a) easily undergoes cyclization to the imino ether intermediate (aque-
ous solution for 10 min at room temperature, Scheme 5). This feature
will be compared with the conditions required for the lactonization of
other intermediates.
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?HO ?N
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1. CRAWFORD Synthesis of L-Ascorbic Acid 9

o
NH

OH OH
HCOH

HCOH
CH,OH

7

A second synthesis in which a C,; fragment was coupled with a Cs
fragment was reported in which acid chloride (8) was converted to the
acyl nitrile (9) by use of silver cyanide (23) (Scheme 6). Hydrolysis
and esterification produced ethyl 3,4,5,6-tetra-O-acetyl-pDL-xylo-2-hexulo-
sonate. The conditions required for the conversion of this material to
pr-ascorbic acid will be discussed later. No yields were reported for this
reaction sequence. This synthesis has not been used for the preparation
of analogues or radiolabeled derivatives of r-ascorbic acid as has the
osone—cyanide synthesis first reported (9-12). In contrast to the osone-
cyanide synthesis (Scheme 5) in which a 3-ketogulonic acid derivative
is produced, the acid chloride—silver cyanide synthesis (Scheme 6) re-
sults in the formation of a 2-ketogulonic acid derivative (2a) as an
intermediate in the ascorbic acid synthesis.

A third synthesis utilizing a C; and Cs coupling procedure to pro-
duce L-ascorbic acid was recently reported (24) (Scheme 7). L-Arabinose
(10) was reduced to L-arabinitol and protected with formaldehyde to
provide 1,3:2,4-di-O-methylene-L-arabinitol (11) along with a number of
other products. Compound 11 with the free hydroxyl group at C5 and
all other hydroxyl groups protected is suitably protected for conversion
into L-ascorbic acid by oxidation to the aldehyde, carbon-chain extension
with potassium cyanide, then conversion to L-ascorbic acid. This synthe-
sis uses L-arabinose as the source of chirality by carbon-chain inversion.
Thus C2 and C3 in arabinose, which have the same stereochemistry as
C4 and C5 in r-ascorbic acid, become C4 and C5 in 1 by reducing C1
of arabinose, selectively (but inefficiently) protecting C1-C4, oxidizing,
and extending the chain at C5.

Ascorbic Acid via C, and C, Fragments

L-Ascorbic acid was prepared by using L-threose as the chiral Cg
unit and extending to the required six carbons with the correct oxidation
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12 ASCORBIC ACID

state by condensing L-threose (12) with ethyl glyoxylate in the presence
of sodium cyanide (25,26) (Scheme 8). The condensation proceeds via
anion 13. When this synthesis is carried out in methanol using sodium
methoxide as the base (25) and 12a as the starting L-threose derivative,
L-ascorbic acid is produced in 75-80% yield.

In a related synthesis (Scheme 9) diethyl oxopropanedioate (15) is
condensed with the protected cyanohydrin of L-threose (14), producing
L-ascorbic acid (27). This condensation presumably proceeds via the
addition of anion 16 to 15 followed by hydrolysis and decarboxylation.
Both of these synthetic approaches could be used in the preparation of
L-ascorbic acid analogues.

Ascorbic Acid via C; Sugars

The most important sugar used as a starting material for the syn-
thesis of L-ascorbic acid is D-glucose (17), which contains the requisite
six carbon atoms, some or all of the appropriate chiral centers (depend-
ing on synthetic approach), and an attractively low cost. D-Glucose can
be converted into L-ascorbic acid by two different procedures (Scheme
10). In the first procedure, C1 of glucose becomes C1 of L-ascorbic acid.
This approach requires that C1 and C2 be oxidized and the stereochem-
istry at C5 be inverted. In the second procedure, the carbon chain of
D-glucose is inverted. In this approach C1 of glucose must be reduced,
and C5 and C6 oxidized, with the chirality at C4 and C5 of rL-ascorbic
acid coming from that at C3 and C2, respectively, in D-glucose. Studies
on the biosynthesis of L-ascorbic acid (28) have shown that p-glucose is
converted into 1 by two different pathways, one in which C1 of p-glucose
becomes C1 of L-ascorbic acid and one in which C1 of D-glucose becomes
C6 of L-ascorbic acid. Synthetic approaches to L-ascorbic acid that belong
to the latter category (carbon-chain inversion) will be discussed first.

Glucose to L-Ascorbic Acid. CARBON-CHAIN INVERsION. The most
important synthesis in this class is the second synthesis developed by
Reichstein and Griissner (29) and reported in 1934 (Scheme 11). D-Glu-
cose was reduced to D-glucitol (18), which was fermentatively oxidized
to L-sorbose (19). On treatment with acetone and acid, a mixture of
monoprotected (20) and diprotected (21) derivatives of L-sorbose was
formed and separated. 2,3:4,6-Di-O-isopropylidene-L-xylo-2-hexulofura-
nose (21) was then oxidized to the corresponding acid (22). When 22
was heated in water, L-xylo-2-hexulosonic acid (2-keto-L-gulonic acid,
23) was obtained; on heating at 100°C 23 was converted in 13-20%
yield into L-ascorbic acid. Alternatively, 23 was esterified to afford
methyl L-xylo-2-hexulosonate ( methyl-2-keto-L-gulonate, 24 ), which, after
treatment with sodium methoxide in methanol followed by acidification,
produced vL-ascorbic acid in 78% yield from 22. This first short, efficient
synthesis of L-ascorbic acid had an overall yield of 15-18%.
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In succeeding years each step in this synthesis was optimized so
that each individual step can now be carried out in greater than 90%
yield providing vr-ascorbic acid in greater than 50% overall yield from
glucose. As a result of these process improvements this synthesis became,
and remains, the industrial method for the production of r-ascorbic acid.
All efforts to develop a less expensive synthesis of L-ascorbic acid have
been unsuccessful to date.

Two process improvements are worthy of special comment. Initially
when L-sorbose was treated (29) with acetone and sulfuric acid, the
monoacetonide (20) and the diacetonide (21) were formed. In subse-
quent work researchers found that when the temperature of the reaction
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was reduced from room temperature to —8-0°C, the yield of 21 in-
creased to greater than 85% (80-32). A second major improvement
resulted when workers found that 22, 23, or 24 could be converted to
L-ascorbic acid via acid catalysis under essentially nonaqueous conditions
in greater than 90% yield (33-35). Although high yields can be ob-
tained, the conditions required for this conversion are considerably more
vigorous [toluene, 65°C, 5 h (34) or chloroform—ethanol, 65°C, 45-50 h
(33), both with concentrated hydrochloric acid] than those required for
the conversion of cyanohydrin adduct (31) to rL-ascorbic acid (aqueous
solution at room temperature for 10 min) as noted previously.
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The Reichstein—Griissner synthesis has been used to prepare a num-
ber of labeled derivatives of L-ascorbic acid, starting with labeled p-glu-
cose (36—40). This synthesis is not amenable to the preparation of
analogues.

An alternative method for protecting L-sorbose (19) was reported
(41) and is shown in Scheme 12. No yields were reported and it appears
to offer no advantages over the Reichstein—Griissner synthesis.

Attempts to eliminate the protection—deprotection steps in the Reich-
stein—Griissner synthesis by carrying out a high-yield chemical or fer-
mentative oxidation step directly on glucitol (18) or L-sorbose (19) were
unsuccessful (Scheme 13). The best result reported is the platinum (or
related metals) catalyzed air oxidation of 19 to 23 (62% yield) (42).

OH
0 CH20H
HO OH
OH
19
HO
0]
HO OMe,CH20H
OH
CH20H
HO
HCOH
0 o}
OH HO OH

Scheme 12.
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An alternative method of preparing L-ascorbic acid was reported by
Bakke and Theander (Scheme 14) (43). In this synthesis D-glucose was
first oxidized at C6, then at C5, and then reduced at C1. This contrasts
with the Reichstein—Griissner synthesis in which glucose was first reduced
at Cl, then oxidized at C5, and then at C6 to achieve the requisite
inverted carbon chain. The key intermediate in the Bakke-Theander
synthesis, ketolactone (25) was prepared earlier (44,45) but was not
converted to 1. Hydrolysis of 25 afforded 6-aldehydo-L-ascorbic acid
(26, aldehydo-L-threo-hex-4-enurono-6,3-lactone) as an unisolated inter-
mediate. Compound 26 was not previously synthesized. The reduction
of 26 afforded 1. This synthesis of 1 is used effectively in the preparation
of labeled derivatives of 1 (46). It is not useful for the preparation of
analogues.

Another synthesis of L-ascorbic acid became obvious once the Bakke—
Theander synthesis was reported (Scheme 15) (47). p-Glucuronolactone
(27) is protected with acetone to afford 28, which can be oxidized to
ketolactone (25), the key intermediate in the Bakke-Theander synthesis.
The preparation of 25 was reported by a number of workers (44, 45, 48).

Another method for converting D-glucuronolactone (27) into L-ascor-
bic acid is shown in Scheme 16 (49). When r-gulono-1,4-lactone (29),
which is readily available by the reduction of 27, is treated with benz-
aldehyde, 3,5-O-benzylidene-L-gulono-1,4-lactone (30) is formed.

Lactone 30 on oxidation at C2 gives ketolactone (31), which on
hydrolysis in acetic acid—water afforded L-ascorbic acid (Scheme 16).
This synthesis and the Bakke-Theander synthesis are among the few
syntheses that do not have as the last step the lactonization of an appro-
priate 2- or 3-keto sugar acid or derivative. The approach shown in
Scheme 16, the protection of either the C2 or C3 hydroxyl group in an
appropriate 1,4-lactone followed by the oxidation of the unprotected
hydroxyl to a ketone and then by hydrolysis, can be generally used to
convert L-gulono-, L-galactono, and L-talono-1,4-lactone to L-ascorbic acid
(50).

When L-gulono-1,4-lactone (29) was treated with benzaldehyde di-
ethyl acetal, ethyl 3,5:4,6-di-O-benzylidene-L-gulonate (32) was formed
(49) in greater than 90% yield (Scheme 17). This derivative can be
converted efficiently into vr-ascorbic acid by oxidation (> 90% ) fol-
lowed by hydrolysis of the resulting product to ethyl 2-keto-L-gulonate
(r-xylo-hexulosonate) (86% ) and lactonization by either acid or base
(90% ) to rL-ascorbic acid.

Either this synthesis or that shown in Scheme 16 is suitable for the
preparation of C6 deuterated or tritated derivatives of vr-ascorbic acid
reducing 27 with deuterium or tritium enriched gas or with labeled
sodium borohydride (51).
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| OH

HCOH OH
COH 70-80%

27
OH

28

25

=  Ascorbic Acid

Scheme 15.

The direct chemical oxidation of 29 to L-ascorbic acid was reported
but the yields are poor (< 10% ) (52). A more efficient but not yet
practical method for the conversion of 29 to 1 was developed. This
method uses an enzyme system isolated from a variety of natural sources,
including germinating peas (40% yield) (53).

Finally, L-gulonic acid can be readily converted into L-xylo-2-hexu-
losonate using a number of microorganisms (54, 55), including Aceto-
bacter suboxydans and Xanthomonas translucens (Scheme 18).

A second synthesis that involves the oxidation of glucose at CB6,
reduction at C1, and then oxidation at C5 ( glucose numbering) is shown
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Scheme 18.

in Scheme 19 (56-58). This multistep synthesis involves the conversion
of D-glucuronic acid into 33 (a derivative of gulonic acid) followed by
oxidation to 34 and hydrolysis to methyl L-xylo-2-hexulosonate (36)
via 35.

No CarBonN-CHAIN InvERsioN. This section will discuss the methods
by which p-glucose has been converted to L-ascorbic acid without car-
bon-chain inversion. These syntheses of r-ascorbic acid from D-glucose
without carbon-chain inversion involve the oxidation of p-glucose at C1
and C2, and the inversion of chirality at C5.

The first synthesis reported in this class is shown in Scheme 20. Dp-
Glucose can be efficiently (> 90% ) oxidized fermentatively to calcium
D-xylo-5-hexulosonate (37) using Acetobacter suboxydans (59). The
reduction of 37 has been studied by several researchers. The best results
were obtained using palladium boride and hydrogen and afforded a
mixture of calcium idonate (38) and calcium gluconate (39) in the ratio
of 73:27 (60). Other catalytic hydrogenation conditions resulted in a
lower yield of 38, but reduction with sodium borohydride afforded a 1:1
mixture of 38 and 39 (61). The mixture of 38 and 39 can be efficiently
converted to pure L-xylo-2-hexulosonic acid (23) by fermentative oxida-
tion of 38 to 23 and fermentative destruction of 39 using various orga-
nisms, including Pseudomonas fluorescens (62,63). The yield of 23
based on starting idonic acid is greater than 90%. Based on D-xylo-5-
hexulosonic acid, the yield of 23 is 50-60%. Acid 23 can be converted
to L-ascorbic acid as previously described. Thus in this synthesis, C1 is
oxidized, the stereochemistry at C5 is inverted via oxidation to the
ketone and reduction, and then C2 is oxidized. This synthesis is not
suitable for the preparation of analogues, but could be used for preparing
C5-labeled derivatives of r-ascorbic acid.
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A second synthesis in which the carbon chain of D-glucose (17) is
not inverted was reported (64). In 1953, glucose (17) was converted to
p-threo-2,5-hexodiulosonic acid (2,5-diketo-p-gluconic acid, 40) by fer-
mentative oxidation with Acetobacter melanogenum (Equation 2). Sub-
sequently, more efficient fermentations of p-glucose to 40 using Pseudo-
monas albosesame (65, 66), Acetobacter fragum (67), and A. cerines
(68) were reported. The gross chemical structure of this material was
proved by Katznelson et al. (64). It was not until the work of Andrews
and coworkers that 40 was shown to exist in aqueous solution in the
hydrated pyranose form (40a) (69,70).

p-threo-2,5-Hexodiulosonic acid (40) is a pivotal intermediate in
this ascorbic acid synthesis because the oxidation of glucose at C1 and
C2 has already been accomplished and the inversion of stereochemistry

HO C02H
HCOH =0
Acetobacter
HOCH melanogenum HOCH (2)
S
HCOH H(iOH
HCOH =0
CH20H CH20H
17 40
OH
0 CO,Na
HO OH
HO
HO

40a
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at C5 is half completed by oxidation of the C5 hydroxyl group to a
ketone. All that remains is the demanding regiospecific and stereospecific
reduction of the C5 ketone to the equatorial hydroxyl group (Scheme 21)
to afford r-xylo-2-hexulosonic acid (23), which can be converted to
L-ascorbic acid in high yield. For a summary of the methods by which
this reduction was attempted, see Scheme 21.

The fermentative reduction of 40 using several microorganisms was
reported. Most organisms produce 23 in low yield and, in some cases, as
a mixture of C5 hydroxyl epimers (71,72). The most promising fer-
mentative reduction reported uses a Corynebacterium species and pro-
duces approximately 50% yield of 23 from 40 at 7.8% broth concentra-
tion (Scheme 21) (73,74).

The regioselective catalytic hydrogenation of 40 afforded a mixture
of p-arabino-2-hexulosonic acid (41) and r-xylo-2-hexulosonic acid (23)
with 41 predominating (75,76). This result is in complete accord with
the proposed solution structure for 40 (40a) because catalytic hydro-
genation of cyclohexanones affords predominantly axial hydroxyl groups.

With the catalytic hydrogenation results in hand and knowing the
solution structure of 40, Andrews et al. (76) correctly predicted that the
reduction of 40 with sodium borohydride would result in the formation
of the desired L-isomer (23) as the major product. An 89% yield of an
86:14 mixture of 23:41 was obtained; the development of an efficient
L-ascorbic acid synthesis (Scheme 22) followed. p-Glucose is converted
to 40 in greater than 90% yield with either Acetobacter fragum (66) or
A. cerinus (67). Reduction affords the above-mentioned mixture of 23
and 41 in 89% yield. This mixture can be converted to pure 23 by the
selective fermentative destruction of 41 (77) using Psuedomonas fluo-
rescens. Sodium r-xylo-2-hexulosonate is then isolated and converted to
methyl L-xylo-2-hexulosonate (24) with methanol and acid, at the same
time removing residual boric acid as trimethyl borate (78). As previously
noted, 24 can be converted in high yield to 1. The mixture of 23 and 41
can also be converted to a mixture of methyl ester that on crystallization
affords pure 24 (76). r-(5-2H)Ascorbic acid has been prepared using
this procedure (76). The reduction of 40 can be carried out more effi-
ciently using dimethylamineborane, which affords a 92:8 mixture of
23:41 in 95% vyield (79).

In a related synthesis methyl p-arabino-2-hexulosonate (42) was
converted, via a series of selectively protected intermediates, into 43, a
protected derivative of p-threo-2,5-hexodiulosonic acid (Scheme 23).
Stereoselective reduction of 43 with sodium borohydride afforded 44,
which was converted to L-ascorbic acid. The overall yield was 36%.
This synthesis was also used to prepare L-(5-2H )ascorbic acid.
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Ascorbic Acid via Cs; Sugars Other Than Glucose

During the work directed toward the synthesis of L-ascorbic acid
from p-glucose, a number of Cg sugar acids was synthesized, including
L-idonic and L-gulonic acids in particular. One other sugar acid, L-galac-
tonic acid, which is not readily derived from p-glucose, was used to
prepare L-ascorbic acid (82, Scheme 24). Pectin, which can be obtained
from beet pulp or orange or grapefruit peel, can be converted to p-galac-
turonic acid (45) via enzymatic hydrolysis. Catalytic reduction of 45
over Raney nickel afforded vr-galactonic acid (46) in 93% yield. Acid
46 was then oxidized to L-lyxo-2-hexulosonic acid (47) in 25-30% vyield.
Keto acid 47 was converted to 1 via esterification (90% yield) and base-
catalyzed cyclization (71% yield). No fermentative oxidation of r-galac-
tonic acid to 47 was reported. A high-yield fermentative oxidation prob-
ably could be developed. (Note added in proof: A recent U.S. patent
describes an inefficient fermentation oxidation of L-galactonic acid to 47.)

No other Cs sugar acids have proved important in the synthesis of
L-ascorbic acid. In Scheme 25 the first method by which vL-(4-*H )ascor-

C02H C02H
HOCH HOCH
HCOH g3y HCOH  25.30%
Pectin emiim- I s ——
HCOH HCOH
HOCH HOCH
CHO CH,OH
CO,H 45 46
c=0
(0 Me CH,OH
HCOH cl—o
HCOH 90% | HEOH
—— HCOH 0
0
HOCH HCOH ——— )
CH,OH
2 HOCH HO oH
47 CH,0H 1

Scheme 24.
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CH20H
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CH20H
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0 o
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OH OH
HO OH HCOH
CHzOH
Scheme 25.

bic acid was prepared (83, 84) is shown. A second method for r-(4-*H)-
ascorbic acid synthesis was recently reported (85). This material was
prepared via the ascorbic acid synthesis shown in Scheme 14 (the Bakke—
Theander synthesis), starting with p-(3-*H)glucopyranose prepared by
the catalytic reduction of 1,2:5,6-di-O-isopropylidene-a-p-ribo-hex-3-ulo-
furanose using tritium gas.
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Crystallography of the Ascorbates

JAN HVOSLEF
University of Oslo, Department of Chemistry, Blindern, Oslo 3, Norway

A review of the various ascorbates is given in terms of
the results from crystal structure determinations. The acid
itself and the simple, monovalent salts consist of roughly
planar vy-lactone rings with side-chains in a more or less
staggered conformation. The acidity of the compound is
associated with the proton at O3 because of the conjugated
01=C1—C2=C3—O03 system in the ring. By esterification
the location of the ester group can be at either C2 or C3,
but the C2 position is presumably the stabler site. By oxi-
dation of the vitamin dehydroascorbic acid is produced in
different isomeric forms, depending on the solvent, on the
time, and on a possible substituent in the lactone ring.
The usual crystalline compound is a dimer comprising five
fused rings, whereas monomeric derivatives are bicyclic, -
except in cases where the substituents induce sp? hybridi-
zation at C3.

In the mid 1930s x-ray crystallographers (1) attempted to assist chemists
(2) in the elucidation of the chemistry of vitamin C. The trial was
destined to be unsuccessful, but could nevertheless support the brilliant
chemical works that eventually lead to a correct chemical formula and
to the synthesis of the vitamin (3). This relatively small and simple
molecule, comprising only 20 atoms, has intrinsic properties that diversify
its chemical behavior and mask its constitution. Features such as acidity
without a carboxyl group, an unusually stable y-lactone ring, reducing
power, and two chiral carbon atoms form a combination with enigmatic
biological functions that still puzzle chemists and biologists in the 1980s.
With the advent of modern methods in crystallography the detailed
geometries of ascorbates became accessible, and to date a number of
crystal structures are known (Table I). The motivation for these investi-
gations was originally not any doubt about the gross structures of the
ascorbates arrived at by chemical means; the x-ray results also generally

0065-2393/82/0200-0037$06.25/0
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Compound

L-Ascorbic acid

Sodium L-ascorbate

Calcium L-ascorbate dihydrate

Thallium (I) -L-ascorbate
L-Serine-L-ascorbic acid

L-Arginine L-ascorbate

Barium 2-0-sulfonato-L-
ascorbate dihydrate

3-0[ (bismorpholino) phos-
phiny1]-5,6-O-isopropylidene-
L-ascorbate

Dehydroascorbic acid dimer

p-Bromophenylhydrazine of

monomeric dehydro-L-ascorbic

acid

Methyl glycoside of 2-C-benzyl-
3-keto-L-lyro-hexulosonic
acid lactone

p-Isoascorbic acid

Sodium p-isoascorbate-mono-
hydrate

Table I.

Formula

CeHsOe

Na*CGH-[Oe-
03‘2*(06H7Oe) 9 * 2H20

TI'C¢H70¢
C3H7NO3 ¢ CeHgOs
C(;Hg;N";Og+ ¢ CeH-;Oe-

B32+(CGHGOQS)2- -2 H20

C17H27N20oP

CI2H12012

C12H1105N2Br

CI4H1606

CeH3O6

Na‘CeH-;Oe' . Hzo

ASCORBIC ACID

Crystallographic Data on

Reference
(6-8)

(10)
(12-14)

(11)
9
(15)

(18)

(21)

(4)

(25)

(24)

(26)

(27)

¢ The technique used is indicated by: F, film; D, diffractometer; or N, neutron

diffraction spectrometer.

confirmed the predicted chemical formulae and bonding properties.
Surprises came, however, when the vitamin’s oxidation product, dehydro-
ascorbic acid, was examined by x-ray and NMR methods (4, 5). Virtually
all textbooks are shown to be misleading in their assessment of the
structure of this compound. This should actually not be surprising, for
the formula commonly used is unacceptable for various reasons. Many
details of the oxidation are still left to be sorted out, but they present
difficult tasks because of the complicated reaction mechanism.
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L-Ascorbic Acid and Some Derivatives

Average e.s.d. in Bond

Space Lengths [Method

Group Unit Cell Dimensions (4) and Angles (°) ]2

P2, a—=17299 b —6353,c —6.4114; 0003A 02° F,N
B — 102.18°

P2,2,2; a=19.051,b=4.490,c =8516 A 0.006 0.4 F
P2, a =8.335,b=15.787,c = 6.360 A, 0.004 0.2 D

B = 107.48°

P2,2,2, a—10883,b—18.598 c—8066A 0040  — D

P2,2,2, a—5335b—8769,c—=25782A 0005 03 D

P2, a = 5.060, b —9.977, c — 15.330, 0006 04 D
B =97.5°

P1 a=5201,b =695, c—8732 A 0004 02° D

a=99.54°, 8 — 93.92°, y — 109.12°

P2, a=9.487,b —13.570, c — 8.355 A — — D

C2 a=15728,b —5530,c = 9453 A; 0006 05 F
B — 130.56°

P2,2,2, a=18.020,b=12.859,c=5.754A  0.008 0.6 D

P2,2,2, a=16.339,b=19.739,c=22.484 A 0.004 03 D

P2, a=5165b—14504, c=4724A; 0005 03 D
8 = 99.50°

P2,2,2, a=8.307,b=9.049,c=11.181 0.007 0.4 D

X-ray analyses have also proved useful in unraveling other complex
structural problems in this field, and we shall review some work done
on ascorbates by diffraction methods.

Ascorbic Acid and Its Salts

Ascorbic Acid. Vitamin C (L-ascorbic acid) was the first ascorbate
to be studied in detail by diffraction methods (6,7, 8). It crystallizes in
the monoclinic space group P2; with four molecules in the unit cell as
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shown in Figure 1. There are two molecules, A and B, in the asymmetric
unit, but they are related in pairs by pseudo screw axes along [010] in
the positions (x =1/4, z—=5/8) and (x —=3/4, z—3/8). In the crys-
tals the independent molecules are slightly different, mainly because of a
small difference in the orientation of the almost identical side-chains.
The distinction is defined by a +/—7.9° twist about the C4—C5 bond to
each side of an ideally staggered conformation where O5 is situated
above the ring and where O6 is 4-8.3° from anti to O5. The interatomic
distances and angles, however, are almost identical in the independent
molecules, which have the average values shown in Figure 2.

The C-C and C-O bond lengths show some interesting variations,
and explain in a striking way the observed chemical properties. The
localization of the protolytic proton to O3 was obvious from the bonding
properties of the conjugated 01—=C1—C2—C3—03—H system, and it
has later been confirmed by the structure of a number of salts. Whereas
the ene—diolic group is entirely planar, the lactone group shows minor
variations from planarity. These deviations are presumably caused by
packing effects being different in the two independent molecules. How-
ever, the whole ring system can be adequately described as planar
because the best planes through the lactone and the ene-diol group in
each molecule are at only 0.6° to each other.

Figure 1. View of the structure of vL-ascorbic acid along [010] and the corre-
sponding three-dimensional electron density. (Reproduced, with permission,
from Ref. 7.)
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Figure 2. Average values of bonding distances and angles in vL-ascorbic acid.
(Reproduced, with permission, from Ref. 7.)

All the oxygen atoms, except O4, are engaged in hydrogen bonds,
and the interactions involving the ene—diol oxygen atoms are particularly
strong and about 0.15 A shorter than the usual alcoholic interactions.
The hydrogen bond system for each of the two independent molecules
is shown in Figure 3, and it is noteworthy that the pattern is similar for
A and B although the environments are different and the donor-acceptor
sequence is reversed, except for O83.

The ascorbic acid molecule has also been studied in the crystalline
complex with L-serine [CH.(OH)CH(NH,;)COOH], recently reported
by Sudhakar, Bhat, and Vijayan (9). The crystals are orthorhombic
with Z = 4, and the molecules are mainly held together by hydrogen
bonds. The individual components are both neutral, and the molecular
dimensions in the ascorbic acid molecule are not significantly different
from those in the pure acid. The side-chain conformation varies by
rotation of O6 about the C5-C6 bond to a near gauche arrangement,
thus bringing it close to the situation in sodium ascorbate (10). The
hydrogen bond system is, of course, different, and it is interesting to note
that the carboxyl group of L-serine is tied to the ene—diol group of rL-ascor-
bic acid (Figure 4) through rather short hydrogen bonds (2.542 and
2.642 A).

Salts of Ascorbic Acid. In salt formation the ionization of L-ascorbic
acid is closely associated with the behavior of the ene—diol group and the
conjugated 01=—=C1—C2=C3—O03 system. All the salts we know so far
are formed by dissociation of the proton at O3 only, and are hence
monovalent. Bivalent anions predicted from studies of solutions have
not been isolated and characterized.

Common to the investigated ascorbate anions are the significant
lengthening of the double, shortening of the single bonds in the conju-
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Figure 3. Environment and hydrogen bondi::ig £or molecules A and B. Oxygen
atoms in neighboring molecules are indicated by triple circles. (Reproduced,
with permission, from Ref. 7.)

gated system, and changes in the angular distribution, especially at C2
and C3.
Selected values of bond lengths and angles in the ascorbate anion

are given in Table II and are compared with those of the free acid.

Taking the bonding properties of the lactone group into account also,
the observations support the view that the anion may be thought of as a
resonance hybrid of I, II, and III, but with a dominating contribution
from I.

N(1)

0s)

Figure 4. The hydrogen-bonded interaction between the ene-diol group of
ascorbic acid and the carboxylate group of serine. The primed atom belongs to
a neighboring molecule. (Reproduced, with permission, from Ref. 9.)
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O 0 0 0 0 0% R
R \ R y
HO 0 HO 0] HO o
I I III

The effect of an impaired sp? hybridization at C2 and C3 is conforma-
tional lability in the y-lactone ring. As a result, the proximity of a
metallic cation causes this ring to deviate from planarity; it also increases
02—C2=C3—O03 dihedral angles. Typical is the effect on salts like
Na ascorbate (10), TI(I)-ascorbate (11) and Ca ascorbate dihydrate
(13, 14) where the angle between the mean planes defined by the lactone
group (04,C4,C1,01,C2) and the ene—diol group (C2,02,C3,03) occa-
sionally is as high as 8°. A somewhat smaller angle (5°) is observed in
L-arginine ascorbate (15) where the influence of a metallic cation is
avoided.

Whereas the conformational differences in the rings are moderate,
the side-chains are found to be more susceptible to the influence of
packing, metal coordination, and hydrogen bonding. In most cases the
ascorbate ions have O5 in a roughly staggered position, but with appre-
ciable tolerance. O6 has either a near anti or near gauche orientation
as illustrated in Figure 5.

‘v

Figure 5. Dihedral angles (parentheses) U (gauche) and V (anti) for 05-C5-
C6-06 in ascorbates.

The gauche orientation occurs in: ascorbic acid in serine complex (66°), sodium ascor-

bate (70°), thallium ascorbate A (71.7°), arginine ascorbate (56°), barium 2-O-sulfo-

nato-L-ascorbate dihydrate (73.3°). The anti orientation occurs in: ascorbic acid

(8.3°), thallium ascorbate B (1°), p-brc;rlnop;lenylhydmzine of dehydroascorbic acid
2°).
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In certain cases, exceptions to these rules are observed. In one of
the two independent anions (B) of Ca ascorbate dihydrate, O5 (Figure
6) adopts a rare, unfavorable (peri) interaction (16) with O3. In addi-
tion, O6 is rotated about C5-C6 to permit the three oxygen atoms O3,
05 and O6 to form an interesting tridentate complex with Ca%. Mole-

Figure 6. Perspective drawing of the independent ascorbate anions A and B.
Distances and angles for the nonhydrogen atoms are included in the drawing.
(Reproduced, with permission, from Ref. 13.)
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cule A can be derived from B by rotating the side-chain by —117°
around C4-C5, and the octahedral coordination around Ca?" is com-
pleted by O5 and 06 from A, two water molecules, and O1 from a sym-
metry equivalent of B.

The structure of Ca ascorbate dihydrate was simultaneously deter-
mined by two independent groups (12, 13), and their data and results
were subsequently compared and analyzed by Abrahams et al. (14).
Some general conclusions could be drawn from this investigation with
respect to the given values of standard deviations, to the effect of anoma-
lous scattering on atomic coordinates, and to the absolute configuration
of the molecule in question.

Among the salts in the ascorbate series is also Ba 2-O-sulfonato-L-
ascorbate dihydrate that is derived from the ascorbic acid 2-sulfate ester.
This biologically important compound (17) was much debated because
it was difficult to decide whether the sulfate group was attached to C2
or C3. The structural analysis by McClelland (18) proved the site to
be at C2 as shown in Figure 7. The bond lengths, angles, and resonance
forms are clearly similar to those of the simple ascorbate anions irrespec-
tive of the effect of the sulfate group attached to C2.

A similar and even more complex problem arose for the phosphate
ester of ascorbic acid, and again x-ray methods proved useful in unravel-
ing the dilemma of where to assign the phosphate group. The position
assigned by the original authors (19) was at C3, but Lee et al. (20)
and others contended that was at C2. In a recent, interesting paper by

£0(2)-8-0(7) = 99.9()
£0(8)-8-0(9) e 113.1()

Figure 7. Configuration, bond lengths (4), and bond angles (°) of the 2-O-
sulfonato-L-ascorbate anion. (Reproduced, with permission, from Ref. 18.)
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Jernow et al. (21) a brief crystallographic analysis demonstrates that a
derivative of this ester, the (3-O-(bismorpholino)phosphinyl) 5,6-iso-
propylidene-L-ascorbate, indeed has its phosphate group attached to C3.
The molecular structure is shown in Figure 8, but unfortunately no de-
tails of the structure are given under the circumstances; only the gross
structure was required. No information is therefore available with respect
to the state of conjugation, but it is expected to be different from that in
the simple salts and in the 2-O-esters. Upon acid hydrolysis of the com-
pound, the authors claim that an unstable 3-O-phosphate is initially
formed, but that it rapidly isomerizes to the stabler 2-O-phosphate. It
is concluded that the tris(cyclohexyl )ammonium salt of the ascorbic acid
phosphate, first prepared by Cutolo and Lorizza (19) and assigned the
3-O-phosphate, is in fact the 2-O-phosphate as proposed by Lee et al. (20).

All the compounds mentioned above have common features with
respect to molecular and crystal structures, and the results arrived at
by different authors are hearteningly unanimous. For the hydrogen bond
system, for example, it is established that the distances associated with
the ene—diolic hydroxyls are signficantly shorter than the others (Table
III). A value well below 2.6 A for a O2—H - - - O3 interaction is usual,
and if O3 is an acceptor even an alcoholic hydroxyl group produces a
strong interaction. This atom has an unusually high capacity for hydro-
gen bonding.

The orientation and conformations of the side-chain have only minor

Figure 8. Drawmg showing the conformation of the ascorbate 3-O-phos-
phinate. (Re eemicgfon. from Ref. 21.)
Society Library
1155 16th St. N. W.
Washington, D. C. 20036
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influence on the bond lengths in the ring, but have some effect on its
planarity. This is reflected in the angular distribution around C4 and
C5, particularly in Ca-ascorbate dihydrate where deviations up to 7.2°
are observed.

Debydroascorbic Acid and Derivatives

Oxidation of vL-ascorbic acid produces a variety of chemical species
depending on the nature of the solvent, the time, and the strength of the
oxidation agent. By careful, mild oxidation two hydrogen atoms are
given off in successive steps. In the first step, an unstable radical “semi-
dehydroascorbic acid” is formed. In the second, the biologically active
dehydroascorbic acid results.

The commercially available isomer of dehydroascorbic acid is a
crystalline, symmetric dimer comprising a system of five fused rings (4,
22), IV, and not the traditional “textbook compound” with the formula
V. The latter has not been isolated and characterized, and is presumably
not present in significant amount when the vitamin is oxidized. If the
oxidation of L-ascorbic acid takes place in inert solvents such as dimethyl-
formamide or dimethyl sulfoxide, it has been shown by Hvoslef and
Pedersen (5), using NMR methods, that at low temperatures a dimer
identical to the crystalline compound is formed. When the temperature

v
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rises, this dimer gradually transforms to another dimer, VI, which is
unsymmetrical, but closely related to the first. However, in water a
hydrated bicyclic monomer is the prime result. This is unstable in water,
and with time the furanose ring opens to give a monocyclic molecule
with an open side-chain.

The Dehydroascorbic Acid Dimer. Of the possible versions of pure
dehydroascorbic acid, only the symmetric dimer has been obtained in
crystalline state and investigated by diffraction methods. However,
derivatives of monomers are known and will be discussed below.

Monoclinic crystals of the symmetric dimer can be precipitated by
successive addition of formic acid and solid oxalic acid (23) to a di-
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methylformamide solution of the usual mixture of symmetric and asym-
metric dimers. The solubility of the former is strongly decreased by
these reagents, but leaves the latter in solution.

The space group C2 imposes twofold symmetry on the dimeric
molecule with the dimensions shown in Figure 9. The two halves are
joined by the O3 atoms originally associated by the ene—diol group, and
establish a central dioxan ring in the twisted boat conformation. The
fourth valence at C3 closes the side-chain to form an irregular furanose
moiety with C6 0.55 A from the best plane through the other atoms.
Looking at the lactone ring one observes that the lactone group (C4,04,
C1,01,C2) is almost planar, but that C3 deviates by 0.192 A, which is
moderate for furanose or furanoid lactone rings. The geometry of this
moderately strained ring system is normal for a compound with covalent
bonds. One may, however, notice that the C2-02 bond is very short
(1.352 A) and that the two C-O bond lengths in the dioxan ring are
unequal. On reaction with water the dioxan ring is split at the longer
C2-03 bond, and two bicyclic, hydrated monomers are formed (5). It
is not unlikely that the short C2-O2 bond is responsible for the acidity
of the compound.

The really interesting aspect of this structure is that it is dimeric.
This fact obviously has relevance to the complicated reaction mechanism
associated with the oxidation of the vitamin in inert solvents. Whether
the dimer is formed as a short-lived intermediate by oxidation in water
is still an open question. Attempts to determine the crystal structure of
the asymmetric dimer are now being made in our laboratory.

Figure 9. Bonding distances and angles in dehydroascorbic acid. (Reproduced,
with permission, from Ref. 4.)
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Derivatives of Dehydroascorbic Monomers. Monomeric dehydro-
ascorbic acid presumably is formed only in solvents that prevent the
formation of dimers, for example, water and alcohols. The unstable
evasive nature of the compound impedes its crystallization, and intrac-
table syrups are often the result. However, derivatives of the monomer
could be obtained with satisfactory crystalline quality for a regular
x-ray study.

The question of whether a bi- or monocyclic molecule is present in
these crystals was of major interest, but we have also sought possible
factors that would cause an open side-chain in the monomer.

In the methyl glycoside of 2-C-benzyl-3-keto-L-lyxo-hexulosonic acid
lactone (Figure 10) a bicyclic ascorbate isomer was found (24). The
sugar moiety bears great resemblance to the asymmetric unit of the
crystalline dimeric dehydroascorbic acid. Both five-membered rings have
irregular envelope conformations with the common C3 atom deviating
from the best planes through the four other atoms in the rings. The
unique role of C3 is presumably caused by repulsion between the benzyl
and methoxy groups, whereby an eclipsed conformation for O3 and C8
is avoided by a +438.8° twist about the C2-C3 bond. The free OH
group at C2 has the same orientation relative to the lactone ring as it
has in the dimer, but the C-O bond is somewhat longer. Besides this,
the bond lengths and angles are generally similar to those in the dimer,
except for the conformational angles in the furanose moiety.

On the other hand, a monocyclic derivative was obtained when a
solution of dehydroascorbic acid and p-bromophenylhydrazine in di-
methylacetamide was allowed to stand overnight at room temperature
(25). The compound was precipitated with water and recrystallized
from absolute alcohol; its molecular structure is shown in Figure 11.
The lactone ring is of the envelope type with C4 deviating by 0.126 A
from the plane defined by C1, O1, C2, and O4. The side-chain is very
nearly staggered and with O5 and C6 anti.

A significant feature of this compound is the property of the C7-
N2-N1-C2-C3 moiety with its planar, extended chain of atoms and its
bond lengths and angles typical of sp? hybridization. The resonance
structures that could describe the =-electron delocalization are:
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Obviously these are preferred to a system with a bicyclic ring as indi-
cated by

The conclusion follows that any substituent at C2 that induces =-electron
delocalization into the region will open the furanoid ring. The reason
is simply that sp? hybridization at C3 precludes the necessary fourth
valence for ring formation. It has recently been shown that solutions
contain two isomers in equilibrium with 180° difference in orientation of
the hydrazine group. The N-H group hence can establish hydrogen
bonds to either O1 or O3 (26).

Ascorbate Isomers

Of substances closely related to vitamin C are isomers with inverted
substituents at C4 and C5. The so called p-isoascorbic acid is a stereo-
isomer with inversion of the OH group at C5 only. An x-ray investigation
by Azarnia, Berman, and Rosenstein (27) revealed that in this compound
the distances and angles are quite similar to those found in L-ascorbic acid
(Table II). The plane relationship is also congruous, but the properties
of the side-chain are, of course, different as a result of the inversion at
C5. C4-C5-C6-06 form a roughly planar zigzag chain where C6 adopts
a position approximately corresponding to that of O5 in rL-ascorbic acid.
The dihedral C3—C4-C5-C6 angle is +78° vs. 4-58° for the C3-C4-C5-
O5 angle in the vitamin. Relative to O5, O6 is in the gauche conformation
that takes it farthest away from the ring; O6 is tied to O2 in a neighbor-
ing molecule by a short hydrogen bond (2.584 A). Also, the hydrogen
bond system duplicates one of the schemes found in the L-ascorbic acid.

Kanters, Roelofsen, and Alblas (28) have compared p-isoascorbic
acid and r-ascorbic acid with respect to their behavior on ionization.
They observed that almost the same changes in bond lengths and angles
occur in the two compounds, exemplified by their sodium salts (Table
IT). Even the distortions in the rings are similar (Kanters et al’s adver-
sary conclusion was based upon a misprint in Table I of Ref. 10). This
is illustrated by the almost identical angles between the best planes
through the lactone and ene-diol groups (1.4° vs. 0.6°). The side-chain
conformation is nearly retained from the acid, but it is more staggered
(by 431°) by a rotation about C4-CS5.
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Whereas most bond lengths and angles agree well with those of
other ascorbate anions (Table II), the hydrogen bond interaction asso-
ciated with O3 is unique: it accepts no less than four bonds ranging from
2.785 t0 2.993 A. Two of these are from water molecules. This unusually
large number of bonds explains the fact that no short hydrogen bonds,
which are usually encountered in the ene—diol group, are present in these
crystals.

The fate of p-isoascorbic acid on oxidation has not yet been studied
by diffraction methods, but NMR results (29) show that in inert solvents
an asymmetric dimer is preferentially formed. In water, however, a
mixture of two anomeric pyranose rings results, and the simple, reversible
p-isoascorbic acid/dehydroisoascorbic acid equilibrium is lost. This
may possibly be one of the factors that reduces the biological activity
of p-isoascorbic acid. The latter has an effect that is only 5% of that
of vitamin C (30).
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Recent Advances in the Derivatization of

L-Ascorbic Acid

GLENN C. ANDREWS and THOMAS CRAWFORD

Central Research, Chemical Process Research, Pfizer Inc.
Groton, CT 06340

A survey of work since 1975 on the derivatization of ascorbic
acid is reviewed from the perspective of the organic chem-
istry of ascorbic acid. Recent advances in the control of
regioselectivity of alkylative derivatization of ascorbic acid
have been made possible by the utilization of di- and tri-
anions of ascorbic acid. Their use has allowed the facile
synthesis of inorganic esters of ascorbic acid. New synthesis
of acetal and ketal, side-chain oxidized, and deoxy deriva-
tives are reviewed. The total synthesis of a new side-chain
oxidized ascorbic acid derivative, 5-ketoascorbic acid, is
reported.

There has been a great deal of recent work on the chemistry of r-

ascorbic acid and ascorbic acid derivatives since the subject was last
reviewed by Tolbert et al. in 1975 (1). Much of this work has been
generated in three major areas of interest: the biosynthesis and catabolism
of ascorbic acid; the commercial need for safe, food grade antioxidants;
and investigations into the biological role of ascorbic acid in vivo. The
recent literature has generated a wealth of new data on the chemistry
of ascorbic acid and has given us a better understanding of how this
functionally complex molecule can be modified and manipulated. Since
the purpose of this chapter is to review the recent literature from the
perspective of the organic chemistry of ascorbic acid, it is convenient to
correlate the literature with respect to the reactivity of ascorbic acid to
alkylation and acylation under basic and acidic conditions, its acetal and
ketal derivatives, and finally with respect to the chemistry of its oxidation
and reduction.

0065-2393/82/0200-0059$06.25/0
© 1982 American Chemical Society



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch003

60 ASCORBIC ACID

The Alkylation and Acylation of L-Ascorbic Acid
Under Basic Conditions

The reactivity of ascorbic acid toward electrophiles under basic
conditions is a function of the acidity and steric environments of the four
hydroxyl groups at the C2, C3, C5, and C6 positions (Figure 1). The
first ionization of the molecule takes place at the C3 hydroxyl (pK, =
4.25) (2). While readily ionized, the extensive delocalization of electron
density into the enonolactone ring results in low reactivity to all but
reactive alkylating and acylating agents such as diazomethane (1,3),
benzyl chloride (4), trimethylchlorosilane (5), and acid chlorides (I).
Furthermore, the unstable nature of the resulting vinyl ether or ester
derivatives has resulted in few reports of selective O3 derivatization (I).
Under more basic conditions, the ionization of the C2 hydroxyl occurs
(pKs = 11.79) (2) with the formation of the di-anion, 3. NMR investi-
gations of the mono- and di-anions of ascorbic acid suggest retention of
the lactone ring and the formulation of these species as 2 and 3, respec-
tively (6,7,8). The di-anion of ascorbic acid reacts with electrophiles
preferentially at the less stable O2 position (1,9, 10), and allows the
selective functionalization of this position in the presence of free hydroxyls
at C3, C5, and C6. Selective O2 alkylation has also been observed with
biological methylating agents in vivo. Catabolism of ascorbic acid in the
guinea pig forms O2 methylascorbic acid as a minor product (11).

Under highly basic conditions, ascorbic acid may exhibit chemistry
derived from ionization of the C4 hydrogen, presumably with the forma-
tion of a tri-anion, 4. Brenner et al. (12) reported the epimerization and
racemization of ascorbic acid at high pH and elevated temperature.

6-sulfate, acyl, silyl, boryl 6. OH
and methy| derivatives 5,6-O-Ketal and acetal derivatives

acyl, methyl, boryl and sily!l Sp— OH

derivatives
1.0
proton exchange 4
C-2, C-3 reduction and
oxidation
3-phosphate, silyl, methyl, 2,3-O-Acetal 2-sulfate, phosphate, silyl, boryl,
boryl and acyl derivatives H Derivatives methyl and acyl derivatives

Figure 1.
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Bell et al. (13), using similar conditions, prepared L-(4-*H )ascorbic acid
via tritium oxide exchange.

If a leaving group resides at the C5 position of ascorbic acid, elimina-
tion can occur via ionization of the C4 hydrogen with the formation of
a 4,5-dehydro derivative. This has been observed in the case of ascorbic
acid derivative 5, which on treatment with 1,5-diazabicyclo[4.3.0]non-
5-ene (DBN) or potassium hydride affords the 5-deoxy-4,5-dehydro-
derivative 6 as a mixture of olefinic isomers (14). The formation of 4,5-
dehydroascorbic acid 2-O-sulfate, 8, via the reaction of 6-O-valeroyl
L-ascorbic acid, 7, with pyridine-SO3; was reported to afford a single
isomer (15). Interstingly, the C5 hydroxy epimer of compound 7, (6-O-
valeroyl-p-erythorbic acid) was also reported to afford a single 5,6-de-
hydro derivative isomeric with compound 8, suggesting stereoselective
elimination had occurred. Unfortunately, the configuration of the result-
ing olefins is unknown.

If both the C2 and C3 hydroxy groups are protected, alkylation or
acylation occurs at the sterically most accessible C6 hydroxyl (1). Alkyla-
tion at the C5 position occurs only after derivatization of the other three

H H H H
H OH H H
o o o o
—> —> —
H H - H - - - -
2 3 4
EK”’
(OH
H3
o o
o DBU or KH
CH3 CH3 CH CHJ
5 (]
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functions. No O5 monosubstituted derivatives of ascorbic acid have
been reported.

These generalizations are illustrated by the recent synthesis of L-
ascorbic acid glucosides 11 and 12 (16). The monosodium salt of
ascorbic acid in N,N-dimethylformamide (DMF) affords exclusively the
O8 monoalkylated derivative 9 on alkylation with 2,3,4,6-tetra-O-a-D-
glucopyranosyl bromide. To obtain the O2 glucosylated derivative 10,
under the same conditions, required the protection of the C3 hydroxyl
as a methyl ether. Several workers have reported the biosynthesis of
ascorbic acid glucosides in bacteria (17); however, the structure and
position of glucosylation in these compounds has not been unambiguously
determined.

Carbon vs. Oxygen Alkylation of Ascorbic Acid

The mono-anion of ascorbic acid is an ambident anion that can
display nucleophilicity at the C2 as well as O3 positions. This ambident
character was first observed by Jackson and Jones (4) in the synthesis of
3-O-benzylascorbic acid by alkylation of sodium ascorbate with benzyl
chloride. In strongly cation solvating solvents, such as dimethyl sulfoxide
(DMSO), exclusive O3 alkylation was observed. In water, a mixture of the
expected O3 alkylated 13 and C2 benzylated product 14 was produced.

More recently, Brimacombe et al. (18) have also shown C2 alkyla-
tion of an ascorbic acid derivative in their attempted use of ascorbic
acid as a synthon for the synthesis of spirodilactones. Dealkylation of
2-O-(E)-cinnamoyl-5,6-O-isopropylidene-3-O-methylascorbic acid, 15, with
lithium iodide in DMSO afforded the C2 alkylated isomer, 16. It would
appear that under conditions of reversible dealkylation at oxygen, C2
alkylation acts as a sink for the equilibrating mixture.

Inorganic Esters of Ascorbic Acid

The observation of r-ascorbic acid 2-O-sulfate, 18, in a number of
animal species, including humans, has provoked extensive research into
the chemistry and biochemistry of this inorganic ester of ascorbic acid (1,
19, 20). Ascorbic acid 2-O-sulfate has been implicated as a biological
sulfating agent and proposed as an anticholesteremic agent (21-24).

While early workers suggested the O3 sulfate structure for 18 based
on chemical reactivity (1), x-ray analysis (26) and NMR data (6) have
shown the stable monosulfate to be the O2 structure.

Several syntheses of ascorbic acid 2-O-sulfate have appeared that
require the protection of the C5 and C6 hydroxyl groups and the O-
sulfation of this protected derivative with SO; under basic conditions
(20,26-29). Deblocking the 5,6-O-protected 2-sulfate, 17, with acid
and purification using ion exchange chromatography affords the desired
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H
H DMSO

i PhCH,CI

Na H N

sulfate derivative 18 in moderate yields. This route has been used to
prepare sulfur-labeled ascorbic acid 2-O-sulfate-(35S) (27).

One problem with the use of the ketal or acetal protecting group for
05,6 protection is the removal of the ketal or acetal without concomitant
hydrolysis of the 2-sulfate. Sulfation of free ascorbic acid has been
reported to afford mixtures or sulfated products (23, 26,30). Seib et al.
(26) offered a rational solution to the problem of regioselective sulfation
of ascorbic acid with his observation that the di-anion of ascorbic acid
reacts exclusively at the O2 position affording 18 in high yield. The
formation of O3 sulfated derivatives of ascorbic acid has not been
observed, possibly due to the lability of the 3-O-sulfates to intermolecular
hydrolysis or rearrangement to the more stable 18 (2).

The phosphorylation of ascorbic acid under basic conditions has been
studied extensively. The synthesis of ascorbic acid 2-phosphate, 22, has
been reported by Seib et al. (9) via treatment of 5,6-O-isopropylidene
ascorbic acid, with phosphorus oxychloride under highly basic conditions
(pH 12). Hydrolysis of the ketal protecting group of the 2-phosphate
intermediate 20 affords the 2-O-phosphate 22, whose structure has been
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confirmed by NMR spectroscopy (7,9) and by spectroscopic and chemi-
cal means (2). Interestingly, the site of phosphorylation is dependent on
the conditions of the phosphorylation. Jernow et al. (2) reported the O3
phosphorylation of 5,6-O-isopropylidene ascorbic acid using either thal-
lium hydroxide or pyridine as base. The resulting 5,6-O-isopropylidene
3-O-phosphate derivative, 21, was found to rearrange to the more stable
2-O-phosphate 22 on hydrolysis of the protecting ketal. Seib et al. (9)
also studied the phosphorylation of ascorbic acid under mildly basic
conditions. Alkylation with phosphorus oxychloride in pyridine/acetone
was shown to afford, after hydrolysis of the protecting group, a mixture
of four products including 22 and the bis-2-O-phosphorylated dimer, 19.

Li
O _o DMF

R = PhCH=CHCO—

><H, H, H
H, H, H
o o

H H H SO,0H H SO,0H

f 1 "



—OH
—OH
27

ASCORBIC ACID

!;0270
H o;r
20 O
lH’
H
H
0. o
o)
Il
;
22
SO,0H
H
o
H

(3]
\ T '?
_ I
" O o
4lH /
[
S T \0 A
r Ho o \ o)
2 ola b e IzT w
(o) o &l S
g
I T ! T
I
I Iy
I

66

€00U2°0020-286T-20/T20T 0T :10p | Z86T ‘T aung :2keq uoiealgnd



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch003

3. ANDREWS AND CRAWFORD Derivatization of L-Ascorbic Acid 67

Acid Catalyzed Derivatization of Ascorbic Acid:
Acetal and Ketal Derivatives

One of the most studied classes of ascorbic acid derivatives is that of
5,6-O-ketals, 23, and acetals, 24 (1). These compounds are significant
not only from their use in synthesis as protecting groups for the 5,6-
hydroxyl functions, but also from their commercial importance as lipo-
philicity modifiers for ascorbic acid. Fodor and coworkers (31,32) have
presented evidence that 2,3-O-acetals of ascorbic acid, 25, are also
formed with reactive aldehydes under kinetic conditions (32). Glyoxal
is reported to afford the novel ene-diol bis acetal 26 (33).

The observation of 2,3-O-acetals of ascorbic acid opens up the
possibility of direct oxidative modification of the ascorbic acid side-chain.

In recent work, Kamogawa et al. (34) reported the synthesis of
5,6-acetals of ascorbic acid with vinyl substituted benzaldehyde deriva-
tives that, after polymerization, afford polymeric antioxidants capable of
releasing ascorbic acid under mildly acidic conditions.

Acid Catalyzed Esterification of Ascorbic Acid

The acid catalyzed esterification of ascorbic acid is a thermodynamic
process usually resulting in the formation of mixtures of products with
a preponderance of O6 substitution. There is extensive patent literature
on the formation of 6-ester derivatives of ascorbic acid both in aprotic
(acetone, DMF, DMSO) (1, 34, 35,36) and protic (sulfuric acid, hydro-
gen fluoride) (37,38) solvents. The fatty acid ester derivatives of
ascorbic acid have commercial importance due to the enhancement of
lipophilicity that derivatization confers on ascorbic acid. These ester
derivatives are used as antioxidants in edible oils, emulsifying agents,
antiscaling agents, inhibitors of nitrosamine formation, and in bread
making as dough modifiers (39). Under more stringent conditions, 5,6-
diester derivatives are formed (36).

Cousins et al. (38) have reported the formation of ascorbic acid
6-O-sulfate, 27, from the esterification of ascorbic acid with sulfur tri-
oxide in sulfuric acid. The 6-sulfate derivatives have been proposed for
use as anti-cholesteremics and as inhibitors of nitrosamine formation.

A relatively unstudied area of acid catalyzed derivatization is in the
formation of boryl and boronate esters of ascorbic acid. The reaction of
ascorbic acid with triethylborane using organic acid catalysis affords the
2,3,5,6-tetra-O-diethylborylated derivative (40). The boryl group is
readily removed with methanol or acetylacetone in high yields. A borate
derivative of ascorbic acid and boric acid has been claimed but not
characterized (41).
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Oxidized Derivatives of Ascorbic Acid: Debydroascorbic Acid

Oxidation of the reductone functionality of ascorbic acid is certainly
its single most important reaction and results in the formation of its most
biologically important derivative, dehydroascorbic acid, 28. As chemistry
and biochemistry of dehydroascorbic acid will be covered in a separate
section of this volume, only a few of its reactions will be covered here.

An improved synthesis of dehydroascorbic acid has been reported
(42). The oxidation of ascorbic acid in absolute methanol with oxygen
over activated charcoal catalyst is reported to afford 28 in 95% yield.
Dehydroascorbic acid has been characterized in solution as the monomer,
28 (43), and as the dimer (44, 45) and its tetra acetyl derivative 29 (46).
Several studies of mono- and di-hydrazone (48-53) and osazone (54)
derivatives of dehydroascorbic acid have been reported. Hydrazone
derivatives of dehydroascorbic acid have been used in the reductive
synthesis of 2,3-diaza-2,3-dideoxy- and 2-aza-2-deoxyascorbic acid deriva-
tives 30, 31, and 32 (55, 56). Recently the reaction product of dehydro-
L-ascorbic acid and L-phenylalanine in aqueous solution has been isolated
and identified as tris(2-deoxy-2-L-ascorbyl)amine, 33, based on spectral
and chemical data and its symmetry properties (57).
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Side-Chain Oxidized Derivatives of Ascorbic Acid

Derivatives of ascorbic acid in which either or both of the C5 and
C6 positions are in a higher oxidation state have achieved some import-
ance as possible biochemical precursors or catabolites of ascorbic acid
in vivo.

Saccharoascorbic acid, 35, has been proposed as a minor metabolite
of ascorbic acid in animals (57-60). The isolation of ascorbic acid
2-O-sulfate, 18, in a variety of animal species and the remarkable oxidative
stability of the 2-O-sulfate substituted enonolactone moiety have
prompted suggestions (60) that saccharoascorbic acid 2-O-sulfate, 34, is
a catabolite of 18 in vivo.

Stuber and Tolbert (61) utilized the oxidative stability of the 2-O-
sulfate in a short synthesis of both saccharoascorbic acid and saccharo-
ascorbic acid 2-O-sulfate. Oxidation of ascorbic acid 2-O-sulfate, 18, with
platinum and oxygen afforded good yields of acid 34 under conditions in
which ascorbic acid itself is oxidized to dehydroascorbic acid. Hydrolysis
of the sulfate in acid afforded saccharoascorbic acid, 35, in good yield.

Side-chain oxidized derivatives of ascorbic acid are also implicated in
the catabolism of ascorbic acid in plants. Loewus et al. (62) have estab-
lished the intermediacy of ascorbic acid in the biosynthesis of tartaric
acid in the grape. Labeling studies have established a metabolic pathway
that must involve C5 and C6 oxidation of ascorbic acid.
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Evidence from labeling studies (63, 64) has accumulated suggesting
a dual pathway for ascorbic acid biosynthesis in plants involving not
only the inversion of the glucose chain via glucuronic acid (65), but also
via the inversion of stereochemistry at the C5 hydroxyl of glucose. Such
an epimerization at the C5 position of glucose could occur through the
stereoselective reduction of several possible biosynthetic intermediates
including 5-ketogluconic, 2,5-diketogluconic, and 5-ketoascorbic acids
(as well as by epimerization through 6-formyl and/or 4-keto derivatives).

Of the possible side-chain oxidized derivatives of ascorbic acid, all
but 5-keto-ascorbic acid and 5-keto-6-formylascorbic acid have been
reported. Bakke and Theander (66) formed 6-aldehydoascorbic acid,
37, as an unisolated intermediate in the reductive hydrolysis of 38 to
ascorbic acid. Heyns and Linkies (67) synthesized 5-keto-saccharo-
ascorbic acid, 40, via the oxidation and subsequent hydrolysis of man-
narodilactone, 39. 5-Ketosaccharoascorbic acid appears to exist in solu-
tion as its enol tautomer.

As with previous 5,6-dehydro derivatives of ascorbic acid, configura-
tion about the 5,6-olefin has not been established.

During the course of work directed toward the synthesis of ascorbic
acid (68) via the stereo- and regioselective reduction of p-threo-2,5-hexo-
dinlosonic acid, 41, we sought to synthesize 5-ketoascorbic acid directly
by the lactonization of 41. Acid catalyzed lactonization of 41 and base
catalyzed lactonization of the methyl ester of 41 both failed to produce
the desired 5-ketoascorbic acid derivative. Lactonization of the 5,5-
dimethyl ketal methyl ester, 42 (69), with sodium bicarbonate in reflux-
ing methanol afforded the 5,5-dimethyl ketal of 5-keto-ascorbic acid, 43.
Hydrolysis of the ketal protecting group with trifluoroacetic acid/water
afforded 5-ketoascorbic acid, isolated as the hydrate 44. Compound 44
was shown by ¥C NMR spectroscopy to exist primarily (95% ) as its
hydrated keto tautomer in aqueous solution. The enol tautomer was not
observed by *C NMR or UV spectroscopy; however, silylation of 44
with ¢-butyldimethylchlorosilane in DMF afforded the tetra-t-butyldi-
methylsilyl derivative 45 as a single isomer, shown by 3C NMR and UV
analysis to be the 4,5-dehydro structure. The facile loss of the C4 proton
of 44 in deuterium oxide and at pH 7; its rapid racemization in water at
ambient temperature (¢, = 2 h) argues strongly against the intermediacy
of 5-ketoascorbic acid in the biosynthesis of ascorbic acid intermediates.

Deoxy Derivatives of Ascorbic Acid

The instability of ascorbic acid has limited its utility in a variety of
applications and has been a major impetus for research into the
chemistry of ascorbic acid. Goshima, Maezono, and Tokuyama (70)
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illustrated one possible decomposition pathway for ascorbic acid under
acidic, anaerobic conditions that involved the initial Michael addition of
the 6-hydroxyl function into the enonolactone. The epimeric lactones, 46
and 47, isolated in low yield from the reaction of ascorbic acid in
methanol with boron trifluoride catalysis, have been proposed as inter-
mediates in the further acid catalyzed degradation of ascorbic acid to
furfural and polymeric materials. This hypothesis has prompted interest
in ascorbic acid derivatives in which the C6 hydroxyl group is absent or
blocked so as to prevent the initial Michael addition.

Recently the halogenation of ascorbic acid in acidic media has been
reported by Kiss and Berg (71) and independently by Pedersen and
coworkers (72,73). The treatment of ascorbic acid with halogen acids
in acetic or formic acids as solvent affords 5-halo-5-acyloxy derivatives
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of ascorbic acid, 48, which are readily hydrolyzed to 6-halo-6-deoxy-
ascorbic acid derivatives 49c and 49d. The 6-fluoro-, 6-bromo-, 6-chloro-,
and 6-iodo-derivatives, 49a—d, have recently been synthesized by an
alternate approach (74) via methyl 2,3-O-isopropylidine-p-xylo-furano-
hexlosonate, 52, which is available from the selective hydrolysis and
esterification of 50, an early intermediate in the Reichstein-Grussner
synthesis of ascorbic acid (75). Selective formation of the 6-tosylate
allows displacement with iodide or fluoride ion producing the 6-fluoro-
and 6-iodo-derivatives 54a and 54b, which form the corresponding
6-deox-6-halo-ascorbic acids on acid catalyzed lactonization. These
6-halogenated derivatives of ascorbic acid, 49a~d, are claimed to exhibit
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enhanced thermal stability (71). The 6-chloro-derivative has also shown
high antiscurvy activity (74).

Pedersen further studied the reactivity of the intermediates 48 under
dissolving metal conditions and synthesized the 5,6-dehydro-5,6-dideoxy
derivative 55 which was catalytically reduced to the 5,6-dideoxy com-
pound 56.
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Chemistry of Ascorbic Acid Radicals

BENON H. J. BIELSKI
Department of Chemistry, Brookhaven National Laboratory, Upton NY 11973

The chemistry of ascorbic acid free radicals is reviewed.
Particular emphasis is placed on identification and charac-
terization of ascorbate radicals by spectrophotometric and
electron paramagnetic resonance techniques, the kinetics of
formation and disappearance of ascorbate free radicals in
enzymatic and nonenzymatic reactions, the effect of pH
upon the spectral and kinetic properties of ascorbate anion
radical, and chemical reactivity of ascorbate free radicals.

The most outstanding chemical characteristics of the ascorbate system
(ascorbic acid/ascorbate, ascorbate free radical, dehydroascorbic acid)
are its redox properties. Ascorbic acid/ascorbate can undergo a reversible
Michaelis (1) two-step oxidation-reduction process with a free radical
intermediate:
—le
AH, = A 4 2H’ (1, -1)
+le
—le
A = A (2, —2)
+le
Ascorbate is a reactive reductant, but its free radical is relatively
nonreactive (2) (see Table I) and decays by disproportionation to
ascorbic acid/ascorbate and dehydroascorbic acid:

2A* + H" = AH + A (3, —3)
2AF 4+ 2H" = AH, + A (4, —4)
2AH- = AH, + A (5, —5)

0065-2393/82/0200-0081$06.00/0
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Table I. Interaction of Ascorbate Radicals (A7)
with Various Biochemical Compounds

Rate Constant

Reaction pH (M1g1)
AT+ A~ 8.7 2.8 X 10°
A7 4 dopamine 84 3.6 X 10%
A7 + cytochrome c 74 6.6 X 103
AT+ O 8.6 < 5% 102
A7 4 methanol 8.8 < 0.1
A* 1 lactate 8.6 <10
A® | pyruvate 8.6 <10
A7 4 fumarate 8.7 <10
A7 4 L-a-ketoglutarate 9.7 < 10

Source: Reference 2.

The unusual biological protective properties of ascorbate against free
radical damage are most likely due to the efficiency of ascorbate as a
radical scavenger and the stability of its radical. The ascorbic acid
radical reacts preferentially with itself (Reactions 3-5) thus terminating
the propagation of free radical reactions. This concept is supported by
early radiation studies (3-5) and more recent work (6), which demon-
strated that the ascorbate free radical was the primary product when
ascorbate reacted with several redox systems. These experiments not
only show that ascorbate is a good reducing agent but also that its free
radical was the most stable radical species in each of the systems studied.
Because of its nonreactivity, the ascorbate radical is one of the very
few species observed by electron spin resonance (ESR) in tissue (7-13).
The stability and nonreactivity suggest that A” is a relatively nontoxic
species, a state consistent with the antioxidant role ascorbate plays in
biological systems.

Research on ascorbate and dehydroascorbate can be performed by
conventional biochemical methods, but study of the relatively short-lived
ascorbate free radical requires methods such as flow techniques with
rapid mixing or pulse radiolysis coupled with polarography, ESR, or
spectrophotometry. Ascorbate free radicals have been generated prefer-
entially by oxidation of ascorbic acid [enzymatic (14-17), chemical
(18-20), radiation chemical (21-26), and photochemical (27)] because
ascorbic acid is easily available in a high purity grade but dehydro-
ascorbic acid is not.

The primary objective of this chapter is to present an up-to-date
review of the basic chemistry of the ascorbate free radical in aqueous
solutions. The discussion will include such topics as spectral and kinetic
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properties, ESR studies, the role of ascorbate free radicals in the auto-
oxidation of ascorbate, and selected ascorbate free radical reactions.

Spectral and Kinetic Properties of the Ascorbate Radical Amion

The spectral and kinetic properties of the ascorbate free radical
have been studied extensively by optical pulse radiolysis experiments
(21-24,26). When dilute aqueous solutions are exposed to ionizing
radiation, essentially all of the energy is absorbed by the water yielding
(28):

H,0N— OH (2.74) , eaq” (2.76) H (0.55) ,H20, (0.72) ,H2 (0.55) "

The numerical values in parentheses are G values for high energy electrons
and gamma rays; they represent the number of molecules formed per
100 eV of energy dissipated in the system.

Nitrous oxide added to neutral or alkaline aqueous solutions converts
the hydrated electron to OH radicals that react with ascorbate at near
diffusion-controlled rates (see Table II) to give a mixture of ascorbate
radical anion and OH-radical adducts:

N20 + eaq' + H20 -> N2 + -OH + OH" (7)
AH 4 ‘OH - A 4 H,0 (8)
AH + -OH — [AH (OH)-adducts] - A* 4+ H,O -+ products (9)

Early work (21,22) on the absorption spectrum of the ascorbate
radical failed to take into account the complex nature of the reaction
between ascorbate and the OH radical, which was later shown by ESR
studies (18,19) and by optical pulse radiolysis using very short pulses
(23).

The number of different hydroxyl radical adducts formed and the
rate with which some of these species decompose to the ascorbate radical
radical depends upon pH. The decomposition rates for the OH-radical
adducts vary from 5 us to 1.5 ms (23). Definite structure assignment to
the various OH-radical adducts was obtained by ESR studies discussed
in the next section.

The use of halide anion radical complexes (X;") (23) as oxidizing
agents to minimizes the difficulties encountered with the hydroxyl radi-
cal. Such complexes are generated in pulse radiolysis experiments by
addition of relatively large concentrations of halide anions (X can be
CI, Br, I', or the pseudohalide CNS~) to the solutions:
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X +0OH - X- 4+ OH" (10)
X 4+X - Xy (11)
AH; + X,” - adduct (12)
adduct - AH- 4- HBr 4+ Br- (13)
or
AH 4+ X,;” = adduct (14)
adduct - A* + 2Br" + H* (15)

The halide anion radicals apparently also add to the ascorbate
ring-carbon atoms to yield adduct(s), but these adducts are much shorter
lived transients (few microseconds) and decompose to the ascorbate
anion radical only (23, 26). The reaction rates of the halide anion radi-
csl with ascorbic acid/ascorbate are moderately fast (see Table III) and
are sensitive to ionic strength.

The current best resolved absorption spectrum of the ascorbate
anion radical (Figure 1) was determined (26) in a study of ascorbate
oxidation by halide anion radicals (particularly Br,") at pH 11. The
spectrum shows a symmetrical Gaussian-type band with an absorption
peak at 360 nm and a width at half-maximum of about 50 nm. The molar
absorbance at 360 nm — 3300 M 'cm™ is lower than earlier reported
values (21, 23).

The ascorbate anion radical and the OH-radical adducts have similar
absorption spectra with a maximum near 360 nm. The only significant
spectral difference exists in the 300-340 nm wavelength region, where
the absorbance of A- is less than that of the OH-radical adducts, and
at 560 nm, where one of the OH-radical adducts has an additional peak.
This spectral similarity makes spectrophotometric resolution of the
mixture into individual components difficult.

Table II. Rate Constants for Oxidation of Ascorbic Acid/Ascorbate
(pK: = 4.3) by Hydroxyl Radicals

pH k (Ms?) Reference
7.2 % 10° 65
4.5 % 10° 23

H NN
oo, O
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Table III. Rate Constants for Oxidation of Ascorbic Acid/Ascorbate
(pK; = 4.3) by Halide Anion Radicals

Radical pH o k (Ms1) Reference
Cly” 2 0.10 6.8 XX 108 23
2 0.01 6.0 X 108 66
Bry- 2 0.10 1.1 X 108 23
7 0.10 1.1 X 10° 23
11 0.01 8.7 X 108 66
11 0.00 48 % 108 26
I, 2 0.10 5.0 X 108 23
7 0.10 1.4 X 108 23
11 0.00 1.7 X 108 26
(SCN)4~ 2 0.10 1.0 X 107 23
7 0.10 6.0 X 108 23
11 0.01 4.8 %< 108 66
11 0.00 3.1 X 108 26
I 1
3000 — —
TE — —
_0
'S 2000 |- -
.;4 — —
v
1000 — —
| |
300 350 400 450
A,Nm

Figure 1. Absorption spectrum of the ascorbate radical anion at pH 11.0
26).
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The spectrum of A* (measured 100 ps after termination of the
electron pulse) is constant in the 1-10 pH range, suggesting a single
species present over that pH range (23). This finding was later corrobo-
rated and explained in work (25) that demonstrated that the ascorbate
radical is present in its anionic form in the 0—13 pH range, but protonates
at pH < 0 (Reactions 16,-16), with pK — —0.45. Earlier reported pK
values (22, 23) were incorrect and arose from misinterpretation of kinetic
and spectral data.

R 0 R 0

: 7~ \C'=O +H* :C/ —0
H” | I H | I

(ll:m(fl —H* ﬁ Cl (16, —16)
|0 o 0 OH

The ascorbate free radical decays by a strictly second-order dis-
proportionation process to ascorbic acid and dehydroascorbic acid,
independent of generation method. A product analysis (22) with L-
ascorbate-1-"*C showed dehydroascorbate to be the only new product
in an irradiated solution.

Figure 2 shows the combined results of decay data for runs in which
the ascorbate radical was generated by the X,” method (23) and those
from Reference 22, now reevaluated with an ¢ — 3300 M cm™ (26) and
assuming no change in molar absorbance between pH 1 and 10. The
earler reported (22) extinction coefficient of the radical changed with
pH, but this changing was an error resulting from the formation of dif-
ferent types of radicals from oxidation of ascorbate by OH. The two sets
of data are in good agreement and show a strong pH dependence, with a
3000-fold change in rates between the respective plateau regions in the
alkaline and acid range.

A new mechanism was proposed recently (29) for the second-order
decay of A* as a function of pH. This mechanism is consistent with a
low pK,u. and the observed pH profile in Figure 2:

2A" > (A"AY) (17)
(ATAT) > 2A° (18)
(ATA7) +H* > AH + A (19)

(A*A") + H,O0 > AH 4 A 4 OH- (20)
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Figure 2. Reaction rate, ko, as a function of pH for the decay of ascor-
bate radicals at ambient temperature. Key: O, data from Ref. 23; @,
data from Ref. 22; and i, data from Ref. 14.
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The complex ATA* exists in a very low steady-state concentration during
the reaction. The observed rate, 2kq,,(A7)?, is given for this mechanism
by the sum of the rates of Reactions 19 and 20; the steady-state approxi-
mation then yields:

Kope — [ Four ] (21)

1+ kyg/[kz0 + K19 (H') ]

The curve in Figure 2 is calculated from Equation 21 with k;; =
1.2 X 108M-ls-l, klg/kls = 20 X 104, and k20/k13 = 3.92 X 10-4, and
gives an excellent fit to the data obtained in three different laboratories.

The effect of added salt on the decay rate (ionic strength effect) was
determined at pH 3.3 and 9.0. Added salt should increase the rate of
reaction between two ions of the same sign to a predictable degree (Re-
action 19), and should have little or no effect on the rate of the first-order
Reactions 18 and 20. At pH 9, where Reaction 19 does not occur
appreciably and the salt effect is governed by Reaction 17, salt increased
the decay rate (22) in quantitative agreement with expectation. At pH
3.3, where Reactions 17 and 19 affect the decay rate, no appreciable salt
effect was found, again as predicted (29).

Electron Spin Resonance Studies

The first successful observation and characterization of the ascorbate
free radical was carried out with ESR (14,15). A 1.7-G ESR doublet
was reported and it was correctly concluded that the observed spectrum
represented the anionic form (A®) of the radical. These measurements
(14,15) showed that the enzyme-generated radical (horseradish peroxi-
dase-hydrogen peroxide-ascorbate) was present as a free radical and
decayed by second-order kinetics (see Figure 2). Recent experiments
(16, 17) have shown that ascorbate oxidase and dopamine-monooxygenase
also generate unbound ascorbate radicals.

Studies (20) of the radical in oxygenated neutral or alkaline
ascorbate solutions (pH 6.6-9.6) showed that the spectrum could be
resolved into a doublet of triplets (1.7 and 0.17 G) with an intensity
ratio close to 1:2:1.

The early ESR studies led to controversy (14,15, 18-20, 30-33) over
the exact structure of the radical, a situation that became even more
confusing when the OH radical was used as an oxidizing agent for
ascorbate (18-25). The OH radical can oxidize ascorbate to A" either
by direct electron transfer or by first forming short-lived OH-radical
adducts, some of which subsequently yield A*. That ascorbate yields a
mixture of radicals upon reaction with the OH radical was first observed
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in studies with Fenton reagents (18,19). An ascorbate radical mixture
was also observed in radicals generated by pulse radiolysis (23). To re-
solve the correct structure assignment, a very systematic ESR study of
the ascorbate radical(s) and radicals formed from a number of ascorbate
analogues was conducted (25, 26, 34-37). Good structure assignment for
the -OH adducts was obtained by time-resolved ESR (37).

Using in situ radiolysis—-ESR, the ESR spectrum shown in Figure 3
was obtained (25); the spectral parameters were reported as g factor,
2.00518; ag,, 1.76 G; aus, 0.07 G; and agmg, 0.19 G for the two protons on
C6. These results showed that the radical is in its anionic form with the
unpaired electron spread over a highly conjugated tricarbolyl system:

HO -
. \ /
HO\C/C_
/\ (22)
H H
L

The species carries a negative charge at pH 9.8 as had been shown
earlier (22) in studies of the ionic strength effect upon decay kinetics.
Plots of the g factor and/or the C4 proton coupling constant of the A®
radical as a function of pH showed (25) that the anionic form is present
from pH 13 to about 10, below which it becomes protonated to form the
neutral species AH- (see Reaction 16, —16).

Structure assignments to the various OH-radical adducts of ascorbate
have been further elucidated and/or confirmed using time-resolved ESR
coupled with pulse radiolysis (37). The complexity of the system
becomes apparent when one considers that OH can form the ascorbate
anion radical by direct electron transfer or it can add to either end of
the double bond of either of the two tautomeric forms of ascorbate:

R 0 R 0

o7 Yo=o >c” Sc-om

oo, == H7| I (23)
cZ—=c c—C

| | | l
OH OH 0 OH
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Figure 3. Illustration of three stages of increasing resolution showing the

1.76-G doublet due to the proton at position 4, the triplet due to the two

protons at position 6, and the completely resolved spectrum with the
doublet due to the remaining proton at position 5.

In basic solutions ascorbate is apparently oxidized preferentially by
the electron transfer process, which goes to completion in less than 2 ps
after termination of the electron pulse (see Structure I'). In nitrous-oxide-
saturated acid solutions (pH 3.0-4.5), A~ and two other species which
were shown to be OH-radical adducts were observed (37), thus confirm-
ing earlier observations (18, 19, 23, 25). The ascorbate radical anion was
identified by its doublet of triplets spectrum that maintains its line
position from pH 13 to 1. One OH-radical adduct (IV) shows a doublet,
the lines of which start to shift below pH 3.0; it has a pK near 2.0, a
decay period of about 100 us, and probably does not lead to formation
of A~ The other OH-radical adduct (II) is formed by addition of the
OH radical to the C2 position; its ESR parameters are ag = 24.4 =+
0.0002 G and g = 2.0031 = 0.0002. Time growth studies suggest that
this radical adduct converts to the ascorbate anion radical (III) with r ~
15 pus, and accounts for 50% of the A~ signal intensity 40 us after
termination of the electron pulse. The formation of the three radicals
can be summarized as shown in Scheme 1.

The Role of Ascorbate Radical in the Autoxidation of Ascorbate

Reactions that ascorbate and the ascorbate free radical undergo with
molecular oxygen or its derivatives (HO2/O;", -OH, '0O;) are biologically
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important because they may occur in living cells. Despite studies on
autoxidation of ascorbate the mechanism(s) of electron transferral to
oxygen or hydrogen peroxide remains obscure. ESR studies (14,15, 20)
have shown that a steady state concentration of ascorbate radicals is
formed when ascorbate reacts with either hydrogen peroxide at pH 4.8
or molecular oxygen in the pH range 6.6-9.6; similar evidence for forma-
tion of HO,/O;™ in such mixtures is not well established.

Autoxidation of ascorbate at pH 7.8 is inhibited by addition of
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superoxide dismutase (38), the enzyme that catalyzes the dispropor-
tionation of superoxide radicals (39):

02" 4 O;” + 2H* — H:0: + O, (24)

Such inhibition suggests that superoxide radical may be generated as an
intermediate during autoxidation:

AH 4+ 0, > A"+ 0y + H* (25)

Studies (40) on indolylamine 2,3-dioxygenase suggested molecular
oxygen reduction to superoxide radical by ascorbate. Superoxide radicals
have also been implicated in ascorbate-simulated oxygen uptake by
isolated chloroplasts (41, 42).

Absence of superoxide radicals in oxygenated neutral or alkaline
solutions suggests that the oxidation mechanism involves a single two-
electron oxidation step as suggested earlier (14):

AH 4 0, + H* — A + H,0, (26)

On the other hand, reaction rates of ascorbate/ascorbic acid with molec-
ular oxygen are low and pH dependent [10°-5 M's! at pH 4-10 (43,
44)]; detection of O, may be difficult because of its low concentration.
Ascorbate free radicals in such solutions could arise from a secondary
reaction between dehydroascorbic acid and ascorbate:

A+ AH = 2A 4+ H (27, —27)

An ESR study (30) showed that ascorbate free radicals are formed when
ascorbate and dehydroascorbic acid are mixed under anaerobic conditions.
The equilibrium constant K = [AH-]2/[AH,][A] is 4.85 = 0.38 X 10°
at pH 6.4 and 25°C. Using the numerical values from Reference 30 and
Equation 28, which describe the same equilibrium in terms of concentra-
tions of the ascorbate radical anion, ascorbic acid, and ascorbate ion at
any pH, the following value is obtained:

[AT]2[H'][1 + H'/Kag,]
Ko7 07 = |: [A][AH2]total

] =20 X 10°%M2 (28)

where Kim, is the first dissociation constant for ascorbic acid, and
(AHz)tota = (AHz) + (AH").

Radical-induced oxidation of ascorbate by molecular oxygen probably
involves a short chain (45). The overall mechanism or parts of it have
been studied primarily by high energy ionizing radiation (45,46) or
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photolysis of peroxide (27) containing ascorbate solutions. Because the
mechanism has not been resolved, a number of selected reactions that
have been proven or are most likely to occur in this system will be
discussed next.

Radiolysis of oxygenated water or photolysis of hydrogen peroxide
solutions yields two oxidative species, the -OH radical and the perhy-
droxyl radical (HO, = O,” 4+ H*). As previously discussed, the final
reaction product of hydroxyl radicals interaction with ascorbate above
pH 6 is predominantly the ascorbate anion radical (A*). To account for
the stoichiometry of ascorbic acid consumption in a %°Co gamma ray
study of oxygenated ascorbic acid solutions, the ascorbic acid free radical
was thought (3) to react with molecular oxygen to yield a transient
adduct:

A* + 02 -> A:O2 (29)

A similar %°Co gamma ray study (4) led to essentially the same conclusion.

Using the flow-radiolysis technique, the rate of Reaction 29 was
determined by measuring the disappearance of A * under pseudo first-
order conditions at 360 nm (2). At pH 8.6, kzg < 500 M™'s%. This value
is in relatively close agreement with kyy ~ 600 M~'s!, which was deter-
mined at pH 6.0-6.5 in a ®*Co gamma ray study (45).

Formation of the Barr—King complex radical (A*O) is reportedly
(46) slow and has to compete with other reactions, in particular Reac-
tion 32, The ratios k29k30/k32 = 0.23 M1t and k29k33/k31 = 6.9 X
102 M's™! were determined by varying the concentrations of ascorbic
acid and oxygen as well as the dose rate. The particular rate constants
represent the following equations:

AH, + HO, — A"+ H' + H,0, (30)
A’ + A O, 5 2A + H,0, (31)
A* 4+ HO, = A + H,0, (32)

A0y 4+ AHy; - A + A"+ H,0, (33)

HO, + HO; —» H,0, + O, (34)

Using kyy = 500 Ms! (2) and kjo = 1.25 X 10° M™s! (27), one can
calculate kg, = 2.7 X 10° M-1s7!, Because this is a radical-radical reac-
tion, the order of magnitude of kj, is not surprising and supports the
suggestion that Reaction 32 effectively competes with Reaction 29. A
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similar substitution into kqgkss/ks; shows that A"O, reacts approximately
10* times faster with A~ (because it is a radical-radical reaction) than
with ascorbic acid. This difference in reaction rates is in agreement with
the observation that Reaction 33 was not effective unless the ascorbic
acid concentration was relatively high.

The oxidation of ascorbic acid/ascorbate by HO,/O; radicals was
studied (27) in the pH range 2.75-7.78. The HO,/O, radicals were
generated by flash photolysis of hydrogen peroxide in presence of ascor-
bic acid/ascorbate:

HO, = 0, + H* (37,-37)

The pKgo, for Equation 37 is 4.7 (see Ref. 47). Based upon an observed
stoichiometery of 2(HO,):1(AH;) for the overall oxidation of ascorbic
acid by superoxide radicals and kinetic rate measurements carried out
under pseudo first-order kinetics as a function of pH, the following
mechanism was proposed:

HO, + AH, - A® + H,0, + H* (30)
H02 + A- —|— H*—> A —|— H202 (32)

Two limiting rate values, k3o — 1.25 = 0.25 X 10° M's™! and k3 =
5.75 = 0.35 X 10* M's™! were reported (27). The latter value is for
the reaction of superoxide radicals with the ascorbate ion:

AH™ 4 0, - A7 + HO," (38)

This value should be compared with earlier reported values: kss = 1.52
= 0.1 X 10° MIs™ at pH 9.9 (2), kss — 2.7 X 10° M-'s? (48), and
kss = 8 = 2 X 107 Mis! (49).

Selected Ascorbate Free Radical Reactions

The involvement of the ascorbate free radical in biological reactions
is so extensive that a thorough discussion of the subject is beyond the
scope of this chapter. Because in many cases A" is invoked with little
or no experimental evidence, only a few selected systems will be discussed
to illustrate the types of reactions ascorbate free radicals undergo.

The Catalysis of Ascorbate Autoxidation by Organic Compounds.
While developing an in vitro reaction system for following oxygen
consumption during autoxidation of 6-hydroxydopamine (6-OHDA),
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6-aminodopamine (6-ADA), and dialuric acid (DA), researchers (50—
54) discovered that these compounds were very efficient catalysts for
autoxidation of ascorbate. These studies drew attention to the possibility
that organic free radicals play a major role in the overall autoxidation
mechanism.

The mechanism of the catalysis of ascorbate autoxidation by 6-
OHDA, 6-ADA, DA, and other related compounds was studied in great
detail (6) in double-mixer flow experiments coupled with ESR. These
studies showed that the free radicals (QH-) generated by oxidation of
the catalyst, for example, 6-OHDA in mixer No. 1 could be converted
quantitatively to the ascorbate radical in the tandem mixer No. 2 by
addition of excess ascorbate. A simplified version of this mechanism
[see Ref. 6 for details] in neutral or alkaline solutions is:

QH: 4 0; » QH- 4 Oy + H* (39)
H+

QH2 + 02_ - QH + H202 (40)

QH: + AH- — QH, + A* (41)

Reaction 41 was proved independently under anaerobic conditions by
oxidizing QH, to QH- with ferricyanide in mixer No. 1 and scavenging
QH- with ascorbate in mixer No. 2. Ascorbate is a powerful enough
reducing agent to reduce QH- back to QH,.

Interaction Between Vitamin E- Radicals and Ascorbate. Vitamin
E and ascorbate probably act synergistically (55) that is, vitamin E acts
as the primary antioxidant (particularly in biomembranes) and the
resulting vitamin E- radical then reacts with ascorbate to regenerate
vitamin E. That such a reaction can occur was subsequently demon-
strated (56), and the reaction rate (ks = 1.55 = 0.2 X 10°® M's!) was
measured in a pulse radiolysis study:

vitamin E- 4+ AH™ — vitamin E + A* (42)

The A: radical can disproportionate to ascorbate and dehydroascorbic
acid or be enzymatically reduced back to AH- by an NADH-dependent
system (57), therefore the following repair mechanism was proposed
(56) for potentially damaging organic free radicals:

R- potential vitamin E A: NADH
damage ) ( ) C ) C (43)
RH repaired vitamin E- AH NAD*

molecule



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch004

96 ASCORBIC ACID

These observations (56) suggested that “the recycling of vitamin E
at the expense of vitamin C may account in part for the fact that clinically
overt vitamin E deficiency has not been demonstrated in man.”

Ascorbate Potentiated Cytotoxicity of Nitroaromatic Compounds.
Extensive research aimed at finding chemicals or chemical systems that
will sensitize hypoxic cells, which are ordinarily very resistant to radiation
or chemicals, is being conducted in the field of radiobiology. Of particu-
lar interest are the investigations (58-61) of the catalytic effect of certain
carcinogens upon the oxidation of ascorbate. 4-Nitroquinoline N-oxide
(4-NQO), which is one of many compounds (52,62,63) that mediate
the ascorbate-oxygen reaction, is used as an example.

The overall reaction is initiated by an electron transfer from ascorbate
to 4-NQO with the production of A* and 4-NQO- (Reaction 46, 1).
The 4-NQO- radical reacts rapidly [reported values for similar com-
pounds range from 107 to 10° Ms (62,63)] with molecular oxygen
to yield superoxide radical (Reaction 46, 2 ), which dismutates to peroxide
and oxygen (Reaction 46, 3) or reacts with ascorbate (Reaction 46, 4).
Specific tests with superoxide dismutase and catalase suggest that OH
radicals are formed in this system by a Haber-Weiss (64) and/or Fenton
(65) type reaction:

H02 + H202 - H20 + 02 + OH (44)
M? 4 H,0, - M3 + OH" + OH (45)

H,0, A-
C
AH- 4-NQO AH-
2L CoC,
A 4-NQO* ng:> <:

From this in vitro study, the 4-NQO mediated oxidation of ascorbate
in presence of oxygen generates two radicals (-OH and 4-NQO?) that
are potentially mutagenic to mammalian cells. The effect of this system
in vivo is difficult to predict. Although hydroxyl radical production may
be prevented by high cellular concentrations of catalase and superoxide
dismutase, the effect of A-NQO=and its nitroso intermediate upon cellu-
lar components and macromolecules nevertheless could be significant.
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Miscellaneous Electron Transfer Processes. The electron transfer
from ascorbate/ascorbic acid to a number of organic free radicals has
been studied by the pulse radiolysis technique. The corresponding rate
constants are summarized in Table IV.

The phenothiazine radical cations are particularly interesting because
they have been implicated in charge transfer reactions with several
neutral transmitter molecules (68):

O00.= OC0. -

Name R X
Promazine (PMZ) —(CH,)sN(CHj3), H
Chlorpromazine (CIPMZ) —(CH,)3sN(CHj) 2 Cl
Promethazine (PMTZ) —CH,CH (CH3)N(CHj;), H

Table IV. Rate Constants for the Oxidation of
Ascorbate by Organic Radicals

pH k (M1s?) Reference
Alcohol/Carboxylic Acid Radicals
CH,OH 11.0 108 26
-C(OH) (CHsy), 5.7 1.2 X 108 67
-CH(COy¢7) 4 5.7 1.3 X 107 67
COy 11.0 1.1 X 10° 67
Peroxy Radicals
Cl3CO,- 7.0 1.8 X 108 71
CICH,0, - 7.0 9.2 X 107 71
-0,CCl,COy~ 7.0 9.0 X 107 71
CH,0,- 7.0 2.2 X 10° 71
(CH;),C(OH)CH,O0,- 7.0 2.1 X 108 71
Phenoxyl Radicals
Phenoxyl 11.0 6.9 X 108 26
p-Aminophenoxyl 11.0 5.1 X 107 26
p-Bromophenoxyl 11.0 8.3 X 108 26
m-Bromophenoxyl 11.0 8.9 X 108 26
o-Bromophenoxyl 11.0 7.7 X 108 26
p-Carboxyphenoxyl 11.0 4.6 X 108 26
o0-Carboxyphenoxyl 11.0 8.3 X 107 26

Continued on next page.
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Table IV. (Continued)

pH k (M1s1) Reference
p-Chlorophenoxyl 11.0 7.3 X 108 26
m-Chlorophenoxyl 11.0 1.25 X 109 26
o0-Chlorophenoxyl 11.0 1.09 x 10° 26
p-Cyanophenoxyl 11.0 2.0 X 10° 26
0-Cyanophenoxyl 11.0 1.8 x 10° 26
p-Fluorophenoxyl 11.0 4.6 X 108 26
m-Fluorophenoxyl 11.0 9.7 X 108 26
o-Fluorophenoxyl 11.0 9.5 X 108 26
m-Hydroxyphenoxyl 11.0 1.1 x 108 26
p-Iodophenoxyl 11.0 1.06 X 10° 26
Phenothiazine Cation Radicals
Promazine 5.9 4.9 % 108 70
Chlorpromazine 59 1.4 % 10° 70
Promethazine 59 1.3 X 10° 70
Semiquinones
p-Semiquinone 11.0 < 5.0 X% 108 26
0-Semiquinone 11.0 < 20X 107 26

Some researchers (68,69) favor the formation of a charge transfer
complex between ascorbate anion (AH™) and the respective cation
radical (e.g., CIPMZ-*); a pulse radiolysis study (70) concluded that if
such a complex is formed, its lifetime is shorter than 70 ns. At pH
2.2-7.2 the radical cations are reduced by AH™ (70):

ksg = 1.1 X 105 M"1571

CIPMZ-* 4+ AH = Foas — 50 X 177 M5

CIPMZ + A7 + H*
(48, —48)

In strongly acid solutions (1 M HCI) the reverse reaction occurs (Reac-
tion —48), that is, the ascorbic acid radical (AH-) oxidizes N-alkyl-
phenothiazine, for example, to the corresponding radical cation.
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Dehydroascorbic Acid

BERT M. TOLBERT and JONI B. WARD
Department of Chemistry, University of Colorado, Boulder, CO 80309

Dehydroascorbic acid (DHA) is the first stable oxidation
product of v-ascorbic acid (AA). DHA can be easily and
quantitatively prepared by air oxidation of AA over char-
coal in ethanol. DHA is stable for days in aqueous solution
of pH 2—4. 'H NMR and C NMR studies show that the
principle species of DHA is the bicyclic hydrate, 3,6-an-
hydro-L-xylo-hexalono-1,4-lactone hydrate. This finding is
confirmed by synthesis and spectral studies of related com-
pounds. DHA contains equilibrium concentrations of vari-
ous dehydrated and open side-chain forms, but these
species are too small to detect using NMR spectroscopy.
The DHA dimer is converted to the monomer when it is
dissolved in water. The chemistry of DHA is reviewed, in-
cluding the hydrolysis to diketogulonic acid and the reac-
tions of the 2- and 3-oxo groups. DHA readily forms Schiff
bases and undergoes a Strecker reaction with amino acids.
The known enzymatic reactions of DHA are reviewed.

The first chemically stable product in the oxidation of vr-ascorbic acid
(AA) is L-dehydroascorbic acid (DHA). It is normally prepared
from AA using a variety of oxidizing agents such as the halogens (1-5),
oxygen (6), quinones (7), and potassium iodate (8). DHA is present in
biological tissue and is a part of the AA/DHA oxidizing/reducing
couple. In addition, DHA or AA/DHA ratios may be related to cell
division and, therefore, may have a critical role in growth regulation.
The oxidized form of AA was first detected when Zilva (9) noticed
that freshly oxidized solutions of AA retained their nutritional or physio-
logical activity. At the same period Szent-Gyorgyi also recognized that
the oxidized form of AA could be regenerated to AA (10). Further inves-
tigations of these discoveries led to conclusion that AA could be reversibly
oxidized to DHA (11) without loss of nutritional activity (12). On the
basis of the structure of AA, the structure of DHA was postulated as a
2,3-diketolactone with possibly one or more of the keto groups hydrated

(2).
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During the last 20 years a better understanding of the structure
and chemical nature of DHA and the free radical intermediate that may
be formed during the oxidation of AA has developed. These develop-
ments were based on modern instrumental techniques including 'H
NMR and C NMR spectroscopies and pulsed radiation electron spin
resonance (ESR) spectroscopy. The chemistry and properties of mono-
dehydroascorbic acid (AA7), a free radical intermediate that may be
formed in the oxidation of AA, is covered elsewhere in this volume. This
chapter concerns DHA, its reactions, structure, and physiological
chemistry.

The fact that DHA possesses vitamin C activity was recognized
early in studies of AA and was studied by several groups (13,14).
Enzymes that catalyze the reduction of DHA to AA have been demon-
strated in many systems and are discussed later in this chapter. Dimeric
DHA, or bisdehydroascorbic acid (BDHA), and DHA both are impor-
tant in nutrition; this importance has been taken for granted in that the
common assay of ascorbic acid, the dinitrophenylhydrazine (DNPH)
method, does not distinguish between these forms.

The nomenclature of the oxidized forms of AA is badly in need of
revision. Not only is dehydroascorbic acid a long and cumbersome name,
but it is also confusing in inferring that the compound is an acid. As is
discussed later in this chapter, the principle structure is a bicyclic
compound containing both lactone and hemiketal groups. Names such
as ascorbitone or dehydroascorbitone would be better trivial represen-
tations.

Preparation of DHA and BDHA

DHA has been prepared from AA using a great variety of oxidizing
agents and conditions. The oxidizers include the halogens, Cl, Br,, and
I, (1-5); the quinones (7); iodate (8); and oxygen (6) as well as other
reagents. Since AA is a good reducing agent that readily reacts with
one-electron or two-electron oxidizing agents, the problem in the prepa-
ration of DHA is to find reagents that do not overoxidize AA and that
give reaction products that are easily separated from DHA. DHA is only
stable under certain conditions in water solution and is also easily oxi-
dized. In general, equivalent amounts of AA and the halogens do not
give quantitative yields of DHA because of partial overoxidization, and
a complicated purification procedure is required to give pure DHA (1I).
Also, the purification procedures often lead to more decomposition than
purification.

One of the more extensive reports on the preparation of DHA is by
Pecherer (1) who worked out a large-scale preparation using iodine
oxidation. Neither in this study, nor in any other has DHA been ob-
tained in crystalline form, although there does not seem to be any good
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reason to believe it impossible. DHA is usually obtained as a thick
syrup or as an amorphous or microcrystalline solid by solvent precipi-
tation or lyophilization. Because DHA is very easy to prepare from AA,
it is best prepared as needed using the following method.

A particularly useful preparation of DHA, described by Ohmori and
Takagi, uses oxygen oxidation over a charcoal catalyst (6). The use of
oxygen and charcoal to convert AA to DHA is a well-known reaction that
has been used in AA assays for many years. The oxidation can be made
in ethanol, methanol, water, or various mixtures of these solvents. We
carry out this procedure as follows:

Ten grams of ascorbic acid is dissolved in 300 mL of solvent, and
15 g of activated charcoal is added. Oxygen or air is bubbled through
the solution at a flow rate of 20 mL/min for 30-60 min while the solution
is gently stirred with a magnetic stir bar. At the completion of the
reaction the solution is filtered, first through a Whatman #2 filter paper
and then by suction through a fine glass filter. The solvent is removed
by a rotary evaporator with a bath temperature of 30°C. The resulting
syrup is pure DHA with traces of the organic solvent used in the prepa-
ration. Addition of a small amount of water and repeated lyophilization
will remove the traces of organic solvent.

Because the initial rotary evaporation is faster with the organic
solvent, we have usually prepared DHA in 95% ethanol. In methanol
the reaction gives up to 10-20% of a methanol complex of DHA that is
only partly reconverted to free DHA on repeated evaporations from
water. Extensive rotary evaporation with repeated additions of diethyl
ether, followed by lyophilization, yields a more manageable, semisolid
product. DHA in the syrup or semisolid form is stable for many weeks
when stored at —10° to —20°C. Analysis of the products prepared as
described above was done by C NMR, one of the few analytical
techniques that gives unambiguous results on the purity and identity of
this compound.

Crystalline BDHA can be prepared from DHA by the method of
Dietz (15): 10 g of DHA syrup, prepared by the method described
above, is dissolved in 30 mL of nitromethane. After the syrup has dis-
solved, 100 mL more of ice-cold nitromethane is added. The solution is
heated to boiling. A white precipitate of BDHA is formed and can be
filtered off and dried. Hvoslef has prepared macrocrystalline BDHA from
this material for x-ray crystallographic studies (16).

The dimer is stable in solid dry form. Several commercial firms sell
“dehydroascorbic acid” that may or may not be identified as BDHA. We
have analyzed several old commercial and privately prepared samples
of BDHA using 3C NMR, and have found large amounts of decomposi-
tion products in all of them. However the purity of the original product
and storage conditions were not known.
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Chemical Reactions of DHA

The ene—diol system of AA and its diketo oxidation product are
well-known structures in organic chemistry. The lactone group in AA
is quite stable in acid or alkaline solution; in contrast, the lactone group
in DHA is rapidly hydrolyzed in alkaline or acid solution and is stable
only in a limited pH range around 2—4.

As an effective ketone, DHA reacts readily with hydrazines to form
a variety of 2- and 2,3-hydrazones. These reactions are characteristic of
the 23-bisketobutyrolactone group. The standard assay of AA takes
advantage of the reaction between DNPH and DHA to give a bishydra-
zone that exhibits a distinctive absorption band at 516 nm in dilute
sulfuric acid solution (17). This reaction is not quantitative; a mixture of
the hydrazone and decomposition products is formed. We have esti-
mated that the derivative is formed in about 35% yield. The success of
the DNPH reaction as a quantitative assay for AA is dependent on the
use of adequate controls, representing a significant weakness of the
method.

The bishydrazones of DHA and related compounds have been
studied and used to synthesize a number of nitrogen derivatives of
DHA (18-23). Thus the bisphenylhydrazone of DHA is reduced by
hydrogen/platinum to 2,3-diamino-2,3-dideoxyascorbic acid, which in
turn can be converted to a variety of acyl derivatives. The structure of
DHA phenylosazone is a hexenonelactone (24).

Under proper conditions DHA reacts with amines to form Schiff
bases. Dahn and Moll describe this reaction between o-phenylene-
diamine and DHA as well as with other 2 3-diketobutyrolactones (25).
With aliphatic amines and amino acids, the Schiff base is not favored
in aqueous solution. The extent of the reversible formation of Schiff
bases of DHA has not been extensively studied, and clearly needs more
attention. DHA in biological fluids is probably in reversible equilibrium
with amino groups of amino acids, proteins, and other amines. How-
ever, the extent of any such conjugation is unknown. If such bases are
formed, they probably involve derivatization of the 2-position of DHA.

The browning reaction between carbohydrates and amino acids
has attracted attention for many years. In the presence of amino acids,
DHA undergoes a browning reaction that was described in 1956 (26)
and later extensively studied (27-33). A distinctive early product of
this reaction is the formation of a red chromophore, Amax 515 nm, (1, 31),
believed to be the product of a Strecker reaction between the amino
acid and DHA. This reaction product seems to be quite specific for DHA.
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The reaction itself is analogous to the reaction of ninhydrin with amino
acids:

H CHOHCH.OH

0
OH
0 (OH).
0
N
(OH) .
/ H
0
CHOHCH,0H
+ RCHN'H,COO"
+ CO, 4+ RCHO

Kurata et al. (32) have isolated this compound and obtained a 'H NMR
spectrum with shifts as follows: 3.74 ppm (doublet), 4.19 ppm (triplet),
and 4.88 ppm (doublet). We have also examined a low purity sample
of this red chromophore and obtained a similar 'H NMR spectrum (33)
as well as a 3C NMR spectrum. The results obtained show that the
chromophore has an open side-chain and does not exist in a hemiketal
form analogous to that observed in DHA and BDHA.

This color reaction has not been used to any extent in the assay of
DHA. We have used it to identify DHA in thin-layer chromatography
(TLC) with excellent results. The plate is sprayed with 1 M glycine
and heated in an oven at 90-100°C for 4-5 min. A distinctive pink spot
develops, and slowly turns brown in 1-2 d. Various qualitative studies
were done to improve the sensitivity of this assay for DHA. Amines
did not give the chromophore. There was little difference between
different amino acids. Heating DHA and glycine in either water or
methanol solution gives the chromophore. Although a better yield
may be obtained in water, problems result in water due to the insta-
bility of the chromophore in this solvent. BDHA also gives this reaction
in solution, presumably because it decomposes to DHA under the condi-
tions of the reaction. The yield of the chromophore is low, and thus
only moderate sensitivities for DHA assays were achieved. If the yield
in this reaction could be substantially improved by appropriate choices
of solvent and reaction conditions, the reaction has the potential for a
good assay procedure. The reaction is specific and the product quite
distinctive and easy to quantitate by spectroscopy.
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Associated with the browning reaction are a number of fairly stable
free radical compounds in which the unpaired electron is often associated
with a nitrogen atom. A blue substance that displays an ESR triplet
spectrum can be isolated by TLC; a red chromophore can also be isolated
(34-39). Many of the radical compounds either may be related to the
red chromophore or are intermediates in the synthesis of the chromo-
phore (34-39).

Many decomposition products of DHA are probably the same as
those observed in the decomposition of AA (40). Fifteen products from
DHA decomposition in aqueous solution were reported (41). Of these
fifteen, the five main volatile products were 3-hydroxy-2-pyrone, 2-furan-
carboxylic acid, 2-furaldehyde, acetic acid, and 2-acetylfuran. DHA also
undergoes a benzilic acid rearrangement in alkaline solution (42).

The reduction of DHA to AA is accomplished by a variety of
reagents. Hydrogen sulfide, cysteine, and other thiols will reduce DHA.
Hydrogen sulfide is frequently used since the excess reagent can be
purged from the reaction solution and sulfur, the oxidized product, can
be removed by filtration. Because the reaction with hydrogen sulfide is
disagreeable to use because of the toxic and odorous hydrogen sulfide,
this reduction has been used most often in differential assay procedures
for DHA. Sodium dithionate rapidly and qualitatively reduces DHA to
AA. Sodium borohydride and lithium aluminum hydride give complex
mixtures of products with DHA.

Structural Studies of DHA and BDHA

The crystalline dimer of DHA was analyzed by x-ray crystallography
(17), and the structure proposed by earlier chemical studies was con-
firmed (43).
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The dimer is not readily soluble in water, although DHA is very soluble
in water. Thus some questions have arisen as to the exact nature of
BDHA in water. The dimer disassociates to a monomer in dimethyl
formamide, dimethylacetamide, and pyridine (44) in agreement with
earlier studies (45—47). A series of studies of AA and BDHA have now
clarified many aspects of this problem. *C NMR studies of AA were
published (48-51) that show the structure of AA in solution is essentially
as proposed by classical carbohydrate chemistry and is the same as the
structure found in crystalline ascorbic acid by x-ray crystallographic
studies. Recent 3C NMR studies of BDHA in dimethyl sulfoxide-ds
(DMSO-dg) show that in this solvent BDHA is a mixture of two forms,
a symmetric and an asymmetric dimer (52). The asymmetric form is
thermodynamically favored.

The best approach to the structure of monomeric DHA was through
!H NMR and 3C NMR studies. On the basis of 'H NMR, DHA was
proposed to exist in aqueous solution as a bicyclic hydrated species, that
is, 3,6-anhydro-L-xylo-hexulono-1,4-lactone hydrate (53). We have made
further studies on this structure using DHA prepared by oxygen oxidation
in ethanol, or methanol or water using charcoal as a catalyst. The method
is described earlier in this chapter.

13C NMR Studies. DHA was dissolved in deuterium oxide and the
13C NMR spectrum was obtained from a JOEL PFT-100 spectrometer
using an external dioxane reference. The spectrum of BDHA was ob-
tained in DMSO-d; instead of deuterium oxide.

Results on 3C NMR shifts in parts per million from Me,Si for DHA
and BDHA are presented in Table I. For comparison, Hvoslef and
Pederson’s results (52) are given, including assignments of shifts to
specific symmetric and antisymmetric structures for BDHA. Hvoslef’s
results are readily reproduced using the material prepared by the Ohmori
oxidation and the Dietz dimerization procedure. The spectra from the
two laboratories show a consistent difference in shifts, probably arising
from differences in reference standards. The difference in shifts of C4
and C5 is caused by a difference in assignment of these shifts, and is
discussed later.

The *C NMR shifts for DHA, presented in Table I, were studied
and carbon assignments made by two methods: by proton—carbon
decoupling experiments and by comparison of 3C NMR spectra of
various derivatives.

'H NMR Decoupling Experiments. DHA was dissolved in deu-
terium oxide and the spectra were recorded from a Nicolet NT-360
spectrometer with an internal sodium 2,2-dimethyl-2-silapentane-5-sulfo-
nate (DSS) standard. The shifts for the protons of DHA were deter-
mined from the 'H NMR spectrum (Figure 1): C4, singlet at 4.76; C5,
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Table I. !'3C NMR Data for DHA and BDHA

Sample Identification C1 c2 C8 C4 Cs5 C6
DHA (52) 1742 920 1063 735 886 762
DHA prepared in absolute

methanol ® 1736 914 1057 87.6 730 76.2
DHA prepared in 95% ethanol® 1733 91.1 1057 873 72.6 76.2
DHA prepared in H,O® 1735 91.3 1056 874 728 76.1
BDHA symmetric (52)° 169.1 916 1056 73.0 903 763
BDHA antisymmetric (52) * 168.1 99.1 1034 732 883 745

168.7 1042 1139 734 89.1 76.7
BDHA symmetric*® 169.3 919 1059 89.6 733 75.6
BDHA antisymmetric® 1684 998 103.7 884 733 747

168.8 104.0 114.1 894 738 76.6

* Solvent, D20 ; reference, external dioxane.
® Solvent, DMSO-dg; reference, internal Me4Si.
¢ Solvent, DMSQ-dg; reference, external dioxane.

C-4
H,0
C-5
N C-6
/____/
d (
b | T T Y T Y T T T T T T T T T T T T T v | B
5.0 4.8 4.6 44 42 4.0 PPM

Figure 1. 1H NMR spectrum of DHA dissolved in D,O. The spectrum
was recorded on a Nicolet NT-360 spectrometer with an internal DSS
reference.
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singlet at 4.6; C6, multiplet at 4.2. The interpretation of the 'H NMR
spectrum as an ABCD pattern suggests that the protons on C6 are differ-
ent from one another; these protons split one another. The fact that these
protons appear as different peaks in the 'H NMR suggests that there is
not free rotation of C6. In the proton—proton decoupling experiments
(Figure 2), the splitting of the proton on C4 by the proton on CS5 is
very small. This observation suggests that the orbitals for these protons
are separated by an angle of approximately 90°, and therefore cannot
interact with each other to cause splitting.

Proton—Carbon Decoupling Experiments. Having obtained correct
values for the proton shifts, a series of proton—carbon decoupling experi-
ments were performed (Figures 3-5). The experiments performed
involved combining two types of decoupling: off-resonance and single-
frequency. In off-resonance decoupling experiments 'H irradiation is
kept at high power levels. The center of frequency is moved 500-1000
Hz away from the protons to be irradiated, and the excitation band-
width generator is switched off. Carbons having zero, one, two, or three

l Al Al Al l T T T I T Al v ]' T L] Al I L] v Al ' v
5.0 48 4.6 44 4.2 4.0 PPM

Figure 2. 'H NMR spectrum of DHA. The proton on C5 has been
decoupled.
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Figure 3. 13C NMR spectrum of DHA dissolved in D,O. The spectrum
was recorded on a Nicolet NT-360 spectrometer with an internal DSS
reference.

protons bonded now appear as singlets, doublets, triplets, and quartets,
respectively. Coupling information is therefore retained without much
loss of sensitivity (54).

The carbons of interest in DHA are C4, C5, and C6. Carbons-1, -2,
and -3 appear as singlets. Carbons-4 and -5 appear as doublets, and C6
appears as a triplet. Because C4 and C5 both appear as doublets,
assigning chemical shifts to these carbons without further information
would be difficult. It was important, therefore, to perform a series of
single-frequency proton—carbon decoupling experiments, while main-
taining the off-resonance decoupling.

Single-frequency proton decoupling, also known as selective de-
coupling, depends upon proper assignment and identification of the
proton resonances for a given molecule. Once the proton resonances are
identified in an 'H NMR spectrum, it is possible to irradiate specific
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protons at low radiofrequency power. The result as seen in the *C NMR
spectrum is the collapse to a singlet of the multiplet associated with the
carbon attached to that proton. The other protonated carbons retain
some C-H coupling (54).

In these experiments, each proton resonance was irradiated, and
the resulting 3C NMR spectrum was observed to see which multiplet
collapsed to a singlet. Proper assignment of the chemical shifts can be
made for C4, C5, and C6 (Figures 4 and 5).

The assignment of proton chemical shifts is also supported by
carbon-13 chemical shifts obtained for the 5,6-isopropylidene derivatives
of DHA, p-erythro-DHA and 6-bromo-6-deoxy-L-DHA. All the dehydro
compounds were prepared by oxidation using oxygen over charcoal in
95% ethanol. The preparation of the isopropylidene derivatives follows.

L-5,6-O-Isopropylidene AA. In a 5-L reaction flask equipped with
an efficient paddle stirrer and a water-cooled condenser with a drying
tube, and heated by a steam bath, was placed 250 g of L-AA (1.4 mol),

I v ¥ L A I L v A v l Ll
100 90 80 70 PPM

Figure 4. 13C NMR spectrum of DHA obtained when the proton on C4
was selectively decoupled.
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Figure 5. 13C NMR spectrum of DHA obtained when the proton on C5
was selectively decoupled.

437 g of 2,2-dimethoxypropane (4.2 mol), 880 mL of p-dioxane, and
6 mL of trifluoroacetic acid (TFA). The reaction is stirred and heated
to reflux. After 15 min, the white voluminous product begins to pre-
cipitate. Heating and stirring are continued for another 45 min, at
which time the reaction has solidified into a copious white mass. The
reaction mixture is cooled, slurried in several liters of petroleum ether,
and filtered. The product is dried in a vacuum desiccator. The product
is obtained as a white solid in 95-100% yield.

D-5,6-O-Isopropylidene IsoAA. The proportion of reactants and the
reaction conditions are the same for preparing this isomer as for pre-
paring AA. However, the reaction takes 2-3 h to complete. The p-iso-
propylidene isoAA does not precipitate from the reaction mixture, even
on cooling to room temperature. The solvents are removed by rotary
evaporation (water aspiration, bath temperature of 35°C). and the
resulting red-brown oil is poured into four times its volume of efficiently
stirred petroleum ether to precipitate the product as a tan powder. The
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powder must be filtered and quickly dried under vacuum to prevent
reconversion into an oil. The p-isopropylidene isoAA can be obtained
as white flakes by precipitating with petroleum ether from a chloroform—
acetone solution.

Discussion of Structural Studies. Collected data from the 3C
NMR spectra are shown in Table II. L-DHA and p-isoDHA have similar
chemical shifts, suggesting a similar structure. They both show an
assigned shift for C6 that is further downfield than for the C6 of the
respective starting materials. One would expect the C6 to be shifted
downfield if the compound is in the hemiketal form. This fact, with the
information from the preceding proton experiments, supports a proposed
hemiketal structure.

The assigned shift for C2 of L.-DHA and p-isoDHA is further upfield
than would be expected if C2 were a keto group, indicating hydration
at this carbon.

For vL-isopropylidene-DHA, p-isopropylidene isoDHA, and 6-bromo-
6-deoxy-L-DHA, the assigned shifts for C2 and C3 are upfield from
values expected for keto groups. This observation indicates that these
carbons are hydrated. In these compounds the C6 hydroxy group has
either been derivatized or replaced, preventing the formation of the
hemiketal. These compounds readily form an open-chain form of DHA,
suggesting a reasonable stability for the hydrated diketo structure.

p-IsoDHA, which readily forms the hemiketal, has an endo-5-hydroxyl
group, but L-DHA is an exo-5-hydroxyl compound. The endo-hydroxyl
does not cause sufficient steric hindrance to prevent the formation of the
hemiketal ring.

The most important inference to be drawn from the data is that
DHA can exist as a mixture of various structures. An equilibrium of
major and minor forms of DHA in aqueous solution undoubtedly exists,
with the hydrated hemiketal being the favored form (Scheme 1,A).
Most of these forms have been postulated for many years (2). The only
form detected by *C NMR spectroscopy in aqueous solution is the
hydrated hemiketal form (Scheme 1, A). Assuming that 99% of the
DHA is the hydrated hemiketal form, this form is calculated to be
favored by 2.5 kcal/mol. When the side-chain is derivatized as in
L-isopropylidene-DHA, p-isopropylidene isoDHA, or 6-bromo-6-deoxy-
L-DHA, the open-chain dihydrate is seen. This finding suggests a
reasonable stability for the hydrated hemiketal form and is evidence for
an open side-chain compound in the equilibrium mixture of DHA
(Scheme 1, C). This compound has been suggested as a major product
in aged solutions of DHA (52). Although small concentrations (< 1% )
may exist in solution, the principle compound formed in aged solutions
of DHA has 1*C NMR shifts that correspond to diketogulonate (DKG).
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Scheme 1. Equilibrium mixture of the various forms of DHA.
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The evidence for the other forms of DHA shown in Scheme 1 is
based on theory of reaction mechanisms. The fact that DHA reacts with
DNPH to form a hydrazone is supportive evidence for the existence of a
2- or 3-monoketo compound. A 3-monoketo compound is required by
any reasonable mechanism for the formation of the hydrated hemiketal
form. The 2,3-diketo compound would be very unstable due to the high
positive charge associated with the carbonyl carbons. These carbons
would be very susceptible to nucleophilic attack. However, a small
concentration of the 2,3-diketo form should exist in equilibrium mixtures.
Direct oxidation of AA should give the 2,3-diketo form.

A proposed mechanism for the acid-catalyzed formation of the
hydrated hemiketal is shown in Scheme 2. On the basis of analogy
with hemiketal ring formation and mutarotation in sugars, opening and
closing of the hemiketal ring is expected to be fast compared with other
reactions of DHA, such as hydrolytic cleavage to DKG. Hydration of
the carbonyl groups should also be rapid. It thus appears that there is a
rapid equilibrium of all the postulated forms of DHA in aqueous solu-
tion. Which of these forms are active in biological reactions is unknown.

The facile formation of the hydrated and hemiketal forms of DHA,
as well as the alcohol complexes, opens the critical question of whether
DHA in biological fluids is to any great extent conjugated with other
compounds such as amino acids and proteins. At pH 7, DHA is rapidly
converted to DKG, but there is no evidence that DHA in biological
fluids is rapidly hydrolyzed. It is therefore appropriate to question
whether DHA, as such, exists in any significant concentration in biological
fluids. Further studies of DHA in tissue are needed to clarify the nature
of this compound in biological systems.

The UV spectra of the DHA used in the experiments described
shows a weak broad transition at 225 nm leading into a strong absorbance
below 200 nm. The transition at 225 nm can be used in liquid chroma-
tography of DHA if the sample is fairly pure. Unfortunately, many
compounds absorb in this region, so direct spectrophotometric assay of
DHA by UV with high pressure liquid chromatography (HPLC) prob-
ably is not possible in most experiments.

Stability of DHA and BDHA. BDHA is not stable in aqueous
solution (33,44). In the solid form dry BDHA is quite stable, although
it appears to decompose slowly to a complex mixture of products.
Because BDHA dissociates to the monomer in water, and DHA has
80-100% of the vitamin C activity of AA, BDHA is an interesting form
of this vitamin with properties of low solubility in water and good resist-
ance to air oxidation.

DHA is hydrolyzed in aqueous solutions to yield DKG. The reaction
velocity is pH dependent, subject to both acid and base catalysis. The
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Scheme 2. Acid-catalyzed formation of the hydrated hemiketal form of
DHA.
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kinetics were reported to be first order with respect to H* (55, 56) with
a Kva of 7.6 X 10 at pH = 7.2. The specific rate constant for this
reaction was reported as 2.08 X 107 s7! at 30°C.

In neutral and alkaline aqueous solutions, DHA is very rapidly
hydrolyzed to DKG. If DHA is adjusted to pH 7.0 in buffered solution
and immediately assayed by TLC or *C NMR, only DKG is observed.
In unbuffered solution the conversion is slow because hydrolysis of DHA
produces an acid, lowering the pH to approximately 2.5. Many of the
3C NMR spectra of DHA described in this chapter were run on samples
at 30°C over 12-24 h, and these spectra could be repeated 3 d later if
the samples were stored at 4°C.

Hvoslef suggests that the hemiketal form of DHA is converted
slowly to the open side-chain form in water. Ward (33) shows that the
presumed open side-chain form is actually DKG, which has *C NMR
shifts as shown in Table III. In the NMR spectra of DKG the shifts of
C2 and C8 are characteristic of gem-diols and thus the principal form
of DKG in aqueous solution is with fully hydrated carbonyls on C2
and C3.

Assay of DHA. There is no completely satisfactory assay of DHA
available at this time. The two most commonly used procedures are the
DNPH reaction, done under conditions in which the oxidation of AA
to DHA is minimized (58,59) and the differential dichloroindophenol
method (60,61). Both methods are subject to interference and rather
large random errors.

DHA can be separated from AA and most ionic compounds by ion
exchange columns. Such columns do not separate DHA from other AA
metabolites and neutral carbohydrates. DHA can be separated from
these compounds by reverse phase HPLC using water or water-aceto-
nitrile eluants. Good separations of DHA from biological samples can
be expected to be achieved by HPLC. Detection is a problem since UV
absorption is inadequate. The red chromophore with amino acids is not
very sensitive. Perhaps DHA could be reduced to AA after separation
and detected by the strong 263-nm absorption of AA or by an electro-
chemical detector. DHA levels and DHA/AA ratios are probably quite
important in biology and medicine, and good procedures for these assays
are of considerable interest.

Table III. 3C NMR Shifts of Diketogulonic Acid

C1 C2, C3° C4 Cs Cé6
pH 7.0 174.5 94.7,94.4 74.6 68.6 62.5
pH 2.0 1712 945 96.1 743 68.0 62.4

¢ Shifts for C2 and C3 are too similar to assign to specific carbons.
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Biochemistry of DHA

A number of enzymes have been characterized that catalyze reactions
involving DHA. In addition, other aspects of DHA biochemistry can
be deduced from metabolic studies of ascorbic acid. Experiments
demonstrating the biological oxidation of AA and reduction of DHA
were first made in 1928 (10) and during the next decade several groups
studied these reactions. By 1941 Crook (62) was able to separate the
ascorbic acid oxidase and DHA reductase activities and to show that
glutathione was used in the reductase reaction.

The best characterized of the enzymes involving DHA is ascorbic
acid oxidase (L-ascorbate: O, oxidoreductase, EC 1.10.3.3). This plant
enzyme catalyzes the reaction of AA and oxygen to give DHA and
1 mol of water (63).

H,COH
HCOH ,0 OHg 0
0] Oq H : 0
HON\ t H H
HO OH o7 OH OH

Ascorbate oxidase is a dimer containing two identical subunits, and
appears to be accompanied by smaller amounts of oligomeric forms
(64-66). This compound contains 8-10 atoms of copper and is blue
colored. The copper may be removed to give an inactive apoenzyme.
Ascorbate oxidase contains Cu?* in three different environments (63,
67,68). The enzyme also catalyzed the oxidation of o-catechols, although
the K,, is less favorable than that for AA: K,, (- )-catechin, 3.08 mM;
K., L-AA, 024 mM (69). The role of ascorbate oxidase in plants is
not known.

Two other copper enzymes possess ascorbate oxidase activity, human
ceruloplasm and Polyporus laccase (70,71). Ceruloplasm may function
as an AA oxidase in vivo. Both ceruloplasm and laccase are 10* times
less active toward AA oxidation than is ascorbate oxidase. However,
the reaction is definitely enzymic, and water is produced.

In recent years DHA reductase has been purified from several
sources and characterized. DHA reductase (EC 1.8.5.1) purified from
carp hepatopancreas was specific for glutathione as a reducing agent
(72). K, values were 5.7 X 10% M for DHA and 15 X 10° M for
glutathione. The enzyme was not affected by metal ion chelating agents.
DHA reductase from spinach leaves has a MW of about 25,000 daltons
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and a pH optimum of 7.5. K,, values were 4.4 mM for glutathione and
0.34 mM for DHA (73). DHA reductase appears to be widely distrib-
uted in plant and animal tissue, and to consistently use glutathione as
the reducing agent (74, 75).

A DHA lactonase has been described (76, 77) in the ox, rabbit, rat,
and guinea pig. In the ox the lactonase is present in several tissues but
is most abundant in the liver. The enzyme appears to be absent in
human and monkey tissue. This result is consistent with the observation
that primates and fishes do not catabolize labeled ascorbic acid to carbon
dioxide. AA and DHA appear to be metabolized into a series of water
soluble products that are excreted in the urine, but 2,3-DKG is decar-
boxylated and otherwise degraded to intermediates that enter the Cs
and C, carbohydrate pools (78).

DHA and AA can react to form the free radical intermediate, mono-
dehydroascorbate ion (AA-), also called semidehydroascorbate. Enzymes
that reduce AA~ were demonstrated in animals (79, 80), plants (81),
and microorganisms (82).

Other than the three enzymes (AA oxidase, DHA reductase, and
DHA lactonase) no other enzymes have been demonstrated that directly
involve DHA. DHA may be produced by a number of oxygenases that
use AA as a cofactor, and it seems reasonable that much of the DHA
formed in vivo is produced by these reactions.

Intravenous injection of DHA in rats at 40-60 mg/kg produces
excitation, salivation, lacrimation, and elevated blood pressure (83-85).
Most of the responses originated with the central nervous system. At
higher doses, respiratory arrest occurs (86). The LDj, appears to be
about 300 mg/kg. When repeated injections of DHA are given to rats
at about 20 mg/kg, marked hyperglycemia is observed in many of the
rats after 3 weeks (87). This diabetogenic effect was confirmed (88)
and seems to be associated with abnormalities of the beta cells of the
islets of Langerhans of the pancreas. Unlike alloxan diabetes, necrosis
of the beta cells is not seen. Alloxan and DHA are structural analogues
in that both have a potential 1,2,3-triketo structure. The doses of DHA
required to produce these physiological effects are so large that the
toxicity of DHA does not have any noticeable significance in the nutri-
tional use of AA. DHA is a minor by-product of storage and is a normal
component of both foods and tissue. Normal blood levels of DHA are
probably around 0.2 mg/100 mL, and tissue levels may be comparable.

DHA is rapidly transported across cell membranes. Autoradiographic
studies using labeled DHA show that DHA is more rapidly absorbed
by guinea pigs than is AA (89). Injected DHA is not rapidly absorbed
from the blood (90-92) and the observations suggest that DHA is not
favored as a physiological transport form. Only in the brain and bone
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marrow are DHA taken up more rapidly than AA. Both leucocytes and
erythrocytes are readily permeable to DHA as well as AA (93,94). After
uptake of DHA by leucocytes, only AA is found, showing an active DHA
reductase system. The reduction of DHA in red blood cells is less rapid
and incomplete, suggesting that a DHA reductase system is either absent
or of low activity.

A general belief, supported by a limited amount of experimental
evidence, is that DHA levels or alternatively, DHA/AA ratios, are
sensitive indications of cell physiology, including pathogenic states and
mitotic index (95-98). Because glutathione (GSH) is the reducing
agent for DHA reductase, the DHA/AA ratio may reflect the GSSG/GSH
ratio, and this ratio was related to the NADPH/NADP ratio. Assuming
the DHA/AA ratio reflects the oxidation state of the metabolism of the
cell, including the NADPH/NADP ratio, the correlation appears to have
merit. Certainly more experimental studies are important in this area.
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13C resonances of v-ascorbic acid (I) at 25.2 MHz were iden-
tified from proton-coupled spectra, spin-lattice relaxation
times, changes in chemical shifts with ionization, and 4-D
isotopic substitution. *C NMR spectroscopy was used to
differentiate 2-O- from 3-O-, and 5-O- from 6-O-substituted
derivatives of 1. The 'H NMR spectra of 1, 4-D-L-ascorbic
acid, 5-D-L-ascorbic acid, p-isoascorbic acid, and 5-D-p-iso-
ascorbic acid were recorded at 600.2 MHz. The proton—
proton vicinal coupling constants showed the conforma-
tion of the side-chain of I in water to be the same as that in
its crystalline state. Unlike the solid state, however, the con-
formation did not change when I ionized at OH3. In the
proton-coupled *C NMR spectrum of I at 25.2 MHz, virtual
coupling occurred between H6, H6’, and C4. To resolve
3Jes,me» Spectra must be measured at a field strength
exceeding 2.3 T.

he detailed structure of L-ascorbic acid is important in understanding

its biological and chemical properties. The formula of r-ascorbic acid
(I) was first deduced in 1933 by Herbert et al. (1), and was later
confirmed using x-ray crystallography (2). Hvoslef (3), who also exam-
ined the structure of sodium r-ascorbate (II), concluded, as others had
previously proposed (4,5,6), that the monoanion of I is formed by
ionization of OHS3, and that the predominant resonance form of the
monoanion is the 2,3-enolate form. Data from *C NMR studies (7) on II
also were in accord with those conclusions.

? Current address: Spring and Durum Wheat Quality Research Laboratory, SEA,
U.S. Department of Agriculture, North Dakota State University, Fargo, ND 58105.
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From the crystal structure data the ring in the free acid (I)
was found to be nearly planar and contain a slight distortion of the lac-
tone atoms out of the ene—diol plane. In the singly charged anion (II),
the situation was reversed, and the ene—diol atoms were puckered,
whereas the lactone group was virtually planar. Some delocalization of
electron density over the ring was evidenced in II by changes in bond
lengths and angles when I ionized. In addition, the primary alcohol group
(OHS6) in II rotated more than 100° from its position in I. Thus, the
conformation about the C5-C6 bond changed from that in I where O5
and O6 are nearly antiparallel to a gauche orientation in the anion (II).
Conformational change may reflect preferential interactions in the crystal
that are not necessarily available to the molecule in solution. No intra-
molecular hydrogen bonds were found in the crystals of I or II (2, 3).

The objectives of this work were to verify the assignments of
carbon-13 resonances in L-ascorbic acid (I), to use the carbon-13 chemi-
cal shifts to assign positions of substitution in derivatives of I, and to
determine the conformational preference of I and its sodium salt (II) in
aqueous solution.

BBC NMR Studies of L-Ascorbic Acid (I)

Commensurate with the biological and chemical importance of I,
investigators have studied the NMR properties of this molecule and sev-
eral of its derivatives (7-10). The investigators generally have agreed to
the assignments originally put forth (7,8). However, no complete
proof of assignments has been reported.

The {*H} *C NMR spectrum of L-ascorbic acid is shown in Figure
1A. The most upfield resonance arose from the primary alcohol group at
C6 because of its triplet pattern in proton-coupled spectra, and because
the chemical shift of 63.1 ppm is typical of primary alcohols in carbo-
hydrates (11). Of the remaining two protonated carbons, which are
doubles when proton coupled, C4 would be expected to occur at lower
field than C5 because of the ene—diol group in a g-position. This hypothe-
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sis was confirmed by preparation of the 4-deutero compound (Figure
1B), which showed only a weak triplet centered at 76.7 ppm. These
assignments agree with those given by earlier workers (7, 8).

The assignments for the three nonprotonated carbons in the downfield
portion were not as easily deduced. The long-range coupling patterns of
those resonances were complex and probably ambiguous (vida infra).
Nevertheless, the resonance at 156.4 ppm (Figure 1) had the largest
proton coupling constant (~ 6 Hz) and reasonably could be assigned
to C3. Furthermore, carbonyl carbons are typically the most downfield
resonances in compounds like vr-ascorbic acid, and lactone carbonyl
carbons in particular are known to fall in the 170-180-ppm range (11).
Therefore, the resonance at 174.0 ppm was assumed initially to corre-
spond to Cl. The peak at 118.8 ppm could be assigned to C2 by
difference.

To help confirm the proposed assignments, the pH dependence of
the chemical shifts was studied. A pH dependence study of I was
reported (9), but the solutions apparently were not purged to remove
atmospheric oxygen, and under alkaline conditions the solutions may
have changed pH during the recordings of the spectra. We repeated
the experiment under an inert atmosphere to avoid oxidative degra-
dation of r-ascorbic acid. Our data (Figure 2) and that of Berger (9)
are in excellent agreement between pH 2 and 7, but in less than satis-
factory agreement between pH 7 and 11. The earlier data show
considerably smaller shifts over the higher pH range.

The signal at 156.4 ppm undergoes a 19.3-ppm downfield shift
between pH 2 and 6 (Figure 2A), corresponding to the range over which
OH3 ionizes (12). Although such a shift is much larger than the 4-5-ppm
downfield shift normally observed for ionization of carboxylic acids (11I),
it almost certainly arose from C3. Over the same pH range, C1 was de-
shielded by 3.9 ppm, which was enough to prevent C3 from moving
downfield of C1 (Figure 2A). Similarly, C4 was shifted downfield by
2.1 ppm (Figure 2B). On the other hand, C2 moved upfield by 4.6 ppm,
and the side-chain carbons C5 and C6 were deshielded by 0.55 and 0.46
ppm, respectively. Consequently, ionization of L-ascorbic acid at C3 also
shifts the signals of the other ring carbons more than is observed for
adjacent carbons in simple carboxylic acids. This is caused by the
lengthening of the C2-C3, C3-C4, C1-O1, and C2-O2 bonds in the
monoanion (II) compared with I, as well as the shortening of the C1-C2
and C3-03 bonds (2,3). Furthermore, delocalization of electron den-
sity throughout the ene—diol and carbonyl groups probably is mainly
responsible for the abnormally large downfield shift of C3 upon
ionization.
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Between pH 6 and 9 no substantial shifts in the carbon resonances
of II were noted. Above pH 10, OH2 began to ionize and the C2 reso-
nance moved downfield rapidly with increasing pH, while the C3 and C4
peaks shifted upfield, which reversed the trend seen between pH 2 and 7.
Carbons C1, C5, and C6 continued to show increased deshielding at pH
values above 10. Perhaps the tendency toward increased delocaliza-
tion seen with the first ionization was reversed somewhat when C2 ion-
ized. The continued downfield shift of C1, however, would not fit that
explanation.

Further confirmation of the assignments of the nonprotonated car-
bons was obtained from measurement of spin-lattice relaxation times
(T,). Relaxation times for the carbons of I determined in deuterium
oxide solution at 33°C and pH 1.6 are summarized in Table I. The
relaxation times of C4, C5, and C6 are typical of protonated carbon
atoms in an isotropically tumbling molecule of this size, but the relaxa-
tion times of nonprotonated carbons are unusually long. However, the
trend among the relaxation times of the nonprotonated carbons was of
increasing time with increasing distance from H4. This trend would be
expected if the assignments were correct and H4 made the major
contribution to the dipolar relaxation of the ring carbons. The un-
usually inefficient relaxations of the nonprotonated carbon atoms in I
will be discussed elsewhere (13). Again the assignments for non-
protonated carbons agree with those reported earlier (7, 8).

NMR Studies of Derivatives of L-Ascorbic Acid.

Researchers have used ¥C NMR spectroscopy to assign structure
to several ester and ether derivatives of I. That method is particularly
useful to differentiate 2-O- and 3-O-substituted derivatives of I because
ionization of the OH3 induces the large downfield shift of C3, as previ-
ously discussed. Thus, 2-O-methyl-L-ascorbic acid, but not 3-O-methyl-L-
ascorbic acid, showed a 16-ppm change in the chemical shift of C3 when
the pH values of their solutions were changed from 2 to 7 (Table II).
At pH 7, the chemical shifts of the C3 carbons in r-ascorbate (II) and in
its 2-sulfate and 2-phosphate esters were similar in magnitude (Table II).

Table I. Spin-Lattice Relaxation Times for the Carbon
Atoms of L-Ascorbic Acid

Carbon Atom 1 2 3 4 5 6
NT; (sec)* 132 98 38 1.60 144 2.02
. Note: In D20 under N2, pH 1.6 (meter reading in D20 using a glass electrode),

33°C.
¢ N, number of directly bonded protons, if not zero.
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Table II. Chemical Shifts® for Carbons in
L-Ascorbic Acid and Several Derivatives

Derivative of Carbon Atom
L-Ascorbic Acid 1 2 3 4 5 )
pH 2.0-2.1°

Unsubsituted 174.0 118.8 156.4 77.1 69.9 63.1
(this work)

2-0-Methyl* 173.7 1225  162.1 77.0 69.7 62.8

(14) (—03)* (3.7) (5.7) (—=0.1) (—02) (—0.3)

3-0-Methyl* 174.1 1192 1559 769 69.8 62.8

(14, 10) (0.1) (04) (—05) (—02) (—01) (—0.3)
pH 6.5-7.0°

Unsubsituted 178.0 1141 176.2 79.2 70.6 63.6
(this work)

2-0-Methyl® 179.4 1193 1781 79.3 70.4 63.3
(14) (14)*  (5.2) (21)  (0.1) (—02) (—0.3)
3-0-Methyl* 1748 1204 1550 768 70.0 63.0
(14, 10) (—3.2) (6.3) (—21.2) (—24) (—06) (—0.6)
2-Sulfate 181.1 1116  176.7 79.9 70.7 63.5
(10, 15) (3.1) (—25) 05 0.7) (0.1) (0.1)
2-Phosphate 1774 11327  177.0 78.7 70.1 62.9
(10, 15) (—06) (—0.9) (0.8) (—0.5) (—0.5) (—0.7)

% Chemical shifts (8 from Me4Si).

® pH meter reading in D20 using a glass electrode.

¢ Signal of OMe at 61.2 and 61.6 ppm, pH 2 and 7, respectively. Lo

¢ Difference between chemical shift of parent compound (I or II) and derivative.
° Signal of OMe at 60.2 and 60.1 ppm at pH 2 and 7, respectively.

" Doublet with splitting 7.3 Hz (13C-31P coupling).

The monoanion (II) involves OH3 (3); therefore, 2-substitution of the
phosphate and sulfate groups is indicated.

The 3C NMR spectrum of 3-O-methyl-L-ascorbic acid and that of its
parent compound (I) were almost identical at pH 2 (Table II). The
3-methyl derivative is a vinyl ether, and it could have been hydrolyzed
at pH 2 during recording of the spectrum. However, hydrolysis did not
occur since the methyl signal was observed at 60.2 ppm and no methanol
signal was found at 48 ppm.

Because the signal of H4 moves upfield by approximately 0.5 ppm
when OHS ionizes, 'H NMR spectroscopy also can be used to differ-
entiate between 2-O- and 3-O-substituted derivatives of 1. The upfield
shifts for H4 in several 2-O-substituted derivatives of I are given in Table
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Table III. Proton Magnetic Resonances of
L-Ascorbic Acid and Several Derivatives

Derivative of Chemacal Shift® (8)

L-Ascorbic Acid pH Hi AHJ H5 H6, He'

Free acid (16) 2 497 — 4.09 3.76

7 4.50 0.47 4.02 3.74

3-0-Methyl® (14) 2 491 — 402 371

7 4.90 0.01 4,01 3.71

2-0-Methyl? (14) 2 4.90 — 4,01 3.76

7 4.49 0.41 4,00 3.71

2-Sulfate (16) 1 5.02 — 420 3.76

7 4.57 0.45 4.05 3.73

2-Phosphate (16) 1 5.00 — 416 3.74

7 4.60 0.40 4.05 3.70

2,2’-Phosphoric 1 5.00 — 415 3.78

diester (16) 12 4.50 0.50 4.02 3.68

¢ Determined in D20 at 60 or 100 MHz. Chemical shifts in ppm from internal
DSS. Chemical shifts of H5 and H6 are reported as the center of the recorded peaks.

® AH4 is the upfield shift of H4 on charnging the pH of the medium.

¢ Signal of OMe was 4.18 ppm at pH 2 and 7. At pH 10, the spectrum showed
degradation of the 3-methyl ether.

4 Signal of OMe was 3.69 ppm at pH 2 and 3.62 ppm at pH 7.

III. The H4 signal of the 3-methyl ether failed to shift to higher field
at pH 7.

Data from UV spectroscopy are helpful in distinguishing 2- and
3-derivatives of rL-ascorbic acid. The ionization of OH3 is accompanied
by a bathochromic shift of approximately 20 nm (Table IV).

Workers have used 3C NMR spectroscopy to assign structures to
the 5- and 6-sulfate esters of L-ascorbic acid and to the 4Z and 4E
isomers of 2-sulfo-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-8-lactone (Table
V). Sulfonation at C6 (C5) of rL-ascorbic acid shifted the signal of C6 (C5)
downfield by 7-8 ppm; the signal(s) of the adjacent carbon(s) moved
slightly upfield (18). Those shifts were noted previously by others (19)
in sugar sulfates. When I was dissolved in concentrated sulfuric acid-d,,
13C NMR shows approximately 90% monosulfonation at C6 (18).

The 2-sulfate ester of 4Z-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-8-lac-
tone (4,5-dehydroascorbate 2-sulfate) was characterized largely by 3C
NMR and 'H NMR. The data in Table V show that the signals of C4 and
C5 were shifted downfield 70 and 38 ppm, respectively, compared to their
positions in the spectrum of r-ascorbate at pH 7. In addition, the reso-
nances of C1 and C3 moved upfield approximately 5 ppm upon introduc-
tion of the 4,5-double bond.
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Table IV. UV Spectral Properties of L-Ascorbic
Acid and Several Derivatives

o Acid Neutral Base
Derivative of (pH 2.0) (pH 7.0) (pH 10.0)
L-Ascorbic Acid
Amaa €nM Amas €mM €EmM Amaa
Free acid (17) 243 10 265 16.5 — —
2-0-Methyl (14) 239 85 260 12.3 — —
3-0-Methyl (17) 244 9 244 9 — —

2-0-(Phenylphosphono) * 233 9.6 257 145 258 15
3-0- (Phenylphosphono) ®* 237 8 238 8 263 8
2-Sulfate (16) 232 11 255 16.3 255 16.3
2-Phosphate (16) 238 9 258 11.5 264 16.0

2,2’-Phosphoric diester 236 173 258 21.6 259 302
(16)

¢ 5,6-Isopropylidene acetal ; data from Bond et al. (17).

Tentatively, the Z-configuration was assigned to the 4,5-ene bond
in the derivative prepared from vr-ascorbic acid. This assignment was
based on the stereochemical argument that in the transition state of the
elimination reaction, H4 and O5 assume an antiparallel orientation.
Using the same argument the E-configuration was assigned to the isomer
prepared from p-isoascorbic acid (III). The *C data in Table V show
that both isomers have been isolated. The scheme used to prepare the

(|3H20H
HO—C—H
0)
0]
H
HO OH
III

4,5-dehydro derivatives is shown in Scheme 1. Other 4,5-dehydro deriva-
tives of I are known (20).

The structure of the 4,5-dehydro compounds was verified using 'H
NMR spectroscopy; the spectrum of the Z-isomer at pH 6.2 is shown in
Figure 3. The signal of H5 was a triplet centered at 5.59 ppm with Jgs, re
= 7.8 Hz, and H6 was a doublet at 4.34 ppm. For the E-isomer at pH
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Figure 3. 100-MHz 'H NMR spectrum of 4Z-2-sulfo-2,3,4,6-tetrahy-
droxyhexa-2,4-dieonate-3-lactone (4,5-dehydroascorbate 2-sulfate) in D,0,
pH (meter reading) 6.2, 33°C. Shifts are from internal Me,Si.

5.9, H5 was a triplet at 5.80 ppm with Jg; ¢ = 6.6 Hz, and H6 was a
doublet at 4.59 ppm.

As mentioned previously, ionization of OH3 in vr-ascorbic acid is
accompanied by a shift in Ame, to longer wavelengths. However, the
opposite is true in the case of the 4,5-dehydro-2-sulfate derivatives
(Table V). At pH 0.5-1.0 those derivatives gave Amax 0f 260262 nm, but
at pH 7 Apax was 244-247 nm. Apparently most of the charge in the anion
is on O1 (Scheme 2), whereas most of the charge on the ascorbate mono-
anion (II) is on O3 (3).

HOHZC\ (o} OH~ HOCQZ o

H/CQO l.I/Cjz‘O'

HO 0s03 Y 0S03

Scheme 2. Ionization of 4,5-dehydroascorbate-2-sulfate.



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch006

138 ASCORBIC ACID

Tolbert and Ward have reviewed the *C NMR data on dehydro-
L-ascorbic acid in chapter 5 in this book.

!H NMR Spectroscopy and the Conformations of L-Ascorbic Acid
and D-Isoascorbic Acid in Aqueous Solution

In 1977 3C NMR spectroscopy was used to assign a conformation
to the side-chain of r-ascorbic acid (I) in water (21). That report
stimulated us to measure the 600-MHz 'H NMR spectra of I and p-iso-
ascorbic acid (III) and their 4- and 5-deutero derivatives. The 600-MHz
'H NMR spectra were analyzed, and the vicinal coupling constants were
used to predict preferred conformations.

The 'H NMR spectrum of L-ascorbic acid at low fields has been
observed by many groups and was published (22). The results at
100 MHz gave 3Jg4, g5 of 1.8 Hz, but the coupling constants between H5,
H6, and H6’ could not be obtained by inspection because they were
strongly coupled. However, the 100-MHz spectrum of I can be simulated
by machine computation with a high degree of correlation when *Jgs, re
and 3] g5, ue are assumed to be 6.6 Hz, which is a typical value in ethane
derivatives (23). But if H6 and H6’ have different chemical shifts and
different coupling constants, that is, 3Jgs ge does not equal *Jgs e, the
computer simulation with the assumed equivalent coupling constants
would still arrive at an apparently correct solution because at 100 MHz
it is very difficult to experimentally measure all the spectral lines. To
detect the difference between the two coupling constants in question, the
spectrometer would have to record spectral lines that are 0.1% of the
most intense lines. That sensitivity would require a signal-to-noise ratio
in excess of 2000:1, which is not readily obtainable at 100 MHz. No
high-field spectra of v-ascorbic acid have been published, although
some preliminary spectra at 360 MHz were made available to us (24).

We have examined r-ascorbic acid and its 4-D and 5-D derivatives
at 600.2 MHz at the Carnegie-Mellon NMR Facility for Biomedical
Studies. We also obtained data on p-isoascorbic acid and its 5-D deriva-
tive. The simulated and observed spectra for H5, H6, and H6’ of I are
shown at pH 2 and 7 in Figures 4 and 5. Table VI presents the coupling
constants obtained from computer simulation of the spin system using a
standard iterative fitting program [provided by Nicolet Corporation
(25)]. The NMR data were recorded using correlation spectroscopy,
which gave a point resolution of about 0.1 Hz. The least-squares fits gave
differences between observed and computed line positions that averaged
0.04 Hz. Consequently, the J values are accurate to at least = 0.1 Hz.
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B
pH 2.0
(SIMULATED)
A
pH 2.0
-440 -540 -640

Hz, upfield from HOD

Figure 4. A. Observed 600.2-MHz 'H NMR spectrum for H5, H6, and

HE6’ of v-ascorbic acid in D,O, pH (meter reading) 2.1. B. Computer

simulated spectrum giving the ca cullflteed 1H-1H coupling constants listed
in Table V1.
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B
pH 7.25
(SIMULATED)
A
pH 7.25
-460 -560 -660

Hz, upfield from HOD

Figure 5. A. Observed 600.2-MHz 'H NMR spectrum for H5 and

H6,H6’ :)l‘ L-ascorbic acid in D,O, pH (meter reading) 7.25. B. Computer

simulated spectrum giving the cal;ulézlged 1H-1H coupling constants listed
in Table V1.
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Table VI. Proton—Proton Coupling Constants and Adg e
for L-Ascorbic and D-Isoascorbic Acids

Compound pH 3], 356 356 s Adse
L-Ascorbic 2.06° 1.83 5.81 734 —11.55"> 6.48
7.25 1.93 5.65 763 —11.60 14.77
4-D-L-Ascorbic 2.04 — 5.76 736 —11.55 6.29
7.09 — 5.74 765 —1173 14.42
5-D-L-Ascorbic 2.35 — — — —11.61 6.37
7.20 —_ — — —11.58 14.63

p-Isoascorbic NR° NR NR NR NR NR
7.09 296 3.24 793 —11.99 6.19
5-D-p-Isoascorbic 2.45 — — — —1185 12.62
7.76 — —_ — —11.95 6.25

Note: Data computed from spectra obtained at 6002 MHz in D20. Probable
error in J ~ 0.10 Hz.

¢ pH meter readings in D20 using a glass electrode.

® Assumed to be negative in the simulation, and all vicinal coupling constants
assumed to be positive.

° Not recorded.

The information in Table VI may be summarized as follows: 3Jus, ne
did not equal *Jgs e for either isomer; no changes in geminal or vicinal
coupling constants occurred between pH 2 and 7 for vr-ascorbic acid,
except for a slight change in 3Jgs ge, which was barely outside the error
limits; at pH 2 the difference in chemical shifts between H6 and H6’ for
L-ascorbic acid was 6.4 Hz but at pH 7 it was 14.6 Hz; and the differ-
ence in chemical shifts between H6 and H6” was reversed for p-isoascor-
bic, that is, the difference was 12.6 Hz at pH 2 and 6.2 Hz at pH 7.

The fact that 3Js5 ge did not equal 3Jgs me- indicated that it might
be possible to determine the conformation of the side-chain in r-ascor-
bic acid. Furthermore, the NMR data gave no evidence of conformation
change between pH 2 and 7, in contrast with x-ray data (3). The con-
formation previously assigned (21) to the C5-C6 bond of I in water is
not consistent with the 600-MHz 'H NMR data.

The values of 3Jgs, us and 3Jgs, ge: observed for I, which were 5.7 and
7.5 Hz, respectively, did not appear at first glance to be consistent with
the theoretical values of approximately 3 Hz and 10 Hz normally ob-
served for gauche and antiparallel conformations of vicinal protons.
However. electronegative substituents modify the magnitude of vicinal
coupling constants (26). In cyclic compounds, such as steroids (27) or
4-t-butylcyclohexanols (28), coupling values of 5.5 = 1 Hz vs. 2.5-3.2 Hz
are possible for protons separated by identical dihedrat angles of 60°.
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The difference in magnitude is attributed to the orientation of a coupled
proton with respect to an adjacent OH group. The orientation effect was
shown by Booth (29) to be maximal (smallest J) when an electronega-
tive substituent is antiparallel to each of the coupled protons.

If the electronegativity effect is taken into account, the observed
coupling constant of 1.83 Hz for ®Jg4 g5 in I may be assigned to rotamer
A (Figure 6) where H4 is antiparallel to O5 and H5 is antiparallel to
O4. Rapid rotation (averaging) around the C4-C5 bond in I would be
expected to make ®Jgs ms larger, not smaller, than the observed value.
Thus, the value of 1.83 Hz is quite reasonable for the conformation shown
in Figure 6A, which is identical with the original assignment of the
side-chain in r-ascorbic acid (21).

The increased magnitude of 3Jg4 us (2.94 Hz) for p-isoascorbic acid
(IIT) compared to 1.8 Hz in I provides support for rotamer 9A in
L-ascorbic acid. The value of 2.94 Hz for 3Jgs, us also suggests a gauche
orientation of H4 and HS5 in III (rotamers B and C, Figure 7). Those
rotamers contain only one proton antiparallel to an oxygen, and *Jg4, s
would be expected to be greater in magnitude in III than it is in I

The three staggered rotamers around the C5-C6 bond of rL-ascorbic
acid are shown in Figure 8. Compound I at pH 2 (Table VI) gave the
coupling constants 3Jgs ue, 3Jus me»> and 2Jme mer equal to 5.81, 7.34, and
—11.55 Hz, respectively. Rotamer 9C can be ruled out since the
coupling constants are unequal for H5-H6 and H5-H6’. Rotamer 9B
appears to fit the NMR data better than rotamer 9A. Both rotamers have
a pair of antiparallel protons that can be assigned to the coupling con-
stant 7.34 Hz, but the other coupling constant of 5.81 Hz is better
assigned to the gauche coupling in rotamer 9B, where neither of the pro-
tons is antiparallel to an adjacent oxygen. The observed value of 5.81 Hz
is just slightly greater than the range (4.5-5.5 Hz) proposed (29) for this
type of coupling.

Application of the same arguments to the C6-C5 bond III (Figure
9) shows rotamer 10A to be the most probable. The calculated coupling
constants for III at pH 7.09 were 3.24, 7.93, and —11.99 Hz for *Jgs, ms,
%Jas,'ue, and %Jme me, respectively. The coupling constants for H5-H6’
and H6-H6" were almost identical to those observed for I. The only
value that differed substantially was 3Jgs g, which was 3.24 Hz. Based
on these values, rotamer 10B can be eliminated immediately. Of the
remaining two rotamers, 10A is preferred over 10C because 10A should
have a smaller value of ®Jg; g¢ than rotamer 10C. Furthermore, rotamer
10C contains no oxygens antiparallel to either H5 or H6.

Different coupling constants between H5-H6 and H5-H6’ can occur
only if there is a preferred conformation for rL-ascorbic acid around the
C5-C6 bond. The C4-C5 bond of I also exists in a preferred conforma-
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tion in solution, as evidenced by the small value for 3Jg4, s of 1.83 Hz.
This value is too low to result from time-averaging, and therefore re-
quires a preferred conformation. The preferred rotamer 7A around
C4-C5 and rotamer 9B around the C5-C6 bond are essentially the same
conformations found by Hvoslef (2) in crystalline L-ascorbic acid. Since
no intramolecular hydrogen bonds occur in the crystal (2), none would
be expected when I is dissolved in a hydrogen-bonding solvent such as
water. Thus, our result is not surprising. What is surprising is that no
change in the conformation of the side-chain is apparent when a solution
of I is changed from pH 2 to 7. One might expect a conformational
change corresponding to that observed in the crystalline state (3). Vicinal
coupling constants however, in 'TH NMR data do not indicate any
appreciable change in side-chain conformation upon ionization at OH3.

13C NMR Spectroscopy and the Conformation of L-Ascorbic Acid

The paper of Ogawa et al. (21) prompted us to examine the use of
13C NMR spectroscopy to verify the conformation of I determined by 'H
NMR. Those workers (21) reported that 3Jos me and %Jcs me- €qual 2.4
Hz, which would fix the conformation around the C5-C6 bond of I as
shown in rotamer 9A. They also concluded that rotamer 7A was re-
quired to explain the observed coupling constants. Spoormaker and
de Bie (30) suggested that no conformation was preferred around
the C5-C6 bond, but instead that equal rotamer populations explained
the observed data.

We recently recorded the proton-coupled *C NMR spectrum of I.
Our 'H-*C coupling constants and the literature values are presented
in Table VII. The 'H NMR data at 600 MHz affirmed that rotamer 9B
is the preferred conformation at the C5-C6 bond. The 'H-'3C coupling
data have led to a different conformational assignment than the 'H-'H
coupling data because virtual coupling is involved in the ABX spin system
formed by H6, H6’, and C4. The virtual coupling yields a deceptively
simple spectrum at 25.2 MHz; this spectrum shows too few lines and
yields (31) an average value of 3Jc4, ge and 3Jcs, me- The conditions for
virtual coupling involving H6 and H6’ are present in L-ascorbic acid. The
H6 and H6’ nuclei are nearly isochronous yet are not magnetically
equivalent, as shown in the 600 MHz spectra. The chemical shift dif-
ference between H6 and H6' at 2.3 T field is about 1.1 Hz with a
coupling constant of about 11 Hz. Thus A8/] equals approximately 0.1
and the coupling constants cannot be determined by inspection (32). To
determine if virtual coupling is the cause of the discrepancy, coupled C
NMR spectra need to be obtained at the highest possible field. At 94 T,

A8/] = 0.4 and if an expemﬁ&ﬁecﬁmfcgfvated pH, such as 7, the
Society Library
1155 16th St. N. W.
Washington, D. C. 20036



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch006

148 ASCORBIC ACID

Table VII. Carbon-Proton Coupling Constants for L-Ascorbic Acid

130

Proton C1 C2 C3 Cj Cs Ccé

H4 1.87° 1.96 5.70 153.1 0.2 1.4
(20)* (2.0) (5.9) (152.8) — (1.0)
H5 <05 <05° 1.20° 1.85 145.6 5.40
_ — (1.5) (2.0) — (5.4)

Hé — — — 2.55 — 144.3
— — — (2.0-2.4) —  (145.0)

He6’ — — — 2.55 — 144.3
— — — (2.0-2.4) — (1450

N dl‘gote: Data given as Hz; pH 2.31 (pH meter reading in D2O with a glass elec-
ode).

¢ Probable error of J = 0.1 Hz.

* Data taken from Ref. 1 ; reported precision * 0.24 Hz.

° From 4-D-L-ascorbic acid.

value of A§/] would be greater than 1. Under those circumstances
3Jcs, me and 3Joy mer Without ambiguity might be determined. Such an
experiment is in progress.

Experimental

NMR. Most 3C NMR and H NMR spectra of L-ascorbic acid and its
derivatives were recorded from aqueous solutions using a Varian Model XL-
100-15 spectrometer interfaced to a Nicolet 1180 digital computer and to a
Nicolet 1093B pulse Fourier transform system with quadrature phase detection.
Some 'H NMR spectra were also obtained at 600.2 MHz in deuterium oxide on
the Caregie-Mellon instrument. All 13C NMR samples were in 12-mm, and
all 'H NMR in 5-mm, sample tubes. In most cases dioxane was used as an
internal reference for 13C NMR spectroscopy and the shifts were calculated as
follows: 8ye,81 = 84joxane T 67.40 ppm. For TH NMR spectroscopy, and in a
few instances for 13C NMR, sodium 2,2-dimethyl-2-silapentan-5-sulfonate (DSS)
was used as the internal reference and its shift was assumed to equal that of
tetramethylsilane. All shifts are reported relative to tetramethylsilane. Full-
range 3C NMR spectra normally were acquired using 16K time domain data
points with 40-50 degree pulse widths and 3-5 s delays between pulses. Some
partial-range proton-coupled spectra were collected under higher point resolu-
tion (2—4 points/Hz) to give more accurate coupling constants. The 'H NMR
spectra were acquired routinely at 4 spectral points/Hz resolution on the
XL-100.

The pH dependence of the 13C NMR chemical shifts was determined on
0.5-M samples of L-ascorbic acid in water using a 5-mm concentric capillary
tube containing deuterium oxide and DSS to provide the lock and reference
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signals, respectively. The pH of an initially acidic solution was adjusted upward
with 1 M sodium hydroxide directly in the NMR tube while purging with nitro-
gen. The pH was measured with a Beckman Centry-SS meter equipped with a
3-mm diameter Ingold combination electrode (Wilmad Glass Co., Inc.). All
pH values were obtained following data acquisition. The values did not vary by
more than 0.15 units, however, from the initial readings. The shifts reported
were corrected for the 1.75-ppm difference between external DSS in deuterium
oxide and internal DSS in water with the external signal occurring more upfield.

Spin-lattice relaxation times for the carbon atoms of L-ascorbic acid treated
with Chelex-100 (Bio-Rad Laboratories) were determined on 0.25 M solutions
in deuterium oxide purged with nitrogen. The inversion-recovery method
(33-35) with alternating phases and 8-10 r values was used for the protonated
carbons, and the homo-spoil technique with 6-8 7 values was used for the non-
protonated atoms. The spin-lattice relaxation times (T;) were calculated from
the data using the appropriate Nicolet (25) digital computer programs. The
T,-values for the nonprotonated carbon atoms were repeated using the inver-
sion recovery method and were virtually identical to those reported in Table 1.

Barium 4Z- and 4E-2-Sulfo-2,3,4,6-tetrahydroxyhexa-2,4-dienoate-3-lac-
tone. The procedure of Cousins et al. (36) was used to prepare L-ascorbyl
6-valerate (mp 89-92°C). The valerate ester (15 g, 57.6 mmol) was dissolved
in pyridine (250 mL) at 25°C and pyridine-sulfur trioxide complex (25 g, 2.5
equivalents) was added. After stirring 18 h at room temperature, water (500
mL) was added, and the mixture was placed in a water bath at 70°C. The pH
of the mixture was maintained at 9-9.5 by periodic addition of saturated barium
hydroxide solution. The elimination reaction at 65°C was complete in 4-8 h,
as evidenced by the constancy of the reaction pH. The reaction mixture was
adjusted to pH 10 by addition of saturated barium hydroxide, and at that point
the total volume of the mixture was 1.5 L. Pyridine was removed by evapora-
tion under vacuum to 300 mL, and the evaporation step repeated twice after
addition of water (250 mL). The mixture was adjusted to pH 2 by addition of
sulfuric acid (1 M), and barium sulfate was removed by filtration. The filtrate
was extracted with ethyl ether (3 X 500 mL) to remove valeric acid, and the
aqueous layer (~ 300 mL) was adjusted to pH 7 by addition of barium hydrox-
ide. After evaporation to 50 mL, barium sulfate was removed, and an equal
volume of acetonitrile was added to the filtrate. The desired compound crys-
tallized in the cold to give 12.0 g (55% ) of crude material with mp 215-225°C.
The crystals were dissolved in water (30 mL) and were decolorized with char-
coal; after addition of acetonitrile, analytically pure crystals were obtained
[yield, 5 g with mp 220-225°C (decomposed)].

Analysis. Calculated for CgH,04SBa - %.H,0: C, 18.85; H, 1.31. Found:
C, 18.95; H, 1.29. UV data: pH 0.5-1.0, A,y 260 nm; pH 6.5 Apax 244; emur
14.6. The ionization of OH3 had a pK, of 2.0, determined from the change in
Amax between pH 0.5 and 7.0.

The E-isomer was prepared in the same manner starting from p-isoascorbic
acid (III, 26 g). The 6-valerate ester of III was a syrup, and the yields of
crude and pure crystals of the E-isomer were 8.1 g and 2.3 g, respectively. The
mp of the pure material was 235-240°C (decomposed).

Analysis. Calculated for CgH,04SBa: C, 19.30; H, 1.08; S, 8.58; and Ba,
36.77. Found: C, 19.40; H, 1.25; S, 8.58; and Ba, 37.01. UV data: pH 7,
Amax 248; ey, 11.6.
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Chelates of Ascorbic Acid

Formation and Catalytic Properties

ARTHUR E. MARTELL
Department of Chemistry, Texas A&M University, College Station, TX 77843

Ascorbic acid, H,L, is a relatively weak bidentate ligand,
which coordinates metal ions, M™, to form chelates,
MHL™" at low and intermediate pH values, and unpro-
tonated chelates, ML*™* at high pH. Metal ions capable of
undergoing redox reactions catalyze the autoxidation of
ascorbic acid through the formation of intermediate metal-
ascorbate-dioxygen complexes. Catalysis of autoxidation by
metal chelates seems to occur through the formation of
ternary ascorbate complexes of the metal chelates. Ascorbic
acid is assigned a significant catalytic role in Udenfriend’s
system through the formation of an initial ascorbate-
Fe(I1)-dioxygen complex in which electron transfer to
dioxygen results in oxygen activation and oxygen atom
insertion.

Rcorbic acid, 1, is a dibasic acid with a bifunctional ene—diol group
built into a heterocyclic lactone ring (1). Although the dissociation
constants of the ene—diol hydroxyls are increased somewhat over normal
values by the electron-withdrawing oxygen atoms on the adjacent 1- and
4-positions, the acidity of ascorbic acid is due mainly to resonance
stabilization of the monoanion (2), which distributes the negative
charge between the oxygens at the 1- and 3-positions, as indicated by 2a
and 2a’. Such stabilization is not possible when the 3-hydroxyl is not
ionized. Formula 2b therefore represents a higher energy form that does
not contribute appreciably to the structure of the monoanion. The
undissociated hydroxyl group of the monoanion may be hydrogen bonded
to either of the adjacent negatively charged oxygens at the 1- and 3-posi-
tions, as indicated by 2a and 2a’. The high acidity of the 3-hydroxyl
group can be readily understood by analogy with carbonic acid mono
esters, with which it has a vinylogous relationship. The nature of the
monoanion has been well-characterized by x-ray crystallographic studies

0065-2393/82/0200-0153$06.00/0
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of its salts (2,4) and its metal complexes (3,5) as well as by IR (6)
and NMR (7) studies of the ligand and its metal complexes.

The second pK corresponding to the conversion of 2a to 3 is rela-
tively high (~ 11.3) because of the negative charge on 2a, and hydrogen
bonding to the negative oxygens at the 1- and 3-positions. Both effects
tend to increase the stability of the monoanion relative to the com-
pletely dissociated form.

The binegative ene—diol anion of ascorbic acid, L*, is a bidentate
ligand and is capable of reacting with metal ions M™ of coordination
number 4 or 6 to form a series of complexes ML**2, ML,""*%; or ML*"*2,
ML, and ML;™; respectively. Comparison with analogous ligands
having similar pK’s indicates that the stabilities of the 1:1 ascorbate
chelates of divalent transition metals should be in the range of 105-10"°.
The stability constant data available for ascorbic acid, listed in Table I,
indicate that only relatively very weak chelates have been reported. For
the “normal,” fully deprotonated chelates, the stabilities of only the 1:1
chelates of Ca(II), Fe(II), Cd(II), and Ag(I) are indicated. The
formation constants listed are in the range of 10'* to 10%%, orders of
magnitude below what would be expected for complexes of the type
indicated by formula 5.

Table I. Stabilities of Metal Chelates of L-Ascorbic Acid (H,L)

Metal Log Formation Constant
Ion Equilibrium Quotient (p=0.10M;t=25°C)
H HL]/[H*][L?*] 11.34
H* H.L]/[H*][HL] 4.03
Ca? CaHL*]/[Ca?][HL] 0.2°
CaL]/[Ca®][L*] 14°
Sr2* [SrHL*]/[Sr**][HL"] 0.3°
Mn?* [MnHL*]/[Mn*][HL] 1.1°
Fe* FeHL']/[Fe*][HL"] 0.21°
FeL]/[Fe*][L#] 2.0°
Ni% [NiHL*]/[Ni?*][HL"] 1.1°
Cu? CuHL*]/[Cu*][HL] 1.6
Zn?* ZnHL']/[Zn*][HL] 1.0°
Caz [CdHL']/[Cd*][HL] 0.42°
Pb* [PbHL*]/[Pb*][HL"] 1.8
Al* [AITHL?"]/[AI¥][HL"] 1.9
[Al(HL),*][AI*][HL]? 3.6
Ag [AgL]/[Ag ][L*] 3.66
UO0,* [UO.HL*]/[UO.*][HL"] 2.35
U0, (HL),]/[UO>*][HL"]? 3.32

225°C,p=10.16 M.
225°C, u =30 M.
*25°C, u ~ 0.
Source: Reference 1.
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Most of the metal chelates for which stability constants have been
reported are the 1:1 monoprotonated chelates corresponding to formula
4. These are quite weak, with log K values ranging from 0.2-2.35,
because of the low negative charge on the ligand anion and the fact
that one of the two donor oxygens is protonated. Of the possible ligand
donor group arrangements indicated by formulas 4a and 4b, 4a is
generally accepted and agrees with the x-ray data thus far obtained for
this type of chelate compound. The bonding arrangement in 4b, how-
ever, is still a reasonable possibility because of the delocalization of
negative charge between the oxygens at the 1- and 3-positions.

Although the metal chelates of the completely deprotonated ligand
are generally written as indicated by 5a, there is also a possibility of the
formation of coordinate bonding modes of the type illustrated by 5b,
again because of the delocalization of negative charge between the
oxygens bound to the 1- and 3-carbon atoms. The lack of data in the
literature on the “normal” metal chelates in which the ligand is fully
deprotonated is probably due to the fact that for most metal ions such
chelates are formed only in alkaline solution. Interesting redox reactions
of ascorbic acid, its salts, and its metal chelates take place in acid
solution and may be conveniently studied at moderately low to low pH.
In alkaline solution the rate of autoxidation of ascorbic acid and the effect
of trace impurities that catalyze such oxidation reactions increase many
fold, and the precautions necessary to carry out studies in alkaline
solution are somewhat inconvenient. There seems to be no fundamental
reason, however, why chelate formation by ascorbic acid with non-
oxidizing metal ions could not be studied at moderately to high pH
under such conditions that the metal ions do not hydrolyze extensively
or precipitate.

Oxidation by Metal Ions and Metal Chelates

Ascorbic acid is a strong two-electron reducing agent that is readily
oxidized in one-electron steps by metal ions and metal complexes in their
higher valence states. An inner sphere mechanism for the stoichiometric
oxidation of ascorbic acid by ferric ion in acid solution is illustrated by
Scheme 1 (8). The first step in the reaction is the formation of a mono-
protonated Fe(III) complex similar to the monoprotonated ascorbate
complexes listed in Table I. The intermediate monoprotonated Fe(III)
complex is short-lived and rapidly undergoes an intramolecular one-
electron transfer to give a deprotonated Fe(II) complex of the ascorbate
radical anion, indicated by 7. This complex dissociates to the free radical
anion, which may then combine with a second ferric ion to form the
complex 9. Complex 9 in turn undergoes a second intramolecular electron
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Scheme 1. Direct oxidation of ascorbic acid by ferric ion.

transfer to give the final product, dehydroascorbic acid, formula 10. The
monoprotonated complex 6 has been identified as the starting material
for both Cu(II)- and Fe(III)-catalyzed oxidation of ascorbic acid on
the basis of the pH dependence of the reaction rate for oxidation with
both metal ions, and by rapid equilibrium measurements of chelate
formation with Cu(II) ion. The postulation in Scheme 1 that ascorbate
radical anion 8, and its Fe(II) chelate 7, as well as its Fe(III) chelate 9,
are completely deprotonated, is based on Chapter 4 in this volume.

The oxidation of ascorbic acid by Cu(II) ion is somewhat less rapid
than the rate of oxidation by Fe(III), but is considered to proceed by the
same type of mechanism. As may be seen from that data in Table I, the
monoprotonated metal chelates of ascorbic acid are generally quite weak
and tend to be extensively dissociated in solution. Moreover, as electrons
are withdrawn from the ligand to give first the radical anion and finally
the neutral dehydroascorbic acid, the affinities of these oxidized forms
for metal ions are further decreased with each oxidation step. Therefore,
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with the possible exception of 6, the metal complexes illustrated in
Scheme 1 may represent rather minor species in the reaction mixture.

The mechanism of oxidation of ascorbic acid by various metal che-
lates such as those of Fe(III) and Cu(II) is similar to the mechanism of
oxidation by the metal ion, except that the rates are very much lower
(9). These reactions are also first order in the ascorbate monoanion
and first order in metal chelate. The rates decrease rapidly as the
stabilities of the metal chelates increase but do not correlate with the
rates that would be predicted through a mechanism involving the
equilibrium dissociation of the metal chelate to the free (aquo) metal jon.
Therefore, the reactions are believed to occur through the formation of
a mixed ligand chelate involving ascorbate anion as a secondary ligand,
and the rate-determining electron transfer would be dependent not only
on the stability (i.e., the oxidation potential) of the metal chelate itself
but also on steric factors related to the orientation and dimensions of the
ligand donor groups.

The stoichiometric redox reactions of ascorbic acid with oxidizing
metal ions and metal chelates, of the type illustrated in Scheme 1, are
also involved in the mechanisms of oxidation of ascorbic acid by various
oxidants since they function as very efficient catalysts for such reactions.
Further details concerning electron transfer processes in the metal che-
lates of ascorbic acid will be presented in the following discussion of the
role of simple metal ascorbate chelates and of mixed ligand ascorbate
chelates in the oxidation of ascorbic acid by molecular oxygen.

Catalysis of the Autoxidation of Ascorbic Acid
by Metal Ions and Metal Chelates

The systems described above by which metal ions and metal chelates
accomplish two-electron oxidation of ascorbic acid, may be employed in
catalytic systems in which the metal ion or chelate is only a minor con-
stituent. Any oxidizing agent capable of reoxidizing the metal ion or
chelate from its lower valent state to its higher valent state may be
employed. While in the following treatment the oxidant is molecular
oxygen, it should be possible to set up analogous reaction systems with
other oxidants such as hydrogen peroxide, halogens, nitrite ion, and many
others.

Metal-Ion-Catalyzed Autoxidation. Figure 1 illustrates the varia-
tion of the first-order rate constants for the autoxidation of ascorbic acid
by molecular oxygen with the concentration of the Cu(II) ion, which is
present in catalytic (i.e. low) concentrations (8). The linear relationship
indicates second-order behavior [first order in ascorbic acid and first
order in Cu(Il)]. The catalytic effect of Cu(II) is also seen to decrease
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Figure 1. Rate constants for the Cu(ll)-ion-catalyzed autoxidation of

ascorbic acid as a function of Cu(ll) concentration at —log [H*] values

of: A, 1.50; B, 2.00; C, 2.25; D, 2.50; E, 2.85; and F, 3.45; t = 25°C;
1= 0.10M (KNOy).

rapidly as hydrogen ion concentration is increased. This variation of the
second-order rate constant with pH may be eliminated if the concentra-
tion of the substrate is replaced by that of the monoanion, indicating that
the latter, or the corresponding monoprotonated Cu(II) chelate, is the
reactive species in the oxidation reaction.
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A similar catalytic effect (8) of Fe(III) on the oxidation of ascorbic
acid is illustrated in Figure 2. In this case the observed rates are con-
siderably higher than those illustrated in Figure 1 for Cu(II) catalysis.
The pseudo first-order rate constants for the oxidation of ascorbic acid
illustrated in Figure 2 are seen to vary in a linear fashion with the
concentration of Fe(III), which is present in catalytic amounts. The
rates indicated in Figure 2 are also seen to increase with hydrogen ion
concentration, and here again the pH variation in the rate indicates that
the monoanion, or its monoprotonated iron chelate, is formed in a pre-
equilibrium step prior to the rate-determining electron transfer reaction.
From the data illustrated in Figure 2, second-order rate constants for
the Fe(III)-catalyzed oxidation of the ascorbic acid monoanion may
be calculated.

The second-order rate constants for the autoxidation of ascorbic acid
determined from data of the type illustrated in Figures 1 and 2 were
found to be proportional to the dioxygen concentration. At low oxygen
concentrations this dependence on oxygen concentration was found to
level off indicating a change in reaction mechanism. Also the rates in the
presence of oxygen were found to be much more rapid than the direct
stoichiometric rates of oxidation by the Cu(II) and Fe(III) ions in the
absence of molecular oxygen. Figure 3 illustrates the dependence on
oxygen concentration of the specific rate constants (i.e., rate constants
based on concentration of the monoprotonated anion) for the autoxidation
of ascorbic acid in the presence of catalytic amounts of Fe(III). Similar
relationships were obtained for Cu(II) catalysis. The data therefore
indicate third-order behavior for Cu(II) and Fe(III) catalysis of the
autoxidation of ascorbic acid—first order in substrate, first order in metal
ion, and over a limited range of concentration, first order in dioxygen
concentration. This behavior, together with the fact that the observed
reaction is much more rapid in the presence of dioxygen than in its
absence, provides evidence for the formation of an intermediate ascor-
bate—copper—dioxygen complex in which the rate-determining electron
transfer takes place. The experimental observation that the metal-
catalyzed oxidation by molecular oxygen is much more rapid than the
stoichiometric oxidation of ascorbic acid by the metal ion or chelate in
the absence of molecular oxygen, was noted some time ago by Dekker
and Dickinson (10) but this observation was interpreted in terms of the
reactivity of the ascorbate radical anion, and its involvement in a free
radical chain reaction.

A reaction mechanism for the metal-ion-catalyzed autoxidation of
ascorbic acid, involving the formation of an intermediate ternary ascor-
bate-metal ion—dioxygen complex, is illustrated in Scheme 2. Although
the bonding between the metal ion and the dioxygen in the intermediate
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Figure 2. Rate constants for the Fe(Ill)-ion-catalyzed autoxidation of
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dioxygen complex would seem to be extremely weak, it may be stabilized
by resonance of the type indicated by 11a and 11b (Scheme 2) as
suggested by Hamilton (11). The rate-determining electron transfer step
illustrated in Scheme 2 is indicated as occurring through an ionic shift
of two electrons in accordance with the suggestion of Hamilton (11) to
give directly a Cu(II) complex containing weakly coordinated dehydro-
ascorbic acid and a more strongly coordinated hydroperoxide donor, as
indicated by formula 12. This complex rapidly dissociates to the free
metal ion, hydrogen peroxide, and the oxidation product. While the
redox reaction involving transfer of two electrons is illustrated in the
mechanism in Scheme 2 as occurring in a single step, it would also be
quite reasonable to illustrate the redox reaction as occurring in two
successive one-electron transfers with the formation of an intermediate
complex in which Cu(II) is bound to a deprotonated ascorbate radical
anion and a superperoxide anion. With kinetic data presently available
it is impossible to distinguish between these alternative reaction mech-
anisms.

The work described here on the Cu(Il)- and Fe(III)-catalyzed
autoxidation of ascorbic acid has been extended to catalytic systems
involving vanadyl (12) and uranyl (13) ions. On the basis of the results
described above it would seem that there are potentially many other
metal ions that are capable of undergoing redox reactions with the
ascorbate ion, and that may function as catalysts in the autoxidation of
ascorbic acid. Analogous mechanisms may also apply to systems involving
metal-ion catalysis of ascorbate oxidation in which the primary oxidant
is a reagent other than molecular oxygen.

Metal-Chelate-Catalyzed Autoxidation of Ascorbic Acid. Kinetic
data for reaction systems in which metal chelates rather than metal ions
serve as catalysts for the autoxidation of ascorbic acid are illustrated in
Figures 4, 5, and 6 (9). The rate constants are independent of molecular
oxygen concentration and are much lower than those observed for
autoxidation of ascorbic acid in the presence of free (aquo) metal ions.
The metal-chelate-catalyzed reactions are therefore expected to proceed
through single electron transfer steps, with the first electron transfer
followed by metal ion dissociation and recombination of the deprotonated
ascorbate radical anion with the higher valence form of the metal chelate.
Thus the reaction mechanism is similar to the stoichiometric reaction
scheme illustrated in Scheme 1 with a metal chelate replacing the free
metal ion. In a catalytic system in the presence of excess molecular
oxygen and only a relatively small amount of metal chelate the generation
of the lower valence form of the metal chelate by oxidation of ascorbic
acid is counter-balanced by rapid reoxidation of the metal chelate to the
higher valence form by molecular oxygen, resulting a cyclic catalytic
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Figure 4. Variation of rate constants for the autoxidation of ascorbic
acid as a function of concentration of Cu(Il) chelates at 25°C and —log
[H*] of 3.45: EDTA = ethylenediaminetetraacetic acid; HEDTA = hy-
droxyethylethylenediaminetetraacetic acid; NTA = nitrilotriacetic acid;
HIMDA = hydroxyethyliminodiacetic acid; IMDA = iminodiacetic acid.

process of the type illustrated in Scheme 3. The pseudo first-order rate
constants plotted in Figures 4 and 5 show linear dependence of the rate
constants on copper chelate and on iron chelate concentrations, respec-
tively, thus indicating the formation of a mixed ligand complex with
ascorbate as the reactive intermediate in which the slow rate-determining
electron transfer occurs. The reaction rates are also seen to decrease
rapidly with an increase in the stabilities of the copper and iron chelates
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Figure 5. Variation of rate constants for the autoxidation of ascorbic

acid as a function of concentration of Fe(Ill) chelates at 25°C and —log

[H*] of 2.45; DTPA = diethylenetriaminepentaacetic acid; CDTA =

trans-1,2-diaminocyclohexanetetraacetic acid; other terms as in caption of
Figure 4.

involved. This effect may be interpreted in one of two ways: (i) that
the reaction occurs through a dissociative mechanism releasing a small
amount of the free metal ion, which then acts as a catalyst for ascorbic
acid oxidation, in the manner illustrated in Scheme 2; or (ii) that the
redox potential of the copper ion in the mixed ligand—ascorbate—carrier
ligand complex stabilizes the higher valent form of the metal ion to a
greater extent when a more highly stable metal chelate is involved as
the catalyst.
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Figure 6. Dependence of second-order rate constants for Fe(I1ll)-chelate-
catalyzed autoxidation of ascorbic acid on hydrogen ion concentration at
25°C. Abbreviations are those given in Figures 4 and 5.
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The possibility that the decreased catalytic activity with increase in
metal chelate stability represents a dissociative mechanism in which the
free metal ion is actually the catalyst was explored by comparing the
observed rates with the concentrations of free metal ion in equilibrium
with the various chelates investigated. Since the rate constants for free-
metal-ion catalysis are known it was possible to calculate and predict the
observed catalytic rate constants, since the equilibrium constants for
dissociation of the metal chelates are also known. The values calculated
in this manner did not correlate with the observed rates, indicating that
the observed catalysis probably proceeds by electron transfer from the
reductant to the metal ion in the mixed ligand chelates of the type
illustrated in Scheme 3. In such a mechanism the metal chelates are
visualized as remaining intact in both the oxidized and reduced forms
through the entire catalytic cycle. Thus the deprotonated ascorbate
radical anion and the carrier-ligand are visualized in formula 15 as
remaining simultaneously bound to the reduced metal ion and remain
combined with the metal ion when it is reoxidized to the higher valence
state [i.e., from Cu(I) to Cu(II)]. After the second electron transfer,
however, as indicated in 16, the dehydroascorbic acid finally formed is
such a weak ligand that it readily dissociates and the simple metal
chelate in which the metal ion is again in its lower valence state and is
reoxidized by molecular oxygen to regenerate the catalyst 13.

In the first mixed ligand complex formed in the reaction mixture, 14,
the coordinated ascorbate ion is indicated in its monoprotonated form.
Experimental evidence for the degree of protonation of this species was
obtained from the variation of the calculated second-order rate constants
with hydrogen ion concentration in the low pH range in which these
reactions were carried out. The substrate was primarily in its neutral
diprotonated form and the equilibrium involving mixed ligand complex
formation results in displacement of one of the two protons present on
the ene—diol groups. Thus the concentration of intermediate 14 will
increase as the hydrogen ion concentration decreases. This effect is
clearly observed in the plots of the second-order rate constants as a
function of pH in Figure 6. Similar effects were obtained for both iron-
and copper-chelate-catalyzed oxidation reactions. Since the tendency of
a metal jon in a metal chelate compound to exist in its higher valence
state increases with the stability of the metal chelate compound, and in
fact its redox potential can be calculated from the stability constant of
the metal chelate itself, it would be expected that increasing the stability
of the metal chelate would decrease its catalytic activity for the autoxida-
tion of ascorbic acid, as is seen in Figures 4 and 5. While it is clear that
this trend exists, there is no linear correlation between chelate stability
and catalytic activity because, if such a correlation existed, it would not
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have been possible to eliminate the dissociative mechanism involving an
alternate catalytic route involving the free aquo metal ion in its higher
valence state. It is obvious that the more stable metal chelates will
have a larger number of donor groups coordinated to the metal jon and
will have coordinate bonds that are more difficult to break, a process that
would be necessary for the complexes with multidentate ligands in which
the metal ion is nearly or fully coordinated. This type of displacement
is indicated schematically by formulas 13 and 13a in Scheme 3 in which
the metal jions [Cu(II)] are represented as being tetra-coordinated. The
formation of a mixed ligand complex required for an inner-sphere
electron transfer of the type indicated in formulas 14, 15, and 16 would
involve displacement of one or more of the coordinated donor groups
of the carrier ligand. It is expected that considerable steric effects would
be associated with such displacement processes and that these effects
would vary in a very complex way with the nature of the ligand in the
catalytic metal chelate.

Finally it should be pointed out that there is an alternate mechanism
for the two successive electron transfer processes indicated by the
sequence 14 — 15 — 16 — 13a. It is quite possible that the ascorbate
radical anion dissociates from the mixed ligand complex 15, prior to
reoxidation of the Cu(I) ion, and recombines with another Cu(II)
chelate prior to the final electron transfer step indicated by 16 - 17 +
10. This represents a slight modification of the mechanisms in Scheme 3,
and involves an alternate branch for reaction sequence 15 — 16 — 17.

The main difference between the Fe(IIl) and Cu(II) ion-catalyzed
autoxidation of ascorbic acid on one hand, and the Fe(IIl) and Cu(II)
chelate-catalyzed oxidation reactions is the lack of dependence of the
latter systems on the concentration of molecular oxygen, and the absence
of a ternary metal substrate—carrier ligand—dioxygen complex as an inter-
mediate in the proposed reaction mechanism. The absence of such an
intermediate may be considered to be due at least in part to the occupa-
tion of all or nearly all the coordination positions of the metal ion by the
carrier ligand, thus crowding out the dioxygen, which is at best a
relatively weak monodentate ligand. It should also be noted that the
proposed mechanism in Scheme 3 involves two successive electron trans-
fers rather than a single ionic type two-electron shift of the type indicated
in Scheme 2. It is not intended at this stage to favor one mechanism
over the other; both should be considered alternatives. A factor in
ascorbate autoxidation that may not apply to many other substrates is
the resonance stabilization of the one-electron oxidation intermediate,
the ascorbate radical anion. In cases where one-electron reduction of
oxidation products are stabilized by resonance or other constitutional
factors, the one-electron transfer process may be favored over two-
electron redox reactions.
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Ascorbic Acid Oxidase

Ascorbic acid oxidase is activated by Cu(II) ion and is believed to
function in a manner similar to the mechanism indicated in Scheme 3
involving a series of two successive one-electron transfer steps in which
the ascorbic acid is oxidized to an intermediate free radical anion
coordinated at the active site in a manner similar to that indicated by
formula 15. In the enzymic system it seems likely that the intermediate
ascorbate free radical would remain coordinated to the metal ion in both
Cu(I) and Cu(II) forms, rather than undergo successive dissociation
and reassociation steps that would tend to greatly slow down the
enzymic reaction process. In this respect the enzymic mechanism may
differ from that suggested in Scheme 3 for metal chelate catalysis of the
autoxidation of ascorbic acid, since there is no evidence in the latter case
that the weak Cu(I) intermediate complex would hold together long
enough for the reoxidation step to occur (see discussion later). Since
the metal ion would remain bound to the active site of the enzyme, its
reoxidation by molecular oxygen may very well occur through the
formation of a dioxygen complex, thus providing an additional reaction
intermediate. As mentioned before, the free radical ascorbate anion is
resonance-stabilized and its formation in these systems in appreciable
quantities therefore seems reasonable. Another probable difference be-
tween the enzymic mechanism and the mechanism suggested in Scheme
3 for metal chelate catalysis is the displacement of some of the ligand
donor groups from the coordination sphere of the metal ion that would
be required for the formation of the mixed ligand complexes in which
the electron transfer process takes place. Such displacement reactions
would greatly slow down and inhibit the reaction rate and it is believed
that the enzyme certainly would eliminate such reaction barriers by the
design of a coordination sphere that would make available at least two
labile coordination sites of Cu(II) for combination with the substrate.

Rate Laws for Metal-Ion- and Metal-Chelate-Catalyzed
Autoxidation of Ascorbic Acid

On the basis of kinetic data of the type illustrated in Figures 1, 2,
and 3 the rate law of autoxidation of ascorbic acid is represented by
Equation 1, involving a third-order rate constant and a reaction rate
that is first order in substrate monoanion, metal ion, and molecular
oxygen. Since the rate-determining step involves electron transfer in a
ternary complex, third-order behavior involves two pre-equilibria, Equa-
tions 2 and 3, for the formation of the ternary complex, and a final slow
step, Equation 4, in which the coordinated oxygen undergoes a two-
electron reduction to hydrogen peroxide. As pointed out by Taqui Khan
and Martell (9), the hydrogen peroxide rapidly disappears and is not
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detected in the final reaction mixture. The hydrogen peroxide formed
may be reconverted to oxygen and water through the catalase-like action
of the cupric ion or of some of its complexes.

d -
— B _ kHLcw0,) (1)
Cu?* + HA" = CuHA* (2)
CuHA* + 0, = CuHAO,* (3)
slow
CuHAO,;* 4+ H* —— Cu* 4+ A 4 H,0, (4)

The metal-chelate-catalyzed autoxidation of ascorbic acid is not
dependent on the concentration of molecular oxygen. On the basis of
the data illustrated in Figures 4, 5, and 6 the rate expression suggested
for this type of reaction is given by Equation 5, which indicates that the
disappearance of the monoanion of the substrate is first order in both
metal chelate and the ascorbate monoanion. Thus the reaction sequences
indicated by Equations 6, 7, and 8 consist of a pre-equilibrium involving
the formation of a mixed ligand metal—carrier ligand—substrate mono-
anion complex. Following the rate-determining electron transfer reaction
within the mixed ligand complex (Equation 7), the lower valence form
of the metal complex is rapidly reoxidized in solution by molecular
oxygen, thus regenerating the catalyst. H,A represents a multidentate
ligand, and H.L is ascorbic acid.

_ d[HL]

BE) — kHL ) [CuAe ] (5)

CulA@™* | HL- = Culf(A) (HL)4-»* (6)
Cul(A) (HL) 0 2% Guiad-> 4 L 4 H* (1)
Free radicals —fas—t-» A 4 H,0, (8)

CuAG-™* Og

Recently Jameson and Blackburn (14, 15,16) have suggested an
alternate mechanism for the copper-catalyzed autoxidation of ascorbic
acid, involving the formation of a binuclear Cu(II) complex (17) of
the ascorbate anion, and the subsequent formation of an intermediate
peroxo type Cu(II)-dioxygen—-ascorbate complex (18). Their kinetic
data suggested a variety of rate behavior depending on the nature of
the supporting electrolyte. Formula 17, which was postulated for nitrate
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HOCH.HOCH

I:I ...... o)
O’——-Cuz’---(‘)
0) 0)
0----Cu?--=0
Ocvvene 1!1 CHOHCH,OH

HOCH,HOCH H

@)
O —

(OREEERE H CHOHCH.OH
Intermediate dioxygen complex, CuHLO.CuHL, 18

media, seems to suggest the rate indicated by Equation 9. Thus the
reaction sequence suggested consists of two pre-equilibria, Equations 10
and 11, which result in the formation of the dinuclear peroxo type
dioxygen complex, 18. This is followed by a rate-determining electron
transfer (Equation 12), which results in the formation of two free
radicals that are converted to final products in subsequent steps that seem
to be partially rate determining. In chloride media [and probably in the

—UDel _ prowrar r0.1 ©)
2CuHL* = (CuHL),** (10)

(CuHL) 4 0, = CuHLO,CuHL?" (11)
CuHLO,CuHL? % LCuO.H- 4 Cu®* 4 L- (12)
free radicals — products (13)

presence of other anions that coordinate Cu(II)] the chloride ion seems
to participate in binuclear complex formation, and further complicates
the kinetics.
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The half-order dependence of the rate of autoxidation of ascorbic
acid on molecular oxygen that was found by Blackburn and Jameson and
that was the basis for their suggestion of binuclear intermediates 17 and
18, is quite interesting, especially in view of the fact that peroxo bridged
dioxygen complexes analogous to 18 have also been observed for cobalt
dioxygen complex systems (17). As noted above, the first-order dioxygen
dependence observed by Taqui Khan and Martell (9) undergoes a transi-
tion at low oxygen concentrations to lower order dependence and finally
zero-order dependence as indicated in Figure 3. Thus it may very well
be that at low oxygen concentrations binuclear complexes of the kind
observed by Blackburn and Jameson become the reaction intermediates
for autoxidation of ascorbic acid, resulting in the observed half-order
dependence of the reaction rates on oxygen concentration. On the other
hand, binuclear complexes of the type illustrated, 17 and 18, tend to
form only in solutions in which the metal ion concentration is at least
moderately high. Therefore in solutions in which the catalytic species,
either the Cu(II) or Fe(IIl) ions, or their metal chelates, are present at
very low concentrations the formation of binuclear complex intermediates
is not very likely. Under such conditions, catalysis by mononuclear
complexes of the types indicated in Schemes 2 and 3 would seem to be
favored.

It is interesting to note that the 43 oxidation state of copper has
been invoked by Jameson and Blackburn (15,16) in the formation of
dioxygen complexes. Although this is an attractive idea in view of recent
investigations reported by Margerum et al. (18), the formation of stable
Cu(III) complexes in aqueous solution would require coordination with
ligands having very special properties. Here again it seems somewhat
unlikely that appreciable concentrations of Cu(1II) complexes are formed
in these reaction systems. On the other hand, Cu(IIl) may be invoked
for explaining the stabilities of Cu(II)-dioxygen complexes of the type
illustrated in Scheme 2, and 18. Thus the dioxygen complex intermediates
formed in trace amounts in these reaction systems may be considered
to involve oxidation of copper to an intermediate oxidation state between
Cu(II) and Cu(III).

Role of Ascorbic Acid in a Mono-oxygenase Model (Udenfriend’s System)

Recently ascorbic acid has been assigned a significant function in the
reactions involving oxygen insertion by model oxygenase and peroxidase
systems in which ferric ion or a ferric chelate is considered to be the
catalyst. Although reaction mechanisms suggested by earlier workers
involved ascorbic acid merely as a reductant to convert Fe(III) to
Fe(1I), which would then in turn interact with the oxidant, Hamilton
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(11) suggested that ascorbate or similar reductants such as catechol are
involved in the formation of a ternary complex in which the metal ion is
coordinated simultaneously to the reductant and the oxidant.

The reaction sequences originally suggested for oxygen insertion in
a substrate such as salicyclic acid in Udenfriend’s System (19-22) in
which molecular oxygen is the oxidant and an iron chelate such as
Fe(II)-EDTA is the catalyst and ascorbic acid is the reductant, is indi-
cated by Equations 14-18. In this reaction sequence oxygen insertion
is considered to occur by direct reaction of the aromatic compound with
HO,- and OH- free radicals, and the ascorbate reductant merely serves
the purpose of regenerating the Fe(II) chelate as indicated by Equations
16 and 17.

Fe"-EDTA + O, + H,0O — Fe™-EDTA + OH" + HO,- (14)

@/ EX 02 iEE Fell-EDTA @(15)
O0—OH

(4 H.02) (+ OH)

Fe".EDTA + H,A + OH - Fe"-EDTA 4 HA: 4+ H,O (16)
Fel.EDTA + HA: 4+ OH- — Fe™-EDTA + A + H,0  (17)
Fe-EDTA + H,0, - Fe.EDTA 4 OH: 4 OH" (18)

On the basis of the facts that oxygen insertion occurs preferentially
at the ortho and para positions relative to the activating hydroxyl group
on the aromatic ring, and that the reaction did not seem to involve free
radicals, Hamilton (11) suggested an ionic mechanism involving a ternary
ascorbate metal dioxygen complex of the type illustrated by 19 in Scheme
4. In the proposed mechanism a concerted shift of electron pairs results
in the insertion of an oxygen atom into the substrate and a concomitant
two-electron reduction of ascorbate to dehydroascorbic acid. An alternate
electron transfer sequence is, of course, possible involving two single
electron transfer steps and the formation of an intermediate complex in
which the ascorbate anion radical is coordinated to the metal ion. The
mechanism proposed in Scheme 4 is somewhat more satisfying than the
previously recommended free radical mechanism (Equation 14-18) be-
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H 0
\
(0] 0 }'I g
OH (o 3ol
0 4+ Fer 40, —= l S Fe3 —— .80-
OH <0+ l
H CHOH H ('jHOH SO
o 19
CH.OH Som
C|) 0
-0 : 9.
0 +Fe? + H,0 == 0 Fet...... OH-
\0 ~0°
H CHOH H CHOH
20
CH.OH CH.OH

Scheme 4. Proposed mechanism for Fe(Il)-catalyzed oxygen insertion
(Udenfriend’s system).

cause it assigns a more important role to the metal ion that is an essential
catalyst in these enzyme model systems.

A similar mechanism illustrated in Scheme 5 has been suggested
by Hamilton (1I) for peroxidase model systems (22) in which the
oxidant is hydrogen peroxide, the reductant is ascorbic acid or an analo-
gous reagent such as catechol, and the catalytic metal ion is Fe(III).
In this system the intermediate ternary complex undergoes an intramolec-
ular electron transfer involving fission of the oxygen-oxygen bond of the
peroxide ligand to give water and an intermediate complex that essentially
involves coordination of atomic oxygen with Fe(III). This intermediate
is somewhat stabilized by several resonance forms (21a-c) in which some
negative charge is seen to reside on the oxygen atom, thus accounting for
its ability to remain briefly coordinated with the metal ion. Insertion of
atomic oxygen into an appropriate substrate results in regeneration of



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch007

7. MARTELL Chelates of Ascorbic Acid 177

O----—H 0 I|{
0\ 0.,
4 Fe» =—= o H202 Fes'-0—O0—H
/',
H o H
CHOH CHOH CHOH
6 | 21
CH20H CH20H CH,0H
0
0.
I‘e"' 0--0 Fe“--~0 —~Q Fe:--0* | + H,0
o
CHOH CHOH H CHOH
CH2OH CH,0H CH.0H ]
22 22b
* H' |RH 22¢
Qe evve- Ii[
O\
0 | Fe"+ R—O—H
07
H CHOH
| 6
CH.0H

Scheme 5. Proposed mechanism for a model peroxidase system.

the Fe(III) complex 6 of the reducing ligand. Reduction of Fe(III)
by the ascorbate ligand is prevented by the oxidant, hydrogen peroxide,

- to regenerate the original reactive ternary complex, 21. Hamilton’s

mechanism for these peroxidase model reactions is of interest because of
its similarity to the reactions occurring in catalase and peroxidase
enzymic systems in which resonance forms of the iron porphyrin ring
system stabilize a two-electron oxidant intermediate believed to involve a
coordinated oxygen atom.
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Nitrogen Derivatives of L-Ascorbic Acid
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Alexandria, Egypt

The nitrogen derivatives of vL-ascorbic acid or its dehydro
derivative, and the rationale for interest in these derivatives,
are reviewed. In particular, the reactions of dehydro-L-
ascorbic acid (DHA) with o-phenylenediamine or its substi-
tuted derivatives are surveyed as well as the reactions of
DHA with hydrazines, which yield monohydrazones or
bishydrazones. Further conversion of these initial deriva-
tives into a variety of nitrogen heterocyclic compounds is
evaluated. The reactions of vL-ascorbic acid with amino
acids are also examined.

The role of r-ascorbic acid as a vitamin probably involves its partici-

pation in oxidation-reduction reactions. In those reactions dehydro-
L-ascorbic acid (DHA) is the first stable oxidation product; DHA is
often the first product in the degradation of L-ascorbic acid. Because of
its three adjacent carbonyl groups, DHA would be expected to undergo
nucleophilic reactions with a number of functional groups, including
amines. Nitrogen compounds arise in biological systems either from
naturally occurring amino acids and proteins or from added chemo-
therapeutic agents such as sulfa drugs, isoniazide, and hydralazine;
therefore, the study of the products of amine reactions with DHA is
important. Moreover, rL-ascorbic acid in foods is converted to DHA
when it acts as an antioxidant. Thus, the survival of vitamin C during
food processing depends in part on its involvement, and the involvement
of DHA, in reactions with amines in foods, giving products mostly
incapable of regenerating the vitamin.

Nitrogen derivatives of L-ascorbic acid are important because they
have been used extensively for the vitamin’s determination (1) in the
form of the bis(2,4-dinitrophenylhydrazone) of dehydro-L-ascorbic acid
(1). In addition, because of the commercial availability of L-ascorbic
acid with a relatively low price as well as the widespread use of hetero-

0065-2393/82/0200-0179$06.00/0
© 1982 American Chemical Society
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cycles, L-ascorbic acid could be used as a precursor in the synthesis of a
variety of heterocyclic compounds with or without carbohydrate sub-
stituents.

Reaction of DHA with o-Phenylenediamine

In its oxidized form, r-ascorbic acid is more reactive than are aldo-
2-uloses (osones); this greater reacitvity is caused by the carboxylic
group adjacent to the dicarbonyl groups. Because of these three adjacent
functional groups, DHA reacts with amines or o-phenylenediamine to
yield a variety of products; the product is determined by the molecular
proportions of the reactant (2-7). The product resulting from the con-
densation of one molar equivalent of o-phenylenediamine with the C1
and C2 carbons reacted (5) with phenylhydrazine to give 2,2’-anhydro-
[2-hydroxy-3-( 1-phenylhydrazono-L-threo-2,3,4-trihydroxybutyl ) quinoxa-
line] (2) in its hydrated form. The structure of 2 was based on the
formation of its diacetate (3) upon acetylation. More recently, the
structure of 2 was revised (8-10) to the acyclic form 3-[(1-phenyl-

OH R’
OH OR’
o 0
0 —N
\
0 0 PhHN—N N
1 2 R=H
3 R =Ac

hydrazono ) -L-threo-2,3,4-trihydroxybutyl ]-2-quinoxalinone (4, where
R =Ph). Those reactions have been extended using a variety of aryl-
hydrazines and aroylhydrazines (9, 11) as well as semicarbazide and thio-
semicarbazide (12) instead of phenylhydrazine. The structure of 4 was
based on spectroscopic studies (mass and IR spectra) as well as periodate
oxidation studies (10, 13). Periodate oxidation afforded the correspond-
ing aldehydes whose structures were confirmed to be 3-(1-substituted
hydrazono ) glyoxal-1-yl]-2-quinoxalinones (6) rather than 5, as was ex-
pected from the cyclic structures. These aldehydes provide a simple
route to glyoxalylquinoxalinone derivatives (6), which are potential
precursors to other heterocyclic compounds such as 7—12. Compounds
7-12 are monosubstituted glyoxal monohydrazones, which would be
difficult to obtain if we started with the possible, but unknown, pre-
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G H ij[ I H
N C=N—N—R C—N—N—R
CH,OR’
10 R —H Ph—N N—Ph
11 R =Ac 12

cursor, 3-(glyoxal-1-yl)-2-quinoxalinone, and allowed it to react with
hydrazines. The only possible monohydrazone upon such direct con-
densation is the hydrazone on the C2 carbonyl. Reaction of 6 with
carboethoxymethylidene triphenylphosphorane gave 13, which was suc-
cessfully cyclized to 14. This reaction (6 to 14) was applied to other
monohydrazones of 1,2-dicarbonyl compounds, indicating its use as a
general method for pyridazinones synthesis.
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N 0]

= H
N C=N—N—R

HC=CH—COOEf¥

13

The formation of 1-phenylflavazole from reducing sugars not sub-
stituted on O2 and O3 is a general reaction (14-18), which proceeds
through the formation of an arylhydrazono group on C3 of a sugar
moiety attached to a quinoxaline. This prerequisite intermediate in
flavazole synthesis could be 4, which on treatment with alkali gave
3-(r-threo-glycerol-1-yl)-1-arylflavazole (15) (5,9). The rearrange-
ment proceeds in 1 h in boiling, dilute, aqueous sodium hydroxide, but
fission of the polyhydroxyalkyl chain occurs in more concentrated alka-
line solution. On the other hand, dissolution of 4 in alkali, followed
immediately by acidification, regenerates the starting material. Forma-
tion of flavazoles from L-ascorbic acid is an inexpensive and simple route
to flavazoles otherwise obtained from L-galactose or L-talose. Reactions
of these flavazoles were studied (9); derivatives such as 16-18 can be
prepared.

R R
N
NN AN
/N N
N7 NP /
OH
CHO
HO 16
OH
15
N R
v R TN\
X N\
N~ ~N
H S |
HC=N—N—FR’ =N

17 NHR’
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After the acyclic structure of 4 had been assigned, the behavior of
similar compounds, which are presumably incapable of existing in a
cyclic form [such as 19, which was prepared by the methylation (19)
of 4], was studied. Periodate oxidation of 19 gave the corresponding
aldehyde that could be converted into various other derivatives.

During acetylation with boiling acetic anhydride (8, 9), the alditol
portions in the molecules 4 and 19 dehydrate with simultaneous ring
closure to give pyrazoles 23 and 21, respectively. Deacetylation of 23
afforded 20, which could also be obtained from 4 using hydroxylamine
hydrochloride. The structures of the products were confirmed by IR,
NMR, and mass spectra, and a mechanism for the formation of such
pyrazoles was also suggested (9). An extension of this work using sub-
stituted o-phenylenediamines such as those with chloro, methyl, or
dimethyl groups has also been completed (8, 20).

Me
N O @
F
N C=N— N R
OH
o [
OH
20 =R”=H CH,OR”
19 21 = Me,R” = Ac

22 R’:R” = Me
23 RR=H,R”"=Ac

The reaction of 2 mol of o-phenylenediamine with DHA was re-
ported (2) to give 26, which produced colorless crystals from water and
yellow crystals from ethanol. Treatment of 26 with cold mineral acid
gave the monoquinoxaline derivative 24, which upon acetylation gave
the diacetate 25 and upon reaction with o-phenylenediamine gave 26
again. Treatment of 24 with alkali gave the sodium salt 27, which on
acidification gave the y- and $§-lactones (24 and 29), respectively, indi-
cating that the two nitrogen atoms are present on C2 and C3. On the
other hand, Hasselquist (21) assigned the structures 28 and 30 to the
colorless and yellow crystals, respectively, one of which was converted
into the di-N-acetyl derivative (31). Later, the structure of the reaction
product was reported to be 32 (22). Compound 32 gave the mono-N-
acetyl derivative (33) and, upon treatment with hydrochloric acid, gave
24. Further studies to clarify these structures are now underway in our
laboratory.
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DHA Monohydrazones

L-threo-2,3-Hexodiulosono-1,4-lactone 2-(phenylhydrazone) (38,
R =Ph), was first prepared (23) by reacting 34 with the sodium deriva-
tive of diethyl malonate to give 35. Hydrolysis of the adduct 35 gave 36,
which upon treatment with alcoholic alkali afforded 37. Reaction of 37
with benzene diazonium chloride gave 38 (R =Ph), which was con-
veniently prepared (24) by reaction of DHA with N-acetyl-N-phenyl-
hydrazine in the presence of iodine. Controlled reaction (25,26) of
substituted phenylhydrazine with DHA gave the corresponding mono-
hydrazones (38), although the phenyl derivative was not isolated by
this method. X-ray crystallography confirmed the structure (37) of the
corresponding p-bromo derivative.

CoCl COOEt OH
OH
OAc CH—COOEt 0
34 OAc 0 COOEt
><O 36
0
35
on o
OH 0
0
o 0\‘
H
I /
0 N—N
OH \
38 R'=H R
37 39 R’=COR

Acetylation and benzoylation of 38 caused a simultaneous dehydra-
tion with the formation of an optically inactive olefinic compound (40),
probably through the formation of the diacylated derivative (39); the
structures were confirmed (24) by spectroscopic methods. Compound
40 can also be prepared from the corresponding p-analogue (28, 29).

The reaction of 38 with various hydrazines gave the corresponding
mixed bishydrazones (42), which could be rearranged into other
heterocycles (25,26). The bishydrazones could not be isolated with
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R’OH,C 0) o
(0] N—NHR
40 R’'HN—N N—NHR
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42 R=#R

methylhydrazine, and a pyrazole derivative (43) was directly obtained
(30,31). The reaction of 40 with methylhydrazine was more compli-
cated, affording a product whose elemental analysis and spectral data
indicate that 2 mol of methylhydrazine was consumed in the reaction
to give 45 (Scheme 1). The structure 45 and not 44 was assigned on
the basis of x-ray crystallography (32). Spectroscopic methods agreed
with both structures.

/Me
‘/O
Xy N
| /N
N =~
R~ N
OH
HO
OH
43

DHA Bishydrazones

Treatment of DHA or 38 with the corresponding arylhydrazine
afforded the bis(arylhydrazone) (41) (33-40). Similarly, aroylhydra-
zines and semicarbazide condensed readily with DHA to give the corre-
sponding bishydrazone (41,42) and bis(semicarbazone) (43,44). A
series of derivatives related to sulfa drugs (45) was prepared by the
reaction of DHA with hydrazines having such moieties.

The bishydrazones are now known to be in the 1,4-lactone form,
showing that no opening of the lactone ring in DHA occurred during
the reaction. However, at one time (38) the 1,5-lactone was the pre-
ferred form, since the IR spectra of the bishydrazones showed a car-
bonyl lactone band at a frequency lower than that expected for a
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1,4-lactone. The observed low frequency is probably caused by hydrogen
bonding of the lactone carbonyl with the imino proton of the hydrazone
residue on C2, as shown by NMR spectroscopy. The same low frequency
band also appeared in the spectra of the bis(arylhydrazones) of other
analogues (42,46) such as the phenyl analogue of DHA [4-phenyl-
butano-1,4-lactone 2,3-bis(phenylhydrazone)], which cannot form a 1,5-
lactone. Finally, the lactone ring size was also deduced from its chemical
reactions (24).

Another controversial aspect of the bishydrazone structure con-
cerns the hydrazone residues. The bishydrazone was proposed to have
the structure 46, which mutarotates in solution to 47 (47). More re-
cently, on the basis of a comparative study of the spectroscopic proper-
ties of the bis(phenylhydrazone) with some related compounds, the
bishydrazone was assigned the structure 2,3-dideoxy-3-phenylazo-2-
phenylhydrazino-L-threo-hex-2-enone-1,4-lactone (48) (48). However,
this latter structure was inconsistent with its 3C NMR spectra (49).

OH OH
OH OH
0 0
O‘ 0]
H
/
N N—N H\N—— }\I
\ \ Ph”
N—H Ph H—N
/ |
Ph Ph
46 47
OH
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Reactions of the Bishydrazones

Rearrangement into Pyrazolediones. L -threo-2,3-Hexodiulosono-
1,4-lactone 2,3-bis(phenylhydrazone) rearranged to 1-phenyl-4-phenylazo-
3-(L-threo-glycerol-1-yl )-pyrazoline-5-one (49 ) when its solution in alkali
was acidified with acetic acid (50). The reaction was further extended
to other bis(arylhydrazones) (51). The structure of the phenyl analogue
(49) was established by oxidation to the known 3-carboxy-1-phenyl-4-
phenylazopyrazolin-5-one (50). Later, on the basis of NMR data (39),
the structure of this group of compounds was formulated as the hydra-
zones (51). Acylation of 51 afforded the tri-O-acylated derivatives (51),
while periodate oxidation of 51 gave 3-formyl-1-aryl-4,5-pyrazoledione-
4-(arylhydrazone) (54), which could be transformed into a variety of
derivatives (29,51) upon reaction with amines, hydrazines, semicarba-
zide, or thiosemicarbazide. The thiosemicarbazones were cyclized to the
thiadiazoles, which are of chemitherapeutic interest (52).

0 Ph H
N R= Ho—l___O . COOH
\ OH
G

Ph—-N=N N
49 50
R
H"'O /Ph
/ N
Ph—N\ \
N N
R
OH OH Br
OH Br Br
51 52 53

54 R=CHO
55 R=CH=N-NHR’
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Reduction of the phenyl analogue 51 with zinc in acetic acid in etha-
nolic solution afforded substituted rubiazonic acid (56), whose structure
was confirmed by IR and NMR spectroscopy (53). Upon reaction of 51
with hydrogen bromide in acetic acid, the major product was isolated
and its structure was confirmed (54) to be that of 53. The monobromo-
deoxy derivative (52) was prepared from the bromodeoxy-L-ascorbic
acid.

OH o)
Ph Ph
AN
N\ N
| N |

N=~_ =N

OH OH

HO HO
OH OH
56

Treatment of vr-threo-2,3-hexodiulosono-1,4-lactone 2,3-bis(semicar-
bazone) with dilute sodium hydroxide solution afforded the sodium salt
of L-threo-2,3-hexodiulosonic acid 2,3-bis(semicarbazone) (43, 44), which
upon heating yielded 57. The bis(semicarbazone) afforded the pyrazole
(59) on dissolution in liquid ammonia and acidification with dilute
sulfuric acid to pH 4, whereas acidification to pH 2 afforded 58.

JOL |
R
/
HN NH N
| H.NOCHN—N I
/N /N
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OH 58 R=H

59 R = CONH,
57
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Conversion into Pyrazine Derivatives. Pyrazine derivatives are
examples of 1,2-diazines in the carbohydrate series (24). The derivative
was prepared by partial tosylation of 41 to give the mono-p-toluene-
sulfonyl derivative (60), which upon treatment with sodium iodide in
acetone gave the bicyclic diazine derivative (62). However, the di-p-
toluenesulfonyl derivative (61) afforded, under conditions similar to
those specified, the 6-deoxy-6-iodo 63. The 6-bromodeoxy 64 was pre-
pared (54) by reacting phenylhydrazine with 6-bromo-6-deoxy-L-ascorbic
acid.

OR
OR’
0] HQ 2 0
0 ) 0
RHN—N N—NHR /N"—N N—NHR
R
60 R=Ts R =H
61 R=R =Ts
62
R
OR’
(§]
O
PhHN—N N—NHPh

63 R=I1 R =Ts
64 R=Br,R"=H

Oxidation of Bishydrazones. Mild oxidation of the bishydrazones
(41) with cupric chloride yielded yellow bicyclic compounds (66) and
not the anticipated triazoles (72). The structures were confirmed by
both degradative and spectroscopic (55-60) methods. Thus, upon treat-
ment with alkali and acidification of the phenyl analogue of 66, the
monophenylhydrazide of mesoxalic acid (68) was obtained. This com-
pound gave 69 upon acetylation (57). Acetylation of 66 afforded a
mono-O-acetyl derivative whose NMR spectrum showed only one imino
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proton instead of two in its precursor. The structure has been confirmed
by detailed mass spectroscopy, and *C NMR and >N NMR spectroscopy.
The structure was questioned when electron impact mass spectroscopy
detected a molecular ion peak two mass units higher than expected.
Careful experiments at low temperature revealed that the molecular ion
disproportionates when heated, giving an ion of 65 (58,59).

COOH Ph
| \ OAc
A
C=N—NHPh
HN N—=NPh
NH—NHPh
0 0
68 69

Mixed bishydrazones (25, 26,61) of type 42 were similarly trans-
formed into 67 upon treatment with cupric chloride (30). The bis(o-
chlorophenyl) analogue of 41 gave the corresponding o-chloro derivative
of 66 without loss of chlorine atoms (40), as was anticipated from previ-
ous studies in the carbohydrate series. Bromination of the bis(phenyl-
hydrazone) (41) afforded the p-bromophenyl analogue (66) (62).

To synthesize the triazole (71), another approach (63) was used,
where dehydration of the mixed hydrazone oxime (70) (61) with acetic
anhydride afforded the triazole (71).

Reduction of Bishydrazones. Catalytic hydrogenation (64) of the
bis(phenylhydrazone) (41) gave the diamino derivative (73). De-
rivatives of the latter were prepared by reacting it with different alde-
hydes to give imidazoline derivatives (74) (65). Reduction of 41 with
lithium aluminum hydride afforded a product tentatively formulated
as 75 (53).
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Reaction of DHA with Amino Acids

Amino acids are quickly deaminated by L-ascorbic acid, leading to
browning reactions (66). In the presence of oxygen, iron, and ascorbic
acid or DHA, the amino acids gave ammonia, carbon dioxide, and an
aldehyde with one carbon less than the original acid (67,68). The
aldehydes are isolated as dimedone derivatives and are useful for identi-
fication of the amino acids. In the presence of copper and UV light, the
deamination is increased. The red color (69-73) formed upon reaction
of DHA with amino acids was used for their detection. Recent studies
(74-78) of the reaction of DHA with amino acids led to the isolation of
a product that changes readily to a novel, stable, free radical species
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identified as tri(2-deoxy-2-L-ascorbyl)amine (76). Chemical studies
using acetone derivatives and analogous compounds (79) confirmed the
structure of 76; the structure of the free radical, obtained upon its oxida-
tion, retained the symmetrical structure. Electrochemical studies (80)
show that 76 is oxidized in aqueous solution in two reversible, one-elec-
tron transfer steps on mercury or platinum electrodes. The first step
occurs through the dianion and its product is an unusually stable blue
anion radical, which gives a characteristic electron spin resonance signal.
The product of the second step of oxidation is labile and is slowly con-
verted into a red pigment, whose structure is formulated as the oxidized
form of bis(2-deoxy-2-L-ascorbyl )amine (81), presumably by hydrolysis
with splitting of L-ascorbic acid.

DHA reacted with p-aminobenzoic acid in the presence of hydro-
chloric acid affording 6-carboxy-2-hydroxy-4-hydroxymethylquinoline
(77) (82).

R
0
0  —OH CH,OH
HO 0
N HOOC N
R
Z
0 00 N OH
H R 77
HO
= 10}1
76

Bound Form of L-Ascorbic Acid

After the characterization of vitamin C as ascorbic acid, it was ob-
served that the content of ascorbic acid in some vegetables (83,84)
increases when boiled or cooked. The increase is believed to be caused
by liberation of bound ascorbic acid (85, 86, 87). The name ascorbigen
(87) was given to that substance that was later separated (88) and
synthesized (89,90,91). Ascorbigen was synthesized either from 3-
hydroxy indole and ascorbic acid or from indole, formaldehyde, and
ascorbic acid.
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Determination of Ascorbic Acid and

Dehydroascorbic Acid
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Advantages and limitations of commonly used and recently
developed methods for the analysis of ascorbic acid and
dehydroascorbic acid in foods and biological samples have
been reviewed. Various procedures based on titrimetric,
spectrophotometric, or fluorometric principles have been
used for this purpose. Depending upon the procedure
selected, dehydroascorbic acid, hydroascorbic acid, or total
ascorbic acid levels may be measured. Although often quite
accurate, these techniques can be laborious and time-con-
suming. Recently, the usefulness of high performance
liquid chromatography (HPLC) in the measurement of
ascorbic acid in multivitamin products has been extended
to foods and biological materials, including plasma, and
liver, brain, and adrenal glands. Advantages of the tech-
nique include fast analysis times, high sensitivity, and
minimum sample preparation.

There are many methods for determining the o-ketolactone, L-ascorbic

acid (1-threo-2,4,5,6-pentohexane-2-carboxylic acid lactone), activity
in animal tissue extracts and fluids (1,2) and food extracts (3,4). With
the exception of outdated bioassays, most of the analytical procedures
used for the measurement of ascorbic acid fall into two categories: (i)
the determination of the reduced form of ascorbic acid, usually based
upon the oxidation-reduction properties of the vitamin; or (ii) the
determination of total ascorbic acid based upon the oxidation of ascorbic

! Current address: U.S. Department of Agriculture-SEA Western Regional Re-
search Center, Berkeley, CA 94710.
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Published 1982 American Chemical Society.
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acid followed by the formation of a hydrazone or fluorophor (5). The
situation regarding chemical analyses for the vitamin remains dynamic,
very much like the search for the biochemical mechanism of action of
ascorbic acid. The complex biological relationship between the com-
pound(s) possessing vitamin C activity, as well as the chemical similarity
of these compounds to others that are inactive, has made the existence
of a single, simple, and specific method close to impossible. This has
led to a proliferation of method papers that has continued to the present.

Recently, due to the advancements in high performance liquid
chromatography (HPLC), quantitative measurements of unmodified
L-ascorbic acid and its metabolites have become possible. Soon the
measurement of L-ascorbic acid and r-dehydroascorbic acid and other
ascorbate metabolites simultaneously should be forthcoming. These
methods will be of particular interest in research, since recent findings
suggest a biological significance for dehydroascorbic acid and other
ascorbate metabolites (6,7,8,9). In the following paragraphs various
techniques often used to measure ascorbic acid content will be briefly
reviewed and some of the more recent developments in high performance
liquid chromatographic techniques used in ascorbic acid analysis will
be explored.

Bioassays

Bioassays have the distinct advantage of measuring the summation
of chemical entities that possess only vitamin C activity and exclude
material devoid of vitamin C activity. At the present time, bioassays are
used only on occasion in comparative studies to establish the biological
specificity of chemicals and in the determination of the antiscorbutic
activity of individual products. However, bioassays are time-consuming,
expensive, and lack precision; therefore, their applicability is limited.
Rats cannot be used as test animals because of their ability to synthesize
the vitamin; however, guinea pigs with their high requirement for vitamin
C have been proved satisfactory. Unfortunately, there are no microbio-
logical organisms that have an absolute requirement for ascorbic acid
that can be used as the basis for a bioassay.

One of the first bioassay methods used defined the amount of test
material just sufficient to prevent scurvy in the guinea pig as equivalent
to one Sherman unit or 0.5-0.6 mg ascorbic acid (10). Test animals are
fed a basal diet containing all known nutrients except ascorbic acid and
supplemented with graded amounts of the test sample. At the end of
6-10 weeks, the degree of protection against scurvy is determined by
autopsy findings and survival rates (11). Several bioassays have used
dental histology as an end point (4, 12,13). After 2 weeks on a given
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basal diet, supplemented with graded levels of the test substance or
ascorbic acid, the guinea pigs are killed, the lower jaws removed and
sections made of the decalcified incisors. The degree of protection is
assessed by microscopic examination for histologic changes such as
disorganization of the odontoblasts, the width of irregularity, and the
structure of the dentine and the degree of calcification of the predentine.
There is also a simple curative method based on weight changes in
guinea pigs during scurvy (I14). A quantitative bioassay based upon
serum levels of alkaline phosphatase has been worked out for ascorbate
activity (15). In this method, the level of serum alkaline phosphatase
in the test animal is first reduced 1-5 units by ascorbate depletion, and
then the test sample is administered at varying ascorbic acid levels. The
details and the numerous precautions that one should take in bioassays
have been reviewed elsewhere (4). In 1931, the unit of vitamin C
adopted was the activity in 0.1 mL of freshly squeezed lemon juice.
Subsequently, one International Unit (I.U.) or one U.S.P. XIV unit of
vitamin C was adopted as the antiscorbutic activity of 0.05 mg of ascorbic
acid, the approximate amount in 1 mL of lemon juice. Therefore, 1 g
of ascorbic acid is equivalent to 20,000 I.U.

Chemical and Physical Methods of Analysis

Optical Absorbance and Spectrophotometric Methods. Direct spec-
trophotometric methods involving light absorption have some limited
value for very high potency material. The absorbance spectrum of
ascorbic acid in neutral aqueous solutions has a peak value at 265 nm
with E between 7500 and 16,650 as reported in the literature. The
differences are due to nonanaerobic conditions (16,17). The maximum
is shifted towards 245 nm in acidic solutions. Dehydroascorbic acid is
transparent in the region of 230 nm to 280 nm, but has a weak absorption,
Epax = 720 at 300 nm (18). A basic drawback to the successful appli-
cation of spectrophotometric methods to the estimation of ascorbic acid
is that the well-defined absorption band in the UV region of the spectrum
is subject to interference from many substances, which would present a
problem when applied to food and tissue extracts.

Colorimetric Methods. The most frequently used colorimetric
methods have been recently reviewed by Omaye et al. (5). Several
methods of analyses are based upon the fact that ascorbic acid and
dehydroascorbic acid possess certain chemical properties characteristic
of sugars such as formation of osazones and conversion to furfural.
Colorimetric determination of furfural, an aniline derivative, has been
used to a limited extent for the estimation of ascorbic acid in certain
materials. These methods have generally been found to be unsatisfactory
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for the measurement of ascorbic acid in food. For some time, methods
for the determination of ascorbic acid based on the reduction of 2,6-
dichlorophenolindophenol or the formation of a colored dinitrophenyl-
hydrazine derivative by the vitamin, were the most satisfactory. Although
introduced in 1927 (19, 20), dichlorophenolindophenol has remained
useful because ascorbate is essentially the only substance in acid extracts
that reduces the indophenol at pH 1 to 4 to the colorless leuco form. For
high sensitivity and specificity the dinitrophenylhydrazine method, where
the 2- and 3-carbon keto group of diketogulonic acid forms a bis-2,4-
dinitrophenylhydrazone, was often used. The osazone rearranges in acid
to form a stable red product. Thiosulfate; certain metal ions, for example,
copper and iron; and reductones may interfere. Depending upon the
analytical conditions used, fructose, glucose, and glucuronic acid may also
interfere in the dinitrophenylhydrazine method to yield high values (21I).
The dichlorophenolindophenol method measures only reduced ascorbate,
while the dinitrophenylhydrazine method will measure dehydroascorbic
acid and total ascorbic acid, with the difference reflecting the reduced
ascorbic acid (22, 23). Dehydroascorbic acid can be reduced to ascorbic
acid by agents such as 2,3-dimercaptopropanol (BAL) permitting the
measurement of total ascorbic acid with dichlorophenolindophenol (24).
Because of technical reasons, the procedure appears to have limited use.
Several automated procedures for the measurement of ascorbic acid in
serum have been described (25, 26, 27, 28).

The colorimetric methods often provide measures to stabilize the
lactone ring of ascorbic acid from hydrolysis by decreasing the pH.
Although the dry pure crystals of ascorbic acid are stable on the exposure
to air and light at room temperature for long periods of time, aqueous
solutions of the vitamin are oxidized on exposure to air, alkali, and certain
traces of metals (1). Below pH 4.0, ascorbic acid and its biologically
occurring oxidative product, dehydroascorbic acid, are stable. Once
dehydroascorbic acid has been oxidized to diketogulonic acid and other
compounds, its value as an antiscorbutic agent has been lost. In vivo,
dehydroascorbic acid is reduced to ascorbic acid; however, further oxida-
tion is irreversible.

The use of metaphosphoric acid solutions for the extraction of
ascorbic acid from plant and animal tissues was first proposed in 1935
(29). Metaphosphoric acid, along with trichloroacetic acid, remain as
the reagents of choice. Besides the decreased tendency for hydrolysis of
the lactone ring, metaphosphoric acid inhibits the catalytic oxidation of
ascorbic acid by metal catalysts, such as copper and iron ions, and it
inactivates the enzymes that oxidize ascorbic acid. Oxidation of ascorbic
acid, which apparently is the result of the action of oxyhemoglobin, may
occur when animal tissues are ground with metaphosphoric acid. This
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oxidation is proportional to the blood content of the tissue, but is not a
serious objection except in the case of whole blood or isolated red blood
cells. To a certain extent, the problem of oxidation by oxyhemoglobin
can be reduced by prior treatment of blood samples with carbon mon-
oxide (30).

Other colorimetric methods include the official method of the United
States Pharmacopeia, which is an iodometric determination (31). Various
titrimetric procedures have been described (32). Recently, a sensitive
rate assay method for the determination of ascorbic acid was described
that used a stopped-flow apparatus (33). Several methods based upon
coupling ascorbic acid to diazonium compounds have been proposed
(34,35). The deep blue derivative is determined colorimetrically. A
quantitative reaction between selenious acid (1 mol) and ascorbic acid
(2 mol) to form selenium has been reported (36). Stable selenious
colloids can be formed when food extracts containing ascorbic acid are
treated with selenious acid, and the resulting turbidity is proportional
to the ascorbic acid content. There is also a chemical test for the
determination of ascorbic acid that depends upon the reduction of ferric
ion to ferrous ion by ascorbic acid followed by the determination of the
ferrous ion as the red orange «-o’-dipyridyl complex. In the presence of
orthophosphoric acid at pH 1-2, other reducing or interfering materials
are inhibited. This simple method is fast and has gained considerable
usage (5,37, 38).

Attempts have been made to adapt the centrifugal analyzer to
provide an automated method for determining ascorbic acid in serum and
urine (39). The method is based on the reduction of ferric iron by
ascorbic acid, producing dehydroascorbic acid, and the formation of a
color between the resulting ferrous ion and the chromogenic reagent,
ferrozine [3-(2-pyridyl)-5,6-bis-(4-phenylsulfonic acid)-1,2,4-triazine di-
sodium salt] (40). Although the method was reported to be highly
precise and specific, additional validation appears necessary.

Enzyme methods using ascorbic acid oxidase have not been widely
used but several versions of reagents based on diazotized nitroanilines
have been reported (41). The reaction is complicated and the ascorbic
acid molecule is partly destroyed in forming the colored product. A
chromatographic separation stage must precede the color development
reaction (42). The procedure is time-consuming and there is no provision
for reducing any dehydroascorbic acid in the sample extract to ascorbic
acid.

Fluorometric Methods. One of the most specific methods for the
determination of ascorbic acid and its biologically active oxidation
product, dehydroascorbic acid, is the fluorometric method introduced by
Deutsch and Weeks (43), which is an official AOAC method (44). It is
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based on the oxidation of ascorbic acid to dehydroascorbic acid and the
condensation of dehydroascorbic acid with ortho-phenylenediamine to
form the fluorophor, quinoxaline. Deutsch and Weeks (43) rigorously
examined the sensitivity and specificity of the method and concluded
that the procedure was suitable for samples containing large amounts of
reducing substances or highly colored materials. For the initial oxidation
of ascorbic acid to dehydroascorbic acid, various chemical oxidants, such
as iodine, ferricyanide, chloramine-T, 2,6-dichloroindophenol, methylene
blue, N-bromosuccinimide, and charcoal (Norit) have been reported in
the literature. Several problems have been encountered when charcoal
was used to oxidize ascorbic acid present in the extracts from meats,
dairy products, and other complex mixtures of foods (45). The analytical
results were affected by the grades of the charcoal used and by the
method of activation. This is understandable, since the catalytic perform-
ance of the charcoal in many redox reactions depends upon the presence
of unsaturated sites on the carbon surfaces, which can vary from source
to source. N-Bromosuccinimide has been reported to serve as a replace-
ment for Norit in the smooth oxidation of ascorbic acid to dehydroascorbic
acid in an automated fluorometric assay of total vitamin C in food
products (45). It appears to serve as an oxidizing agent that is selective
(46, 47). The reagent is immune to reductones and reductic acids, which
are generally present in fruits and vegetables.

Several adaptations of the basic fluorometric method are now avail-
able for specific application to plasma (48), and to food extracts (49, 50).
A spectrophotofluorometric assay procedure also has been devised using
DEA-Sephadex column to separate erythorbic (isoascorbic acid) and
ascorbic acid (51). This is of particular importance since erythorbic acid,
a very common food additive, has been suggested to be an antagonist of
ascorbic acid (52, 53,54). In general, the spectrofluorometric assay pro-
cedures involve measurements of fluorescence on solvent extracts of the
acidified samples at 365-348 nm and 435-450 nm, as the wavelengths of
maximum excitation and emission, respectively (48, 50, 51).

Chromatographic Methods. The methods mentioned for ascorbic
acid analysis suffer from lack of specificity to varying degrees. Several
attempts have been made to correct this by the addition of masking
agents or the use of column and/or thin layer chromatography. Although
combining chromatographic separations with the analytical methods
described above complicates the analyses considerably, this is com-
pensated for by the increased specificity. In many cases, particularly
natural products, where interference is high, the use of a chromatographic
separation is unavoidable. The selection of the specific method or
combination -of methods to be used depends upon a variety of factors
including the information desired and the nature of the sample.
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Many publications have dealt with modifications of the work of
Mapson and Partridge (55) as applied to the qualitative and quantitative
determination of ascorbic acid and various breakdown products (8) by
paper chromatography. The location of ascorbic acid on the chromato-
grams can be revealed by several development agents including 2,6-
dichlorophenolindophenol, ammoniacal silver nitrate tetrazolium salts,
iodine vapor, ammonium molybdate, and molybdophosphoric acid. Other
chromatographic methods, such as column and thin layer chromatography
have been tried out in ascorbic acid studies (56, 57,58). Such chromato-
graphic procedures have been very valuable in special investigations such
as the occurrence of breakdown products or metabolites of the vitamin
(9,59). Chromatographic procedures are also useful to provide con-
firmatory evidence when testing food for which the specificity of the
method is not known. As mentioned before, the isomer of ascorbic acid,
erythorbic acid (isoascorbic acid), is particularly difficult to identify
when present in foods. Interference by isoascorbic acid in ascorbic acid
analyses has been corrected by chromatographic means (60).

Several investigators have reported that ascorbic acid can be analyzed
by gas-liquid chromatography following conversion of the parent com-
pound to its trimethylsilyl ether (61-66). The procedures have been
found to be reliable and to produce results comparable with those
obtained by colorimetric procedures. In most cases, however, measure-
ment of only the reduced form of the vitamin is possible (67). One
method is suitable for microanalytical work and has the advantage that
several other carbohydrates and carbohydrate derivatives can be meas-
ured simultaneously in the same extract (67).

The recent development of commercial HPLC systems has provided
a powerful instrumentation for the separation, characterization, identifi-
cation, and quantitation of minute amounts of essential dietary compon-
ents (68,69). Developments in hardware and packings for HPLC have
overcome the problems of nonreproducible behavior and low efficiency
separations previously associated with column chromatography (70).
HPLC has already been applied to the quantitative analysis of analgesics,
pesticides, and fat-soluble vitamins with precision and accuracy and a
minimum of sample clean-up. Such instrumentation provides a rapid,
accurate, and sensitive technique for the separation and analysis of
subnanomole quantities of a wide range of complex high-molecular-
weight, nonvolatile, thermally labile, compounds that are vital for meta-
bolic and nutritional studies.

Several reports have described the use of HPLC in the analyses of
ascorbic acid in foods and vitamin products (71,72,73,74) and in tissue
samples (75). Procedures vary in the type of column, mobile-phase,
detection systems and means of stabilization of extracts. Reversed-phased,
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Bondapak C columns (Water Associates, Milford, Massachusetts) with
fixed wavelength detector (254 nm) and the sample or standards sta-
bilized in 0.8% metaphosphoric acid have been used with urine samples
(76). In that study 0.8% metaphosphoric acid served as the mobile
phase. Other mobile phases, such as methanol-water (50:50) or ammo-
nium salts in methanol-water, were tried but resulted in ascorbic acid
values that were too high when compared with titrimetric measurements
(76). A similar procedure, substituting an ion exchange column, has been
used for multivitamin product analyses (77). With the addition of elec-
trochemical detection, liquid chromatography analysis of ascorbic acid
becomes quite specific and sensitive (77,78,79). These coupled detector
systems (liquid chromatography electrochemical detector, LCEC) have
been applied with excellent success to the analyses of ascorbic acid
content in food and animal tissues (78,79). Figure 1 represents a
chromatogram for human urine obtained with the use of HPLC and an
amperometric electrochemical detector (72). The ascorbic acid peak
represents 19 ng. Figure 2 represents the analysis of ascorbic acid in a
mouse brain tissue extract also employing HPLC and an electrochemical
detector (75). The ascorbic acid peak corresponds to approximately 15
ng. Although the above procedures for the analysis of ascorbic acid
content by HPLC have been very useful for determining the reduced

URIC
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ASCORBIC
ACID
Figure 1. Analysis of ascorbic acid
in urine employing HPLC and an
amperometric _electrochemical de-
tector (72): column, Zipax SAX, 2.1 L

mm X 50 cm glass; mobile phase, T e e 2 o

0.05M acetate buffer, pH 4.75; Lot
acfafe,eo.g.Bﬁfr:Lf)min_ 75 flow ELUTION TIME (Minutes)
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Figure 2. Analysis of ascorbic acid in a mouse brain tissue extract em-
ploying HPLC and an electrochemical detector. (Reproduced, with per-
mission, from Ref. 75. Copyright 1975, Pergamon Press, Inc.)

form of the vitamin, they were not useful for determining other forms of
ascorbate. Recently, conditions were described for the high performance
liquid chromatographic separation of ascorbic acid from dehydroascorbic
acid when in pure solutions (80). Dehydroascorbic acid was monitored
at 228 nm and ascorbic acid at 268 nm (Figure 3). Unfortunately, the
minimum detection limits were 500 ng per injection for dehydroascorbic
acid compared with 10 ng per injection for ascorbic acid. Finley and
Duang (81) have also described recently a high performance liquid
chromatographic method that will separate and estimate ascorbic acid,
dehydroascorbic acid, and 2,3-diketogulonic acid in fruit and vegetable
extracts. Subsequent methods for measuring the three forms of ascorbate
in animal tissue extracts should be soon forthcoming.

Other Chemical and Physical Methods. Polarography has been
tried in special investigations, such as studies of the bound form of
ascorbic acid. But because of limited specificity, the procedure has not
seen wide application (82, 83). Ascorbic acid is oxidized at the dropping
mercury electrode, the basis of the polarographic determination. Dehy-
droascorbic acid is not measured, however, since it is not reducible at the
dropping mercury electrode. Mason et al. (84) have developed a method
for the determination of ascorbic acid based on electrochemical oxidation
at the tubular carbon electrode that has been modified to measure water-
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o 618 min
(268 nm)

(228 nm)

Figure 3. Simultaneous analysis {)or
ascorbic acid and dehydroascorbic
acid with the use of a gradient anal-
ysis HPLC method. The minimum
detectable quantities were 10 ng/
injection for ascorbic acid and 500
ng/injection for dehydroascorbic acid
(80): column, LiChrosorb NH2, 10
um; mobile phase, 0.005M KH:PO,,
pH 3.5 and CHsCN; detection, as-
corbic acid, 268 nm and dehydro- ' \ i
ascorbic acid, 228 nm. (Reproduced,
with permission, from Hewlett-Pack- 0 2 4
ard.) ELUTION TIME (Minutes)

- 2.23 min

Dehydroascorbic
Acid

L Ascorbic Acid

soluble vitamins (thiamin, riboflavin, pyridoxine, nicotinamide, and
ascorbic acid) in pharmaceutical preparations.

Other methods for the determination of ascorbic acid include a
qualitative spot test (85) and high voltage electrophoresis (86).

Applications

Blood and Animal Tissues. The most commonly used and practical
procedure for evaluating vitamin C nutritional status is the measurement
of serum (plasma) levels of ascorbic acid (87). Low plasma levels of
ascorbic acid do not necessarily indicate scurvy, although scorbutic
patients invariably have low or no plasma ascorbic acid, but continued
low levels of plasma ascorbate of less than 0.10 mg/100 mL would
eventually lead to signs and symptoms of scurvy. In general, serum
ascorbic acid concentrations are usually more reflective of recent intakes
rather than of total body stores (88).

Whole blood ascorbic acid values may be a less sensitive indicator of
vitamin C nutriture than serum or plasma levels of the vitamin because
the vitamin C content in erythrocytes never falls to the low levels found
in serum or plasma (89,90). Also there are no well-established classifi-
cations available relating blood vitamin C values to the nutritional status
of this vitamin in a population (88).

Leukocyte ascorbic acid concentrations are generally considered to
provide a better reflection of tissue stores than other blood components.
Supporting evidence for this belief includes observations such as: (i)
leukocyte ascorbate levels drop slowly during ascorbic acid deficiency,
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reaching zero just before the onset of clinical symptoms of scurvy (91);
(ii) leukocyte ascorbate levels correlate well with ascorbic acid retention
on diets with a fixed, inadequate level of ascorbic acid (92); (iii) studies
correlating plasma ascorbate levels with leukocyte ascorbate levels sug-
gest that the leukocyte levels reflect the amount of ascorbic acid for
storage while plasma levels reflect its metabolic turnover rate (93,94);
and (iv) direct evidence indicates that leukocyte ascorbate levels reflect
total body ascorbate pool better than any other blood component (95).

Prompt stabilization of ascorbic acid is especially important in the
case of plasma or serum samples. Metaphosphoric acid is often used for
this purpose because it also serves as a protein precipitant. Such proper-
ties are desirable in the inactivation of oxidase and the catalytic effect of
copper. Oxalic acid is an attractive stabilizer for ascorbic acid analysis
because of its lower cost and greater stability; however, it is not a protein
precipitant, therefore, it has a limited use for the extraction of animal
tissues. The use of ethylenediaminetetraacetic acid (EDTA) in addition
to the metaphosphoric acid has been recommended (96). EDTA would
chelate divalent cations, and a study has shown it will stabilize ascorbic
acid in the presence of copper for several days (96). Perchloric acid has
been used also but because of its inherent dangerous properties its use
is generally avoided. Trichloroacetic acid and EDTA also seem appro-
priate extractants for ascorbate in plant materials (97).

As noted earlier, plasma from blood samples must be promptly
stabilized and, if necessary, the acidified samples may be stored frozen
at — 65°C. Because of the existence of oxyhemoglobin in whole blood
or red cell suspensions, some consideration must be given to inactivate
oxyhemoglobin or use an assay for total ascorbic acid content. With
respect to tissue analysis, some discretion must be considered as to the
degree of blood contamination.

Foods. The distribution of ascorbic acid within one individual fruit
or vegetable or between various foods is often extremely variable.
Significant difference can be found in the skin as compared with the
pulp of fruit. Seed-containing tissues show striking changes in concen-
tration of ascorbic acid during maturation, but in storage organs such as
potatoes and leaves, the average level remains relatively constant through-
out the growth period. Post-harvest storage will affect the vitamin content
of the raw fruit or vegetable commensurate with the time and temperature
of storage, extent of cellular tissue damaged, and the presence of ascorbic
acid oxidase. Temperature changes, slicing, cutting, or bruising of fruits
and vegetables, such as is likely to occur in processing, can all contribute
to ascorbate loss. Significant losses also occur with cooking because of
the temporarily accelerated action of enzymes. In these instances, extrac-
tion takes place and the concentration of vitamin in the liquor approxi-
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mates that of the tissues. However, when fruit is boiled with sugar, as
in the making of jam, the vitamin C content is remarkably stable.
Freezing is a good method of preserving fruits and vegetables only after
proper precautions have been taken to blanch and remove enzymes that
might oxidize ascorbic acid. Also thawing of the food before cooking
may result in progressive loss of the vitamin, especially if enzymes are
present.

For ascorbic acid analysis, metaphosphoric acid is very useful in the
inactivation of the catalytic effect of ascorbic acid oxidase as well as
other catalytic oxidizing agents discussed previously. Foods such as fruits
and vegetables also have a tendency to have a larger proportion of
dehydroascorbic acid than animal tissues; consequently, methods that
assay for only the reduced form of ascorbate may provide misleading
low values.

Pharmaceuticals. In commerce, ascorbic acid is produced exclu-
sively by synthesis (98). Because of its rather pure nature and high
concentrations in vitamin-multivitamin tablets, analysis by conventional
or sophisticated procedures can be performed easily. The USP provides
a reference standard of L-ascorbic acid for assay purposes. The methods
used can be chosen from the many discussed above. The method officially
approved by the Association of Official Analytical Chemists is the micro-
fluorometric procedure developed by Deutsch and Weeks (44).

A Method for the Determination of Ascorbic Acid
in Biological Tissues by HPLC

Introduction. As noted earlier, several investigators have reported
methods for the determination of ascorbic acid in various substances
using HPLC (71-75). Different groups of investigators have employed
a variety of columns and elution conditions to achieve the separation of
ascorbic from interfering substances. Both reversed-phase and ion
exchange columns have been used to achieve an HPLC assay. The
samples used in these ascorbic acid assays have represented mainly
nonmammalian materials. In some instances, the samples have required
various pre-column treatments. Among the desirable characteristics of an
HPLC analytical assay are minimal sample handling and modification
particularly with regard to complex biological tissues. A simple assay
used to determine the ascorbic acid content of serum, liver, brain, and
adrenal gland of the guinea pig is described in the following section.

Methods. All tissues were collected and stabilized by the addition
of 3% metaphosphoric acid in the ratio of 1 part tissue to 3 parts
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metaphosphoric acid (w/v). Samples were then centrifuged at 3 X 103
g to remove precipitated proteins. Samples were then transferred to clean
tubes, frozen, and stored at — 65°C until assayed. Samples were analyzed
on commercially available HPLC columns and equipment (Waters
Associates). Samples were injected directly into the column in 1 uL
aliquots using an auto-injector (Waters Associates). No deterioration
in column performance was observed over a 6-month interval. Flow rate
was maintained at 1 mL/min under all conditions throughout the assays.
Ascorbic acid was measured in UV absorbance units at 254 nm and
quantitated by measuring peak heights. Standard curves were prepared
by the addition of known amounts of ascorbic acid to solutions of 3%
metaphosphoric acid. In the development of this assay, the use of
perchloric acid was avoided while trichloroacetic acid was found to be
unsuitable as a stabilizer because of its UV characteristics. Standard
curves were prepared for each assay. The final assay as adapted used
0.125% citrate made from the trisodium salt at pH 7.3 as the eluant.

Results. In the development of this assay, several reverse-phase
columns as well as the uPorasil column were examined for their separatory
ability. From among the following columns the Porasil column was
judged as giving the best elution pattern with plasma: pBondapak CN,
pwBondapak phenyl, pBondapak C;s. Although retention times for both
metaphosphoric acid and ascorbic acid remained approximately the same
(Table I), the quality of the chromatogram was judged superior for the
pPorasil column. This decision was based on overall peak shape and
symmetry as well as baseline stability.

Table I. Effect of Column Types on the HPLC Retention Time
of Ascorbic Acid Dissolved in 39, Metaphosphoric Acid

Retention Time (min)*

Column Type Ascorbic Acid  Metaphosphoric Acid
pBondapak CN 2.67 2.09
pBondapak phenyl 2.68 2.15
pBondapak Cig 2.36 1.84
pPorasil 2.31 1.84

* Elution buffer was 0.125% citrate, trisodium salt, pH 7.3. All other conditions
used are stated in text. Values are the average of three trials.

Subsequent to the selection of an appropriate column various charac-
teristics of the buffer were examined. Both pH and buffer strength were
varied and retention time was measured. The results are presented in
Table II. Generally it was found that a decrease in buffer strength or an



Publication Date: June 1, 1982 | doi: 10.1021/ba-1982-0200.ch009

212 ASCORBIC ACID

Table II. Effect of Various Concentrations of Citrate Buffer and
pH on HPLC Retention Time and Chromatographic Pattern
for Ascorbic Acid and Metaphosphoric Acid

Confezzjzf; tion Retention Time (min)*
(% Citrate) pH Ascorbic Acid  Metaphosphoric Acid
1.000 7.3 2.73 2.47,2.52 (2)
0.500 7.3 2.68 2.20,2.36 (2)
0.125 7.3 2.20 1.78 (1)
0.062 7.3 1.94 1.68 (1)
1.000 5.5 3.10 2.68 (1)
0.500 5.5 2.83 2.57,2.73 (2)
0.125 5.5 2.47 1.99,2.15 (2)
0.062 5.5 2.26 1.78,1.89 (2)
1.000 3.0 3.10 2.78 (1)
0.500 3.0 3.10 2.73 (1)
0.125 3.0 283 2.26,2.41 (2)
0.062 3.0 3.10 220 (2)

*All values are the average of three trials. Values in parentheses indicate the
number of peaks observed for metaphosphoric acid. Analytical conditions employed:
uPorasil column; flow rate, 1.0 mL/min; sample size, 1 L.

increase in pH decreased the retention time. Further, the number of
peaks observed for metaphosphoric acid varied from 2 to 1 with changes
in buffer strength or pH. At pH 3.0, any changes in buffer strength
caused a shift in baseline.

To determine the stability of ascorbic acid under the various con-
centrations of citrate buffer and pH, the following experiment was
performed with the use of a double wavelength, double beam, spectro-
photometer (Perkin-Elmer 557).

Various concentrations of ascorbic acid (0.2, 2.0, and 20 uM) were
incubated in a cuvette with the various buffers listed in Table II and
monitored at 254 nm. The concentration of ascorbic acid was selected
to approximate the sample ascorbic acid coming into contact with a buffer
volume determined by its time in transit through the column. No detect-
able losses were observed over the 5-min incubation time for any
concentration of ascorbic acid under any concentration of citrate buffer
or pH.

To quantitate the ascorbic content of various tissues, a standard
curve (3.0-50 pg/mL ascorbic acid ) was prepared in 3% metaphosphoric
for each analytical run. A typical standard curve is shown in Figure 4.
Correlation coefficients of 0.998 or better were consistently obtained for
the standard curve. Pooled serum samples were used to measure day-to-
day and within-run precision. The coefficient of variation for within-run
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Figure 4. HPLC standard calibration curve obtained for ascorbic acid
dissolved in 3% metaphosphoric acid; see text for conditions used; for
ascorbic acid: y = 0.3547x + 0.620, r = 0.9983.
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determinations was 0.78% and for day-to-day determinations was 4.6%.
Precision data are presented in Table III. Ascorbic acid added to serum
samples was recovered in the range of 90-93%.

The ascorbic acid contents of serum, liver, adrenal gland, and brain
were determined in two groups of guinea pigs. One group of guinea pigs
was fed an ascorbic acid adequate guinea pig chow diet (Ralston Purina
No. 5022), while the second group was fed the Reid-Briggs (99) vitamin
C deficient diet. After an 18-day feeding period, the animals were sacri-
ficed by decapitation and trunk blood was collected, chilled, and
centrifuged. The serum fraction was then stabilized by the addition of
3 parts (v/v) 3% metaphosphoric acid, centrifuged at 4°C to remove
the precipitate, transferred, and stored at — 65°C until assayed. All
tissues were homogenized in 3% metaphosphoric acid to achieve a
fourfold dilution (w/v), centrifuged at 4°C, transferred, and stored at
— 65°C until assayed. The results are presented in Table IV. All guinea
pigs fed the ascorbate deficient Reid-Briggs diet contained significantly
less ascorbic acid in each tissue examined when compared to animals fed
the ascorbate adequate chow diet. The greatest percentage decrease in
ascorbic acid content was found in the adrenal gland (92.4% ) followed
by brain (66.9% ), liver (56.9% ), and serum (43.5% ). Figures 5-8
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