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PREFACE

Sugars played a key role at the dawn of the nuclear magnetic resonance era. Foremost

was Lemieux’s demonstration that the magnitude of vicinal proton–proton spin

couplings was related to the spatial orientation of the hydrogen atoms. Subsequently,

Karplus presented an equation that quantifies the relationship between the NMR

coupling constants of sugars and related molecules to the dihedral angle between

the coupled nuclei. In this issue, Coxon (Bethesda, Maryland) provides a comprehen-

sive survey of the many empirical variants of the Karplus-type equation that have

been proposed over the years as NMR spectroscopy has evolved to become the

indispensable key tool in carbohydrate characterization. The treatment covers spin

couplings over three, four, and five bonds, and includes both protons and heteronuclei.

The equations range from simple, two-parameter versions that depict only the torsional

dependence of coupling constants, to complex 22-parameter forms that simulate the

variation of the couplingwithmany differentmolecular properties. Earlier applications

of NMR in the carbohydrate field were surveyed in this series by Hall in Volumes 19

and 29, by Coxon in Volume 27, and later by Csuk and Glänzer in Volume 46, and by

Tvaroška and Taravel in Volume 51.

Three articles in this volume, written from different perspectives, focus on a central

theme in carbohydrate science, namely the glycosidic linkage, its formation and

cleavage. The presumed intermediates or transition states in these reactions have

considerable oxacarbenium ion character. Using a computational approach, Whitfield

(Ottawa) employs quantum mechanics to study the bonding characteristics of such

ions, which are difficult to study experimentally. Focusing on the 2,3,4,6-tetra-O-

methyl-D-galactopyranosyl cation and its 2-O-acetyl analogue, his treatment exam-

ines their detailed conformations (half-chair and skew) and calculated energies to

demonstrate the potential of in silico methodology in understanding the reactivity of

glycopyranosyl oxacarbenium ions.

Although glycoscientists have learned over the years how to isolate certain classes

of naturally occurring complex carbohydrates, the availability of pure natural com-

pounds remains inadequate to address many ongoing challenges. Chemical synthesis

remains the essential resource for accessing complex oligosaccharides and glycocon-

jugates, to provide significant quantities of the pure natural structures as well as

unnatural mimetics that are often of interest. In this volume, Smoot and Demchenko

(St. Louis, Missouri) survey the drawbacks of traditional oligosaccharide syntheses

that require extensive protecting-group manipulations between each glycosylation

step, and discuss significant recent improvements that have emerged to circumvent

the shortcomings of earlier approaches. Their article complements the classic chapter
xi
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in Volume 50 by Schmidt and Kinzy on the trichloroacetimidate methodology, the

articles by Garegg in Volumes 52 and 59 focusing on thioglycoside procedures, and

solid-state synthetic techniques as presented in Volume 58 by Plante, Palmacci, and

Seeberger.

In a third related article, Cai, Wu, and Crich (Detroit, Michigan) focus on the

particular situation in homoglycan synthesis where the glycon has an axial hydroxyl

group at the 2-position. For the total synthesis of a-mannans and a-rhamnans the

overall strategy involves construction of the 1,2-trans-axial glycosidic bond, whereas

the b-mannans and b-rhamnans require additional steps post-glycosylation to generate

the 1,2-cis-equatorial glycosidic linkage.

The glycobiology of Trypanosoma cruzi, the causative agent of Chagas’ disease,

has contributed significantly to the identification of target enzymes responsible for the

construction of unique cell-surface molecules. Agusti and de Lederkremer (Buenos

Aires) here discuss the structure of glycoinositolphospholipids in T. cruzi, both free

and as protein anchors, that display unusual structural motifs, including galactofur-

anose, which are absent in mammals. The chemical synthesis of oligosaccharides

containing Galf is presented, as well as the use of the organism’s trans-sialidase

(TcTS) for synthetic purposes.

Many of the articles in earlier volumes of this Advances series remain of permanent

reference value, but library holdings of the full series have not kept pace with growth

of the carbohydrate field and the opening of many new research centers. In an

important development, the publishers have now made full-text electronic access

available, through Science Direct, to all previously published articles in every volume.

Volume 1, which appeared in 1945 with the title Advances in Carbohydrate

Chemistry, under the editorship of Ward Pigman and Melville L. Wolfrom, featured

as its opening article a chapter on the classic Fischer cyanohydrin reaction for ascent

of the sugar chain, authored by the great carbohydrate pioneer Claude S. Hudson.

The series title was changed with Volume 24 to Advances in Carbohydrate Chem-

istry and Biochemistry to reflect the broadening impact of carbohydrates in the

biological field.

Grateful thanks are expressed to three senior statesmen of the carbohydrate

community, Laurens Anderson, Hans Baer, and John Brimacombe, who as members

of the Board of Advisors have helped over the years to guide these Advances with

their own contributions, their valuable insight, and their mentoring service to others

providing significant articles to the series. With this issue, Robin Ferrier (New

Zealand) and Mario Monteiro (Guelph, Ontario), the first and last doctoral students

of the late Gerald Aspinall, pay tribute to the enormous contributions made by their

mentor to the carbohydrate field, especially in the area of polysaccharide structural
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methodology. Roberto Rizzo (Trieste) provides an account of the life and work of

Vittorio Crescenzi, and his notable investigations on polysaccharide technology and

the physicochemical behavior of biopolymers in solution.

A sad note is of the recent deaths of several great carbohydrate pioneers of the

twentieth century, including Roger Jeanloz, Bengt Lindberg, and Per Garegg, whose

work will be commemorated in a future volume.

DEREK HORTON

Washington, DC

November, 2008





ADVANCES IN CARBOHYDRATE CHEMISTRY AND BIOCHEMISTRY, VOL. 62
GERALD ASPINALL
1924–2005
On the 30th of December, 1924, Gerald Oliver Aspinall was born to Leonard and

Catherine (maiden name: Black) Aspinall in a small English village named Chesham

Bois located between Amersham and Chesham, Buckinghamshire. During the begin-

ning of the 1930s Gerald attended a nearby traditional kindergarten school, but when a

boys’ preparatory school, The Beacon, was founded in the district in 1933, his parents

enrolled him in the new school. Gerald started early with the sharpening of his

observational skills and, as a youngster, could regularly be found ‘‘playing with’’

his chemistry set on the kitchen table.

In 1937, Gerald entered the Merchant Taylors’ School at Moor Park, Northwood,

Middlesex, to which it moved in 1933 from London where it had been founded by the

Worshipful Company of Merchant Taylors in 1561. On leaving, Gerald started his

degree in chemistry at Bristol University, obtained his B.Sc. (first class honors) in

1944, and prolonged his stay at this University to carry out his Ph.D. studies.

Gerald’s Ph.D. training (1945–1948) was in aromatic/alicyclic chemistry under

Professor Wilson Baker, but an appointment as Lecturer to the Department of

Chemistry, Edinburgh University in 1948 saw him change research fields completely

upon joining the Hirst School of carbohydrate chemistry. He settled well, and was

soon supervising research students carrying out structural studies of plant polysac-

charides—an area to which he was to contribute massively during the following two

decades in Edinburgh.

During this time in Edinburgh, Gerald met Joyce Brading, a doctoral student in the

Department, and with whom many hours were spent carrying out convenient parallel

chromatographic separations. In 1953 Gerald and Joyce married; their son John was

born in 1957, and daughter Jill in 1963. These family additions were accompanied by

a D.Sc. degree in 1958, awarded in recognition of Gerald’s pioneering work on the

structural chemistry of plant polysaccharides, and subsequently followed by
ISBN: 978-0-12-374743-3
DOI: 10.1016/S0065-2318(09)00001-8 3 # 2009 Elsevier Inc. All rights reserved.



4 ROBIN FERRIER AND MARIO A. MONTEIRO
promotion to Senior Lecturer in 1961 and Reader in 1963. In due course Gerald

became the very proud grandfather of Michael Aspinall.

In Edinburgh, the Hirst School grew and thrived, with plant polysaccharides

becoming the main focus of attention, and Gerald and his students and collaborators

made major contributions to structural work. Concurrently, other departmental staff

members directed research on relevant enzymic (D. J. Manners) and physical

(C. T. Greenwood, D. A. Rees) methods applicable to polysaccharides, while

E. E. Percival and D. M. W. Anderson and their students contributed much to knowl-

edge of algal polysaccharides and commercially important plant gums. Together,

under Sir Edmund Hirst, these people, and the ideas generator J. C. P. Schwarz,

constituted a major internationally recognized center of carbohydrate expertise.

Methylation analysis of complex carbohydrates had been established in the 1940s

in the carbohydrate schools at Bristol, Birmingham, and St Andrews, the names

E. L. Hirst, J. K. N. Jones, W. N. Haworth, J. C. Irvine, and T. Purdie being associated

with the development of this major tool for structural analysis of carbohydrates.

However, inadequacies in the methods then available for the separation and charac-

terization of the partially methylated sugar products made this approach unsuitable for

use with polysaccharides—particularly those with complex structures based on

several constituent sugars. Of critical importance was the advent of column chroma-

tography, by the use of which it became possible to separate the partially methylated

sugars in sufficient quantities to permit their quantification and characterization by

classical methods, and the Edinburgh team made full use of this development.

In consequence, the basic structures of polysaccharides, both simple and complex,

were revealed, and the way was open to develop an understanding of the main

architectures of this major group of natural products.

Work in the Aspinall group covered an extensive range of plant compounds, from

relatively simple polymers based largely on one sugar to the very complex ones

containing five or six monosaccharide components. Hemicelluloses were the focus

of much attention, with products derived from a range of grasses, mosses, cereals, and

trees being examined. Some comparative work on products derived from different

parts of plants was done, with gums representing a particularly relevant class because

of their special relationship to the materials produced elsewhere in the trees. Their

commercial importance and the complexities of their molecular frameworks added to

their interest as subjects for structural examination, and as the work developed it

became apparent that a large proportion of these gums were components of mixtures

which, of course, added to the complexities of the tasks addressed. More than 50 full

papers describing research on plant polysaccharides were published by the Aspinall
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group, with the complexities of the work increasing over time and as a wider range of

analytical tools became available.

While all of the natural products just referred to were heteropolysaccharides

(although several of the hemicelluloses were largely xylose-based), some attention

was paid to compounds composed of single hexoses. A minor amount of research was

conducted on cellulose and starch chemistry, and callose, an unusual b-(1!3)-linked

glucan, found in small amounts in the sieve plates of the phloem of the grape vine, was

characterized. Two papers were published on ivory nut mannan and several on

fructose-based polymers.

As if to preface his Canadian work that lay ahead, Gerald became involved in

structural studies of the complex, highly branched extracellular polysaccharide of the

microorganism Aerobacter aerogenes, which contains glucose, galactose, fucose, and

glucuronic acid.

The research that the Aspinall group produced in Edinburgh over the period

1948–1967 helped substantially in taking the science of plant polysaccharide structure

from its infancy to a moderately developed state. While a great deal of the information

gathered was obtained by methylation/hydrolysis analysis, Gerald was always aware

of the need to find and use other methods that would contribute to refining structures.

He therefore made extensive use of such methods as partial hydrolysis and periodate

oxidation, when appropriate.

Beyond his polysaccharide work, Gerald was always keenly aware that the chem-

istry of these polymers was based on the organic chemistry of simple carbohydrates

and their derivatives, and he made several contributions to non-polymer carbohydrate

research. Unless their anomeric centers are protected, mono-, oligo-, and polysac-

charides are unstable at high pH values, since they are subject to base-catalyzed

b-eliminations induced by the hemiacetal functions at the anomeric centers.

In consequence, unstable intermediates are produced, which lead to further reactions.

Gerald directed considerable effort into the base-induced degradation of several

unsaturated and carbonyl/carboxyl-containing derivatives that modeled features of

plant polysaccharides, the work leading to important understanding of the complex

reactions of these compounds under basic conditions.

One of the most prominent papers to come from the Aspinall group, published with

George Zweifel in 1957, reported on the selective tosylation of the 2,3-diols of methyl

4,6-O-benzylidene-a-D-mannopyranoside (with axial and equatorial hydroxyl groups,

respectively, at C-2 and C-3), and 1,6-anhydro-b-D-mannopyranose (with a confor-

mationally inverted pyranose chair, and therefore with equatorial and axial hydroxyl

groups, respectively, at C-2 and C-3). In each case the equatorial hydroxyl group

was esterified preferentially, consistent with the Barton/Cookson generalization,
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drawn from studies in the steroid field, that equatorial hydroxyl groups are more

reactive toward substitution than are axial analogues. While this finding provided

welcome evidence that, at least in this regard, carbohydrates behave in accord with

comparable noncarbohydrate compounds, the result should not be accepted uncriti-

cally since several other factors, for example intramolecular hydrogen-bonding, could

influence the relative reactivities of the hydroxyl groups in question.

The importance of the development and use of novel analytical methods applicable

in the polysaccharide field was also recognized by the team in Edinburgh. For

example, preliminary identification of specific partially methylated methyl glycosides

was accomplished by comparison of their GLC retention times on two stationary

phases with those of a large range of analogous reference compounds. An analytical

technique, that has received considerable prominence is a microspectrophotometric

procedure for monitoring the reduction of the periodate ion during the oxidation of

1,2-diol-containing carbohydrate compounds. It was developed to allow determina-

tion of the ratio of methyl 2- and 3-O-methyl-D-xylopyranosides in a mixture. Sugar

tosylates and nitrates were subjected to infrared examination for analytical purposes.

In the course of their structural studies of polysaccharides, the Aspinall group

isolated several oligosaccharide fragments and characterized them by comparison

with specifically synthesized samples. Disaccharides made for this purpose were

2-O-b-D-xylopyranosyl-D-xylose, its monomethyl derivative with the substituent at

O-3 of the nonreducing moiety, and 2-O-b-D-xylopyranosyl-L-arabinose. A biosyn-

thetic investigation led to the establishment of the sugar ring size of natural uridine

50-(L-arabinofuranosyl pyrophosphate).
In 1967, the Aspinall family crossed the Atlantic to take up residence in Peterbor-

ough, Ontario, Canada, where Gerald would serve, until 1972, as the Chemistry

Department’s Chair in the town’s Trent University. During the years of 1971 and

1972 he also held the position of Conjunct Professor in the Department of Chemistry

at Queen’s University, Kingston, Ontario. In 1972, he moved to York University,

North York (which is now part of the Greater Toronto Area), Ontario, to accept a

position as Chair in the Department of Chemistry, an appointment he would hold until

1979. Whilst most of his energy was channeled toward administrative duties during

his first several years in Canada, Gerald maintained an active research group that

continued to make advances in the field of plant carbohydrates. Very importantly, his

transition to full teaching and research duties in 1980 would see Gerald make an

extraordinary return to the study of microbiological polysaccharides, which was to

yield some of the most significant scientific results in this important field. His

collaborations with biologists in this phase of his career and later were to enhance

the caliber of his science and allow him demonstrate that an appreciation of the roles
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of the polysaccharides in natural processes could lead to new approaches to the

control of some medical conditions.

His return to the laboratory was to yield major contributions to the chemistry of the

complex polymers expressed by microorganisms. At this time, the structural elucida-

tion of complex glycopeptidolipid antigens exhibited by Mycobacterium spp., which

contain novel glucuronic acid-based oligosaccharides, was completed. The first

chemical synthesis of saccharide moieties expressed by Mycobacterium spp. was

also accomplished. In 1986, Gerald was awarded the Claude S. Hudson Award in

Carbohydrate Chemistry of the American Chemical Society in recognition of his

contributions to the field. In 1988 his academic status was elevated to Distinguished

Research Professor, and in 1992 he became a Fellow of the Royal Society of Canada,

which is the Canadian Academy of the Sciences and Humanities, and the senior

national body of distinguished Canadian scientists and scholars. In that year, Gerald

formally retired, but his undiminished commitment to research and his energy would

help him produce some of his best science in the following 13 years, which he spent

as a Distinguished Research Professor Emeritus.

It could be said that Gerald left the best for last. During the 1990s, the fine structural

investigations that delved into the complex cell-surface saccharides expressed by the

Campylobacter and Helicobacter spp. revealed how these microorganisms exhibited

molecular mimicry of the carbohydrate structures of the hosts. These structural

findings would later explain many of the clinical features of Campylobacter and

Helicobacter spp. infections.

In addition to being a leading cause of human enteritis, infections by Campylobacter

spp., especially C. jejuni, had been suspected of being an antecedent of severe neuro-

logical disorders, such as Guillain–Barré and Miller–Fisher syndromes. Gerald’s obser-

vations that C. jejuni expressed structures homologous to human glycosphingolipids,

especially the sialylated gangliosides of GM1, GM2, and GD3, as components of their

lipooligosaccharides, exposed the fact that C. jejuni infection possessed an autoimmune

component, in which antibodies raised against this organism were disrupting the

workings of cerebral peripheral nerves. Furthermore, Campylobacter spp. was also

found to elaborate cell-surface capsular polysaccharides, which at the time, were

thought to be O-chain regions of lipopolysaccharides. The most striking feature of

Campylobacter spp. capsular polysaccharides was their incorporation of rare and

previously unknown heptoses, and 6-deoxyheptoses of unusual configurations. The

capsular polysaccharides of C. jejuni are now the basis for the development of a

multivalent anti-C. jejuni neoglycoconjugate vaccine.

Gerald’s last campaign focused on the lipopolysaccharide structures produced by

the human gastric pathogen Helicobacter pylori, the lipopolysaccharides of which
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were found to express structures similar to human Lewis blood-group antigens.

The potential role of molecular mimicry between H. pylori cell-surface carbohydrates

and human gastric mucosa cells was the basis for the hypothesis that H. pylori

ailments are a result of autoimmunity. Although this link has yet to be fully proved,

recent studies continue to lend credibility to the autoimmune theory.

AltogetherGerald authoredmore than 200 research papers—about half of them from

Edinburgh, and the others from his Canadian universities. Although the numerical

balance is approximately even, the quality increased over the years, so that his

Canadian work can be recognized as his best, and a fine exemplification of the benefits

accruing from interdisciplinary collaboration.

As an acknowledged authority on carbohydrate chemistry over several decades,

Gerald accepted the responsibility to review areas of his expertise, and he wrote

extensively for Advances in Carbohydrate Chemistry and Biochemistry, Annual Reports

on the Progress of Chemistry, Annual Review of Biochemistry, Pure and Applied

Chemistry and several other reviewing journals and symposia proceedings. He served

for more than 30 years on the Editorial Board of Carbohydrate Research since its

inception in 1965, and his multi-author, three volume text ‘‘The Polysaccharides,’’

completed in 1985 for Academic Press, remains a benchmark publication in the field.

Gerald enjoyed sport, and rugby attracted his attention as a teenager, but first signs

of knee trouble began appearing at this young age and he turned his interests to cricket

and golf. He combined sporting activity with his love of the outdoors, and during his

bachelor days his holidays were mainly spent mountaineering in the English Lake

District and hiking in the Dolomite mountains of Northern Italy. Later, Aspinall

family holidays were spent in Ardnamurchan in North West Scotland. In Canada,

the family vacations usually consisted of camping in the provincial parks of Eastern

Canada. The Adirondack Mountains of northern New York State were also a regular

destination. In their later years, Joyce and Gerald would often combine vacation with

attending carbohydrate conferences around the world. In 2001, double knee-

replacement surgery slowed him down slightly, but, after recovering, he could often

be seen taking the stairs while his students waited for the elevator. Gerald was a well

informed and critical music listener with an extensive collection of recorded music,

and he subscribed regularly to the Toronto Symphony, Tafelmusic, and the Toronto

Opera Company. He was a devout churchman of the Anglican tradition and he felt no

conflict between his faith and his science.

By nature Gerald was reserved and studious, but he was a fine teacher who treated

his committed students with great respect which often developed into warm friend-

ship. He was intensely dedicated to his work and set himself amazingly high stan-

dards, which his students did well to emulate. One year after skin-cancer surgery,
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Professor Aspinall was making plans for his next research campaign. He died on

September 11th, 2005, in Toronto, Canada.

As one of his earliest Ph.D. students (RF) and the last (MAM), we readily

acknowledge, on behalf of all his research students and colleagues, and also his

many friends in the field, our great indebtedness to him.

We also acknowledge the assistance we have received in preparing this tribute from

Professors J. G. Buchanan, A. M. Stephen, and, for personal material, John Aspinall.

ROBIN FERRIER

MARIO A. MONTEIRO
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1932–2007
On June 12th, 2007, Vittorio Crescenzi passed away. The adult respiratory distress

syndrome, a pathology whose direct causes are not well understood, interrupted his

life and his constant and passionate engagement in research and teaching. He was full

professor of Industrial Chemistry at the University of Rome (Italy) and internationally

recognized as a distinguished scientist working on physicochemical and technological

properties of polysaccharides.

Although near to retirement, Vittorio was still very active in the Department of

Chemistry of the University of Rome, where he was coordinating a group of young

Ph.D. students and postdoctorals engaged in research on novel biocompatible

materials based on hyaluronic acid and designed for tissue engineering and controlled

drug release.

Vittorio was born in 1932 in Rome, where in 1956 he graduated in Chemistry at the

former Institute of General and Inorganic Chemistry with a thesis on the potential of

gas-chromatographic analysis, under the guidance of Prof. Arnaldo Liberti. At that

time, gas chromatography was a relatively new technique and commercial instru-

ments were not available, so that Vittorio was obliged to assemble a home-made

apparatus to carry out his experimental work. Soon he was attracted to research in

macromolecular chemistry, which in Italy was being developed by such leading

scientists as Alfonso M. Liquori, Paolo Corradini, and especially Giulio Natta, who

was awarded the Nobel Prize in 1963. Alfonso Liquori, who worked in Cambridge

(UK) during the same years as the pioneering studies on the crystal structure of DNA

and proteins, invited Crescenzi to join him at the University of Bari, in the south east

of Italy, where Liquori was a full professor.

Later on Vittorio moved, together with Liquori, to the University of Naples. There

they met the group of Corradini, which was already active on the newly synthesized

isotactic polypropylene. During these years a NATO fellowship allowed him to work

at Stanford University in Palo Alto, California, with Paul J. Flory, who in 1974 also
ISBN: 978-0-12-374743-3
DOI: 10.1016/S0065-2318(09)00002-X 13 # 2009 Elsevier Inc. All rights reserved.
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became a Nobel laureate. Vittorio crossed the Atlantic by ship and then traveled by

train to California. In subsequent times of frequent airplane travels he enjoyed talking

about those days spent on the ship playing ping-pong. Six months afterwards, his wife

Ada, whom he had married in Rome in 1957, joined him in the USA, together with

their first two daughters and also a third one, Laura, just newborn. Vittorio was very

much impressed by the abundant research opportunities in the USA, and that country

became his definitive reference point in making recommendations to any of his young

collaborators.

In 1968, already back in Italy, Vittorio was called as full professor to the University

of Trieste, where he founded the Macromolecular Chemistry Laboratory, leading a

number of young scientists who still are active in the field of carbohydrate and

polysaccharide chemistry. His main interest during this period was investigations on

the polyelectrolytic properties of synthetic and natural polymers, including the very

poorly studied ionic polysaccharides.

In 1976 Vittorio was called back to Rome as full professor of physical chemistry in

the Department of Chemistry of ‘‘La Sapienza’’ University where this writer, as a

young postdoctoral, met him and started to collaborate with him on the thermody-

namic properties of ionic polysaccharides. In Rome, Vittorio started a local research

group working on polysaccharides, but he also maintained a close collaboration with

the Trieste group. He was very proud to be back in his beloved native town, as

manifested by the company of numerous visiting scientists; they enjoyed his descrip-

tion of the most characteristic corners of the city, particularly those from the Roman

Empire still remaining, and also the performance of the local soccer team. He worked

in Rome until he died, not only as researcher but also as a well appreciated teacher,

first in macromolecular chemistry and then in industrial chemistry. In this respect, he

contributed greatly to the reorganization of the degree course in chemistry in line with

modern developments of this discipline.

During the years 1983–1984 he spent a sabbatical leave at the Stevens Institute of

Technology in Hoboken, New Jersey, USA, where, besides teaching and research, he

organized jointly with S.S. Stivala the first ‘‘International Meeting on Industrial

Polysaccharides.’’ The success of the meeting motivated him to organize the second

such meeting, also at the Stevens Institute, while the third one was held in Italy at the

newly founded ‘‘Trieste Science Park.’’ These meetings, together with the one held

near Trieste in 1981 and focused on ‘‘Polysaccharide Solutions and Gels,’’ formed the

basis for a fruitful scientific exchange between Italian scientists and scientists from

other countries interested in various aspects of the chemistry of polysaccharides.
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His continuous interest in applied research led him since 1980 to collaborate

with a major Italian pharmaceutical company on problems related to polymeric

biocompatible matrices, a field which he never abandoned.

Vittorio was a member of the Italian National Academy of Sciences, the so-called

‘‘Accademia dei XL’’ since it was founded in Verona (the town of Romeo and Juliet)

in 1782 by Antonio M. Lorgna, an Italian mathematician and engineer, who brought

together the 40 most prestigious Italian scientists, who at that time were citizens of

different states, to provide them a common institution for scientific discussions. After

the unification of all the Italian states, in 1875 the Academy moved to Rome.

Author of a large number of scientific publications in international journals,

Vittorio was among the founders of two important Italian scientific associations: the

‘‘Macromolecular Science and Technology Association’’ (AIM) and the ‘‘Calorimetry

and Thermal Analysis Association’’ (AICAT). He also stimulated the creation of the

Italian Group of Carbohydrates, which is a section of the Italian Chemical Society.

Vittorio is pictured here during his attendance at the 2002meeting of the ItalianGroup of

Carbohydrates.

As mentioned, Vittorio was near to retirement, although he would surely have

continued to work closely with his research collaborators as well as dedicating time to

his family, especially to Ada, his beloved wife. She graduated in pharmacy and

biology at the University of Rome and, because of her scientific background, was

from the outset the primary person with whom Vittorio discussed his research.

Vittorio and Ada had a large family, with five daughters, Flavia, Fulvia, Laura,

Fabiana, and Alberta, and six grandchildren: Giulia, Ilaria, Lorenzo, Lucrezia,

Vittoria, and Chiara. A special relationship was established between the grandfather

Vittorio and his granddaughter Vittoria; when she was 2 years old he spent time with

her blowing soap bubbles and drawing with colored pencils. Vittorio drew very well

and was mainly a caricaturist, as also demonstrated by his ironic self-portraits.

Probably impressed by the tragic events of his youth, he was eager to know more

about World War II, reading and collecting numerous books on this topic. However,

science took up much of his attention, and colleagues were probably his best friends.

In his study at home he hung pictures of those late scientists who, besides being

friends, impressed him the most for their scientific achievements; these included

notably J. P. Flory, A. M. Liquori, and J. J. Hermans. His profound belief in the

necessity of proving every hypothesis drove Vittorio to agnosticism, but he was

always respectful of people having different opinions.

Those who worked with him certainly remember his regular presence in the

laboratory and his willingness to discuss scientific problems with passion. For his
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collaborators, perhaps their major difficulty was to keep pace with the numerous and

interesting new research suggestions that he was able to produce. One of the most

impressive aspects of his work was the international dimension of the research carried

out in his laboratory. His numerous contacts with Dutch, English, French, and North

American colleagues made research in his laboratory even more stimulating. His

international contacts were fruitfully transmitted to those of us who continue to

develop his main interests. We thank Vittorio for this inheritance.

ROBERTO RIZZO
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1D, one-dimensional; 2D, two-dimensional; 3D, three-dimensional; AMP,
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correlation spectroscopy; CPMG, Carr-Purcell–Meiboom–Gill NMR pulse sequence;

CT, constant time; dAMP, deoxyadenosine monophosphate; DFT, density functional
lsevier Inc.



18 B. COXON
theory; EHT, extended Hückel theory; FID, free induction decay; FPT, finite pertur-

bation theory; FT, Fourier transform; HMBC, heteronuclear multiple bond correla-

tion; HSQC, heteronuclear single quantum correlation; HSQMBC, heteronuclear

single quantum multiple bond correlation; INADEQUATE, incredible natural abun-

dance double quantum transfer experiment; INDO, intermediate neglect of differen-

tial overlap; INEPT, insensitive nuclei enhancement by polarization transfer; Kb,

kilobyte; LCAO, linear combination of atomic orbitals; LRCC, long-range carbon–

carbon correlation spectroscopy; MCSCF, multi-configurational self-consistent field;

MD, molecular dynamics; MM, MM1, MM2, MMP2(85), MM2–85, MMX, various

versions of Allinger’s molecular-mechanics program; MO, molecular orbital; NOE,

nuclear Overhauser effect; PCA, principal component analysis; PCILO, perturbative

configuration interaction with localized orbitals; PFIDS, phosphorus fitting of cou-

pling constants from doublets and singlets; PMR, proton magnetic resonance; RF,

radio frequency; ROE, rotating-frame Overhauser effect; ROESY, rotating-frame

Overhauser effect spectroscopy; SCF, self-consistent field; SCPT, self-consistent

perturbation theory; SOPPA, second-order polarization propagator approximation;

T1, spin–lattice relaxation time; T2, spin–spin relaxation time; VB, valence bond.

Single-letter abbreviations for ribonucleoside or ribonucleotide base-containing

components, depending on context—A, adenosine; C, cytosine; G, guanosine;

T, ribosylthymine; U, uridine.
I. Introduction

The Karplus equation has had a long association with carbohydrates. Apparently, in

1958, while Martin Karplus was in the process of completing his seminal 1959 paper on

the theoretical dependence of vicinal NMR coupling constants on the dihedral angle of

the coupled protons,1 he attended a lecture by the late Raymond Lemieux at the

University of Illinois in May, 1958 and recognized that Lemieux’s new experimental

data for such couplings in carbohydrates2 and cyclohexenes3 fitted his theoretical results

verywell.4 It was not long before a number of other sugar chemists started exploiting this

angular dependence of coupling constants in the conformational and configurational

analysis of carbohydrates and their derivatives,5–7 and the Karplus equation has found

wide acceptance and utility throughout organic and inorganic chemistry.

In many instances, however, it has been sufficient merely to be aware of the angular

dependence, and to use the experimental fact that the coupling constant is large or

small, depending on whether the coupled nuclei are trans or gauche, an approach

which Karplus himself recommended.8 Responding to some criticism of the accuracy
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of dihedral angles calculated from coupling constants, Karplus published a second

paper on the subject in 1963, in which the dependence of the couplings on substituent

electronegativity and on bond length and bond angle were addressed.8 Since that time,

the original Karplus equation has been modified, extended, generalized, and repar-

ametrized to include a large number of different nuclear pairs, and more-finely tuned

dependences on a host of molecular properties, in addition to dihedral angle and

electronegativity.

Because of the very large number of applications of the Karplus equation in

chemistry, an effort has been made to restrict the scope of this chapter to the more

fundamental investigations of the Karplus equation and the coupling constants that

support it. Also, coupling constants over one and two bonds do not have dihedral

angles between the coupled nuclei and so have largely not been included, even though

they depend on the orientation of substituents.9 Couplings over two bonds also have

the practical disadvantage of a change in sign,9 depending on structure, and are not as

highly used as three-bond couplings for structural determination. On the other hand,

following Perlin and Casu’s discovery that one-bond 1H–13C coupling constants

depend on anomeric configuration,10 its detailed elaboration by Bock and Peder-

sen,11–14 and angular dependence studies by Tvaroška, Taravel, and coworkers,15–18

these couplings have constantly been used as a method for determination of anomeric

configuration that complements the use of three-bond 1H–1H coupling constants from

the anomeric center. Indeed, the use of 1JCH is better in some cases than the use of
3JH-1,H-2, for example in a- and b-mannopyranose derivatives, where the 3J1,2 values

are very similar.
II. The Impact of Improved NMR Instrumentation

In 1959, NMR spectroscopy was still in the primitive state of relying on

continuous-wave, RF techniques, with magnetic field sweeps, and analogue spectral

output on chart paper, from which coupling constants were determined by manual

measurements of peak separations on the chart. Spectra were calibrated by the

relatively crude procedure of placing audio modulation sidebands on the charts,

which defined the frequency separations needed for measurements of coupling con-

stants. Within 10 years, there were to be revolutions in both the practice of NMR

spectroscopy and the computer field. The transition from continuous-wave techniques

to Richard Ernst’s pulse-FT NMR method19,20 occurred rapidly, but the computer

systems that were required for this new experimental procedure were at first slow,

awkward, and suffered from extremely limited storage for data and programs;
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for example, 4 Kb for data and 4 Kb for program space, with no permanent storage for

data, except on punched, paper tape.

Fortunately, there have been enormous improvements in computer technology

resulting in cheap memory and storage, with the result that the number of digital

points that can be used to define a spectrum is now limited only by the decay rate 1/T2
*

of the FID, which is given by the sum of the real, transverse relaxation rate 1/T2 and

the rate 1/T2(inhomo) due to magnetic field inhomogeneity. As a result, data tables of

256 Kb are now routinely possible for the 1D 1H and 13C NMR methods that are most

commonly used to measure spin–spin coupling constants, as long as the FID does not

decay to noise first.

Along with the computer revolution and digitization of data, there have been

constant, iterative improvements in spectrometer and NMR probe performance.

Competitive pressures have led to increasingly accurate phase and frequency synthe-

sis, the adoption of more stable, digital lock systems for field–frequency regulation,

and very large gains in NMR detection sensitivity, particularly from the development

of cryoprobes (cold probes) that afford a sensitivity improvement of �4 over normal

probes, corresponding to a reduction in acquisition time by a factor of 16.

By using the trade off of sensitivity versus resolution that is inherent in most spectral

apodization methods, the improved sensitivity has allowed much more vigorous resolu-

tion enhancement to be used, allowing spectral multiplets to be split easily to the

baseline, thus enhancing the measurement accuracy for the coupling constants.

Because the spacings used to measure the coupling constants are calculated as the

difference of two frequencies, it is important that the spectra have adequate digital

resolution, otherwise the experimental errors in the coupling constants could possibly

be doubled. The larger data sets that are possible with modern equipment certainly

allow this, together with such data extension methods as zero-filling and linear

prediction, and the digital output of the peak positions by sophisticated algorithms

that take into account several points near the top of the peak, and not just its maximum

value. Enhanced computer processing speed has also been important for rapid com-

putations of the Fourier transform and for other digital signal processing, which

became essential once multidimensional NMR techniques were adopted.
III. The Impact of Molecular Modeling

When the Karplus equation was first developed, few methods were in use for the

specification of molecular geometry, and correlations of coupling constants with

atomic dihedral angles were perforce often based on approximate methods such as
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measurement of Dreiding molecular models (�10�) or on assumptions that carbohy-

drate rings have dihedral angles that are similar to the ‘‘idealized’’ angles in related

alicyclic molecules.21 The wider use of X-ray crystal structure data has had the

advantage that the dihedral angles that may be calculated from such data are obtained

by experiment, but the disadvantage that they refer to the solid state, which may

exhibit a different conformation from that present in solution. Other methods for the

determination of molecular geometry such as high-quantum, local field solid-state

NMR spectroscopy22 suffer from the same disadvantage, if comparisons with the

solution state are desired. A number of authors have clearly assumed, without proof,

that the conformations in the solid and solution states are the same. Over the past

50 years, a number of powerful computational methods for the determination of

molecular geometry have been adopted, including ab initio MO methods (such as

Hartree–Fock), VB calculations, semiempirical (CNDO, INDO, and others), DFT

(GAUSSIAN94, GAUSSIAN98, GAUSSIAN03), and MD/MM (such as Accelrys

Insight/Discover, CHARMM, GROMOS96, PCMODEL, and others). VB methods

are largely out of date at this point and do not always correctly reproduce the

magnitudes and signs of coupling constants. Programs such as Insight/Discover that

display values of dihedral angles merely by clicking on four atoms of a structure

displayed on a computer monitor are particularly useful, since they avoid tedious

manual calculations based on atomic coordinates. Of course, many of the methods of

computational chemistry are based on approximations to a varying degree, but a

realistic goal for the computation of dihedral angles appears to be �0.5�.
IV. Vicinal Coupling Constants

Vicinal 1H–1H coupling constants comprise the vast majority of coupling data that

have been reported, and as the simplest case, substituted ethanes, have been exhaus-

tively studied. These studies are described here because sugar chains may be regarded

as a series of ethanic fragments, albeit with transannular stereoelectronic and anomeric

effects, flanking group interactions, and other phenomena superimposed.

1. Proton–Proton Couplings

a. Proton–Proton Couplings, 3JHCCH.— Initially, VB theory was used by Karplus

to calculate 3JHCCH in ethane,1 which could be fitted approximately by the equations:
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3JHCCH ¼ 8:5 cos2 ’� 0:28 for 0� � ’ � 90� and

9:5 cos2 ’� 0:28 for 90� � ’ � 180�
ð1Þ

where ’ is the dihedral angle between the hydrogen atoms (also known as the
projected valency angle, the torsion angle, or the torsion). For unsaturated systems,

additional contributions from p-electrons were found to provide a quantitative expla-

nation of the experimental results.23 Later,8 the results of the VB s-electron calcula-

tion were restated in the equation:

3JHCCH ¼ Aþ B cos’þ C cos 2’ ð2Þ
For a C–C bond length of 1.543 Å, sp3 hybridized carbon atoms, and an average
energy, �E of 9 eV, the calculated constants were A ¼ 4.22, B ¼ �0.5, and

C ¼ 4.5 Hz.

A trigonometrically identical form of Eq. (2) has generally been used, namely,

3JHCCH ¼ A cos2 ’þ B cos’þ C ð3Þ
because its quadratic form21 allows an explicit calculation of ’ from the coupling
constant, despite a warning from Karplus.8 In Eq. (3), the values of the constants A, B,

and C are 9.0, �0.5, and �0.3 Hz, respectively. Dependences on substituent electro-

negativity, and on bond angle and length were also calculated,8 although the latter two

molecular properties have proved to have minor effects.

Efforts were soon made to incorporate an explicit electronegativity dependence.

For example, Abraham and Pachler derived the expression

3JHCCH ¼ 8:0�
X

Dwi ð4Þ
where S�wi is the sum of the electronegativity differences between the substituents i
attached to the ethane molecule and hydrogen.24 From data for tetrasubstituted

aldopentopyranose derivatives, Durette and Horton formulated the expression:25

3JHCCH ¼ 7:8� 1:0 cos’þ 5:6 cos 2’ð Þ 1� 0:1Dwð Þ ð5Þ
This equation was modified by Streefkerk et al.26 and used for calculation of 3JHCCH

values for 14 ideal conformations (two chair, six boat, and six skew forms) of per-O-

trimethylsilyl derivatives of 6-deoxyhexoses,27 and for structural studies of glycopep-

tides:28

3JHCCH ¼ 6:6� 1:0 cos’þ 5:6 cos 2’ð Þ 1�
Xi¼4

i¼1

fiDw

 !
ð6Þ
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where ’ is the dihedral angle between the protons in the fragment H–C–C0–H0, and
where the electronegativity factor fi ¼ 0.15 when the torsion angle y between R and H

in H–C–C0–R is > 90�, and fi ¼ 0.05 when y < 90�. In effect, Eq. (6) includes an

approximate dependence of 3JHCCH on the angular orientation y of the substituent R,

a subject that is discussed next.

It was recognized as early as 1964 that there is a dependence of 3JHCCH on

substituent electronegativity orientation. In a study of steroid molecules, Williams

and Bhacca found that Jae 5.5 � 1.0 Hz was about twice as large when there was an

equatorial electronegative substituent attached to the coupling pathway, as the value

Jea 2.5–3.2 Hz measured when the substituent was attached axially.29 These orienta-

tions correspond to a gauche relationship of the substituent to one of the coupled

protons, and a trans arrangement, respectively (Fig. 1).

This significant dependence was also noted by others,30,31 but was not fully

addressed until 1979, when Haasnoot, Altona, and coworkers commenced the publi-

cation of a series of papers32–34 in which the 3JHCCH values of substituted ethanes and

other molecules were investigated with great attention to accuracy and detail; studies

that were assisted by the increasing sophistication of NMR instrumentation.

Meanwhile, Pachler calculated 3JHCCH values for substituted ethyl derivatives

using the Pople–Santry LCAO-MO method, a variant of EHT, and found (a) a linear

dependence of the vicinal couplings on substituent electronegativity, and (b) that the

couplings were described35 well by the expression:

3JHCCH ¼ Aþ B cos’þ C cos 2’þ D sin’þ E sin 2’ ð7Þ
This relationship has been described as a truncated Fourier series containing a
fundamental and one overtone.33 Addition of the sine terms to the original Karplus

equation was required to represent the asymmetry of the curves at ’ ¼ 0�.
Ha

Ha

He

He

He

Ha

RO

OR
A, R = H or Ac B, R = H or Ac

Fig. 1. Differing orientations of the electronegative substituent RO on the 3JHCCH coupling pathway in

steroid fragments. In type A, Jae was observed to be 5.5 � 1.0 Hz, whereas type B showed Jea 2.5–3.2 Hz,

thus illustrating enhancement of the coupling constant when the electronegative substituent is gauche to one

of the coupled protons.
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Pachler subsequently accounted for the dependence of the coupling on electronega-

tivity and its orientation using equations36 which were interpreted by Haasnoot et al.33

as:

3JHCCH ¼ A� a
X

Dwi
� �

þ B� b
X

Dwi
� �

cos ’� e
X0

Dwi
� �

þ C� c
X

Dwi
� �

cos 2 ’� e
X0

Dwi
� �

ð8Þ

where S0�wi is a sum of the electronegativity differences that is given a positive or
negative sign, depending on the gauche or trans orientation of the electronegative

substituent just mentioned above. This reflects experimental observations that the

gauche orientation of this substituent increases the magnitude of the coupling,29

whereas the trans orientation decreases it.37

For reasons that have been described in detail,33 it was proposed that Eq. (8) be

replaced by a new relationship, now known as the Haasnoot or Altona equation:

3JHCCH ¼ P1 cos
2 ’þ P2 cos’þ P3 þ

X
Dwi P4 þ P5 cos

2 x’þ P6ð j Dwi
� ��Þ� ð9Þ

in which the sign parameter x takes the value þ1 or �1, depending on the orientation
of the electronegative substituent, which was now defined more carefully33 to cover

all possible values of ’ (Fig. 2). By least-squares fitting of 315 coupling constants

obtained from 109 compounds to dihedral angles calculated by molecular mechanics

using Allinger’s MM1 force field, the parameter values P1 13.88, P2 �0.81, P3 0

(assumed), P4 0.56, P5 �2.32, and P6 17.9 Hz were determined. A Macintosh desktop

calculator program, SWEET J is available for Eqs. (3) and (9), which solves the
R-4 (−)

H�

H

R-1 (+)

H

R-1 (+)

H�

(−) R-2

(+) R-3

(−) R-2

(+) R-3

R-4 (−)

C

C�

(+)(−)

φ

Fig. 2. Definition of positive and negative orientations of substituents R-1–R-4 with respect to the

vicinally coupled protons in tetrasubstituted ethanes.



DEVELOPMENTS IN THE KARPLUS EQUATION 25
equations both numerically and graphically.38 The program features include display

of the fragment under consideration as a Newman projection, the dihedral angle can

be changed with the mouse device, and the absolute configuration of stereogenic

centers is determined by the computer.38 An alternative PC desktop calculator

program, ALTONA, has been written39 for Eq. (9).

Although the first atom of the electronegative substituent has the greatest effect on

the coupling constant (and also on 1H and 13C chemical shifts in general), the data and

EHT-MO calculations of Haasnoot et al. and other data in the literature indicated the

need for another parameter P7 that would describe the moderating effect of the b-part
of a substituent on its electronegativity, namely, a reduction in the electronegativity of

the entire substituent, as the electronegativity of the b-part increased.33 Therefore, an
additional equation was introduced:

Dwgroup ¼ Dwa-substituent � P7

X
Dwbi-substituent ð10Þ

where the summation extends over all of the substituents attached to the a-substituent.

Small values of P7 were found, 0.14, 0.24, 0, and 0.19, depending on whether Eq. (10)

was used with only the b-effect, or two, three, or four substituents, respectively.33

Equations (9) and (10) were applied initially to monosubstituted cyclohexanes with

reasonable success,33 and later to proline derivatives,40 together with the ribose ring in

nucleosides and nucleotides.32,34 These equations readily allow the computation of a

coupling constant from a torsion angle and the electronegativity factors, but do not offer

an explicit solution for the reverse computation, namely the calculation of a torsion angle

from a coupling constant.33 For the latter computation, iterative, trial-and-error methods

or graphical determination can be used, assisted by a computer program CAGPLUS.33

The conformations of five-membered rings have long been interpreted in terms of a

classical equilibrium of North (N) and South (S) conformers, where these terms refer

to the regions of conformational space at the top and bottom of the pseudorotational

cycle, respectively.34,40–42 While the cyclopentane conformation moves freely around

the pseudorotational cycle, the placement of substituents on either homocyclic or

heterocyclic five-membered rings raises the energy barriers between certain confor-

mers, generally restricting them to the N and S regions.34 By applying Eq. (9) to the

sugar ring in a range of nucleoside and nucleotide derivatives, Haasnoot et al.

demonstrated that, depending on substituent pattern and structure, the equilibrium

can be biased toward either the N or S type.34 For example, the 20-deoxyribose ring

with O-30 pseudoaxial favors the S-type conformation, whereas the 30-deoxy com-

pound with O-20 quasiaxial favors the N-form.34
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Following the recognition that 3JHCCH depends on both the group electronegativity

value and its orientation, and the availability of a set of additive constants (�J values)

proposed for prediction of Jgauche in trisubstituted (CH2CH) fragments of polypep-

tides,43 Altona and Haasnoot developed a simple additivity rule for prediction of anti

and gauche 3JHCCH values in pyranose rings.44 This represents an alternative

approach to the use of Eqs. (9) and (10). Good quality 1H NMR data were tabulated

or measured mostly at 270, 300, or 360 MHz for a large number of hexopyranoses,

pentopyranoses, and 2-deoxy-pentopyranoses, and a few 4,6-O-benzylidene deriva-

tives.44 Analysis of the data allowed a table of additivity constants, �J(X) for

substituents X in pyranose rings to be constructed.44 These constants clearly demon-

strate the incremental effect of Xgauche on
3Jae and

3Jee, and the decremental effect of

Xanti on
3Jae and

3Jee, and of Xgauche on
3Jaa. The agreement between experimental and

calculated coupling constants was characterized by a standard deviation s ¼ 0.29 Hz,

so that in 95% of the cases, the experimental value would not deviate from the

predicted value by more than �0.6 Hz. It was predicted that, for pyranose systems

that bear an axial substituent at C-2 (e.g., mannosides, altrosides, and rhamnosides),

the difference in 3J1,2 of the a and b anomers will be determined exclusively by the

electronegativity of this axial substituent.44 The results also encompass Booth’s rule

that an electronegative substituent attached to an HCCH fragment exerts a maximum

negative effect on 3Jgauche when positioned in an anti-periplanar orientation to one of

the coupled protons,37 and the observation of Abraham and Gatti that, in 1,2-disubsti-

tuted ethanes,30 the coupling of two gauche protons flanked by two gauche electro-

negative substituents obeys Eq. (11):

3Jgauche ¼ 4:1þ 0:63
Xi¼2

i¼1

Dwi ð11Þ

where the electronegativity difference �wi ¼ wi – wH.

Colucci et al. proposed the equation:

3JHCCH ¼ Aþ B cos’þ C cos 2’þ
Xi¼4

i¼1

Dsi cos’ cos’HX ið Þ ð12Þ

where ’HX(i) is the dihedral angle between the interacting proton and the substituent
Xi, and �si is a single, empirically determined constant of the substituent.45 This

equation was constructed on the premise that the torsional dependence of 3JHCCH
could be described as a simple perturbation of the ethane system. Torsion angles were

determined from X-ray crystal structure data and MM2 molecular mechanics. If perfect

tetrahedral geometry is assumed for the ethanic fragment, then ’HX(i) ¼ ’ �120� can
be used, leading to a more useful expression:
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3JHCCH ¼ Aþ B cos’þ C cos 2’þ cos’½ DS1 þ DS4ð Þ cos ’� 120ð Þ
þ DS2 þ DS3ð Þ cos ’þ 120ð Þ� ð13Þ

The values of �s were obtained from experimental coupling constants for mono-
i

substituted ethanes,45 and the values tabulated for 39 substituents covered a range

from�0.92 Hz for a lithium substituent (electron donating), through 0.00 Hz for H, to

13.9 Hz for OEt2
þ BF4

� (electron withdrawing). However, the authors commented that

the variation of the�si values defied a consistent explanation, and at that time had not

been totally correlated with any other set of substituent constants or properties of the

groups.45

In the foregoing discussion, the electronegativity values wi referred to are those of

Huggins,46 which are modifications of Pauling electronegativities.47 In later work,

Altona et al.48 studied the electronegativity dependence of the torsion angle-independent

term A in equations such as (7). They measured 3JHCCH values for substituted ethanes

evenmore carefully, with an estimated data-point accuracy of� 0.02Hz. Attempts to fit

these data led to the conclusion that none of the existing w tables would correlate well

with the observed couplings.48 On this basis, it was proposed that the use of w electro-

negativities for coupling-constant correlations be abandoned in favor of a new electro-

negativity scale of li values, derived from the data set at hand.48 A least-squares fit was

applied to the J values of 55 mono- and 38 1,1-di-substituted ethanes, including 22

isopropyl derivatives. Altona et al. also proposed that any nonadditivity or interaction

effect on the coupling constants could be described well by the introduction of cross

terms, including the product of either the electronegativity differences,�wi�wj, or of the
substituent constants, lilj. To correspond approximately to the Huggins electronegativ-

ity scale, the new li values were scaled so that lH¼ 0, and lOR¼ 1.40, values that were

part of a series for some 50 substituents, including many carbon-bound groups, and

nitrogen, oxygen, halogen, phosphorus, silicon, and sulfur-containing groups.48 It was

proposed that the electronegativity dependence of the couplings of the substituted

ethanes could be described by the expression:

3JHCCH ¼ 7:84� 0:59 l1 þ l2ð Þ � 0:42 l1l2ð Þ ð14Þ
where l1 and l2 are the new electronegativity values of up to two substitutents.
A striking difference between the new li scale and other empirical, electronegativity

scales was found to be the inverse correlation of li with the electronegativity of the

b substituent, whereas in�w scales, the reverse obtains.48 Equation (14) was found to
fit 84 experimental couplings with an rms deviation of 0.018 Hz, and a maximum
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deviation of 0.06 Hz, but the parent ethane and monohalo- and 1,1-dihalo-ethanes

were exceptions that had to be parametrized differently. The l electronegativity

approach was supported by theoretical calculations of 1404 coupling constants

using a reparametrized EHT method for ethane and its derivatives, singly or multiply

substituted with Cl, F, Me, and OH.49 Pairwise interactions between substituents were

accounted for by using specific quadratic cross terms to describe the electronegativity

dependence of the coefficients in a truncated Fourier series, with simultaneous least-

squares optimization of the Fourier coefficients and the electronegativity values.49

The theoretical coupling constants generated in this study were fitted by expanding

Pachler’s equation [Eq. (7)] to include a cos3’ term, and additional coefficients for

the electronegativity cross terms, giving:

3JHCCH ¼ C0 þ C1 cos’þ C2 cos 2’þ C3 cos 3’þ S1sin’þ S2 sin 2’ ð15Þ
where
C0 ¼ C00 þ C01

X
i

li þ C012 l1l2 þ l3l4ð Þ

C1 ¼ C10 þ C11

X
li
i

C2 ¼ C20 þ C21

X
i

li þ C214 l1l4 þ l2l3ð Þ
C3 ¼ C30

and
S1 ¼ S11
X
i

xili

S2 ¼ S21
X

xili þ S213 l1l3 � l2l4ð Þ

i

Definitions and values for the coefficients are given in the original publication.49

The rms deviation of the total set of couplings was reduced to 0.124 Hz, which was

stated to be markedly improved over that for the Pachler and earlier Haasnoot–Altona

studies.49

The non-bonded, through-space transmission of spin information, known as the

Barfield transmission effect, has been investigated theoretically for five-membered

rings by the FPT-INDO-SCF-MO method.50 An early observation of this effect was

the non-equivalence of Jendo-endo and Jexo-exo in norbornanes,51,52 which was also
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predicted to occur in cyclopentane, tetrahydrofuran, and in 7-hetero-substituted nor-

bornanes,50 and also explains50 the observed non-equivalence of cisoid H–Cb–Cg–H

and H–Cg–Cd–H couplings in prolines.53,54 This effect is not described by the typical

basic or generalized Karplus equations, and the computations of de Leeuw et al.50

suggested that it could be approximated by the function:

DJ ¼ T cos2 P� Pbð Þ ð16Þ
where �J is a decrease in the size of the coupling due to the transmission effect, P is
the phase angle of pseudorotation in the five-membered ring, Pb is the phase angle of

the envelope form for which a maximum effect is reached, and T depends strongly

on the nature of the atom through whose orbitals the effect is transmitted. T was

estimated to be �0.5 Hz for a furanose ring oxygen, and �2 Hz for a carbon atom.

Correction by Eq. (16) needs to be applied only to cisoidal coupling constants in five-

membered rings calculated from a Karplus-like equation.50 The correction is thought

to be negligible for ribofuranose systems, where the maximum decreasing effect is

small (�0.5 Hz) and occurs in a forbidden region of P �270�. In 2-deoxyribose

systems, the correction is more important, because the South-type conformer pre-

dominates.50 The Barfield correction term has been incorporated in the PSEUROT

program, with the assumption of a two-state, North–South equilibrium.55 Transoid

couplings are not affected by this Barfield effect.50

In an empirical tour de force, the Karplus equation has been expanded to contain 13

mutually independent structural terms and 22 adjustable parameters.56 The terms

were selected and evaluated individually, with the assumption of a linear additivity.

A standard set of 198 vicinal coupling constants determined from 104 compounds

dissolved in nonpolar solvents was selected from the literature, including mostly

alkanes and halides, but with a number of other substituent types represented, and

four sugars. An interesting, arbitrary assessment of coupling constants measured in

different decades was made by assigning a precision of 0.2 Hz for data reported before

1969, 0.1 Hz for those from 1970–1979, and 0.05 Hz for those reported after 1980.

In fitting data to the modified equation, the experimental coupling constants were

weighted by the reciprocals of the assigned precisions. A number of group-

electronegativity scales were considered, and that of Mullay was selected as being

most suitable.56 Plotting of Mullay’s group electronegativities, wsub against 26 3JHCCH
values for substituted ethanes revealed a good linear relationship:

3JHCCH ¼ Aþ B wsub � wHð Þ ¼ Aþ BDwi ð17Þ
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with A ¼ 7.520 and B ¼ �0.2088. Optimum molecular geometries were determined

by Allinger’s MM2/MMP2(85) program, and the consideration and rejection of many

different molecular properties led to the equation:

3JHCCH¼A cos’þBcos 2’þC cos3’þD cos2 2’þWðEcos’
X

Dwi cosyi

þF
X

Dwi cos2yiþG
X

DwiÞþH o1þo2ð Þ=2�110½ �þI rC�C�1:5ð Þ
þK

X
Dwbj cos2cjþLr�4þM ð18Þ

where the summation with respect to i refers to all substituents on the H–C–C–H system,
the summation pertaining to j to all b substituents, and o1 and o2 are the C–C–H bond

angles.56 The cos3’ and cos22’ terms represent testing of logical extensions of the

series of terms in the original Karplus equation [Eq. (2)], and in Eq. (18), the angle yi
subtended by the electronegative substituent with respect to a coupled proton has been

parametrized separately from the HCCH dihedral angle ’, or the cos (’þ 120�) and cos
(’� 120�) terms used in other studies. As is evident in Eq. (18), combinations containing

both ’ and yi were also tested for the electronegativity terms, and the orientation of the

b-part of the a-substituent to a coupled proton is described by a new torsion angle, c.
TheH term in Eq. (18) represents an average deviation of the C–C–H bond angles from

the tetrahedral angle, and the Barfield transmission effect, which reflects the proximity

effect of non-bonded substituent atoms to the coupled protons, is characterized by the

Lr�4 term. The exponent in the latter term was tested exhaustively in the range �1 to

�12, butwas found to bemeaningful onlywhen the proximal atomwas carbon or oxygen

at a distance r< 3.3 Å. Fitting of Eq. (18) to the 198 values of 3JHCCH led to the optimum

parameters A ¼ �1.2246, B ¼ 5.0935, C ¼ �0.1055, D ¼ 0.5711, E ¼ 0.8319, F ¼
0.0433,G¼ 0.0345,H¼�0.2058, I¼�8.9222,K¼ 0.1438,L(carbon)¼�8.9395, and

L(oxygen)¼ 6.9202. The parameterM took values of 7.5075, 7.0306, 6.4793, 6.5432, or

5.5319, depending on whether the compounds were mono-, 1,1-di-, 1,2-di-, tri-, or tetra-

substituted, respectively.56 Similarly, theW values found for these substitution patterns

were 1.00, 2.55, 1.16, 2.29, and 1.40, respectively. The units used in Eq. (18) are Å for

distances, degrees for valence and dihedral angles, and Hz for coupling constants.

This comprehensive study also tested the relative importance of the various terms

in Eq. (18), and its relative performance when compared with modified Karplus

equations of the Pachler, Haasnoot, and Colucci et al. types. Based on standard

deviations of errors, the ranking of the four most important terms was found to be

cos2’, cos’ S�wi cosyi, cos’, and (o1 þ o2)/2. Thus, the second most important

term is the combined electronegativity/electronegativity orientation term, and the

fourth most significant one is the bond angle term, the first- and third-ranked terms
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being present in the original Karplus expression. An alternative equation containing

these top four terms was proposed:

3JHCCH ¼ A cos’þ B cos 2’þWE cos ’
X

Dwi cos yi

þ H o1 þ o2ð Þ=2� 110½ � þM
ð19Þ

which can be used with little loss of precision, if a computer program for Eq. (18) is
unavailable.56 However, Eq. (18) was found to have the lowest standard deviation

(0.3255 Hz) of the four equations tested, when they were applied to the 3JHCCH values

of single conformation molecules in the standard set.56

Some 14 years after publication of the original Haasnoot equation, it was repar-

ametrized to include a li group electronegativity scale and specific parameters for

substituted ethane derivatives,57 regardless of degree of substitution:

3JHCCH ¼ 14:63 cos2 ’� 0:78 cos’þ 0:60

þ
X
i

li 0:34� 2:31 cos2 si’þ 18:4 lij jð Þ� � ð20Þ

where the sign parameter is now si¼� 1. A slightly modified li scale was constructed

from the couplings to methyl in substituted ethanes and isopropyl derivatives, which

were represented by the equation:

3JHCCH ¼ 7:660� 0:596 l1 þ l2ð Þ � 0:419 l1l2ð Þ ð21Þ
The parent ethane and its dihalo derivatives were now included, but norbornanes and
molecules suspected to be conformationally inhomogeneous were excluded.57 Molec-

ular geometries were recalculated using the MM2-85 force field. By this means, the

overall rms error for the 3JHCCH values was lowered from 0.48 to 0.36 Hz. The li
values derived previously were found to be still valid for common organic solvents,

but a slightly different li scale was constructed for solutions in D2O,
57 for compounds

where the a-substituent carries one or two non-conjugated lone pairs of electrons that
readily act as hydrogen-bond acceptors, so that �l ¼ �0.11 � 0.03 for NH2, NHR,

NR2, OH, OR, and R ¼ alkyl. The li values for the nucleic acid bases A, C, G, T, and
U, as determined from N-isopropyl derivatives, were found to be 0.56 � 0.01,

irrespective of solvent.57 The Pachler equation and equations such as (20) were stated

to be valid for saturated HCCH fragments with approximately tetrahedral bond

angles, but not for strained molecules such as norbornanes, in which large deviations

from tetrahedral geometry occur.57

Various models for the interaction between pairs of substituents in ethanes have

been discussed.58,59 MCSCF ab initio calculations of 3JHCCH in ethane have given the
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contributions from the Fermi contact, spin dipolar, orbital paramagnetic, and orbital

diamagnetic mechanisms, of which only the Fermi contact contribution was found to

be significant.60

In a different approach,61 3JHCCH values (and also 1JCH and 2JHCH) have been

computed by DFT methods for exocyclic hydroxymethyl groups on aldopyranosyl

rings, and the values compared with experiment and correlated with the O-5–C-5–C-

6–O-6 torsion angle o, according to the equations:

3JH�5;H�6R ¼ 5:08þ 0:47 cosoþ 0:90 sino� 0:12 cos 2oþ 4:86 sin 2o ð22Þ
3JH�5;H�6S ¼ 4:92� 1:29 cosoþ 0:05 sinoþ 4:58 cos 2oþ 0:07 sin 2o ð23Þ
These relationships have been confirmed by DFT calculations on hydroxymethylte-

trahydropyran analogues of aldohexopyranosides,62 using a set of staggered and

eclipsed geometries, which on least-squares fitting of the theoretical coupling con-

stants yielded:

3JH�5;H�6R ¼ 5:06þ 0:45 cosoþ 0:80 sino� 0:90 cos 2oþ 4:65 sin 2o ð24Þ
3JH�5;H�6S ¼ 4:86� 1:22 cosoþ 0:04 sinoþ 4:32 cos 2oþ 0:07 sin 2o ð25Þ
This study62 also led to the equation:

2JH�6R;H�6S ¼ �10:97þ 0:11 cosoþ 0:59 cos 2o� 0:79 cos yþ 2:00 cos 2y ð26Þ
reflecting the dependence of this geminal coupling on both of the torsion angleso and y,

about C-5–C-6 and C-6–O-6, respectively, and the more significant dependence on y.

Experimental values of 3JHCCH were redetermined for the methyl a- and b-pyrano-
sides of D-glucose and D-galactose, and were found to agree well with the results of the

DFT computations.62

b. Proton–Proton Couplings, 3JHCNH.— Barfield and Karplus63 combined a

theoretical VB bond-order formulation of contact nuclear spin–spin coupling with a

semiempirical approach based on Whiffen’s measurements of proton hyperfine

splitting data for p-electron radicals and radical ions of the form �C-CHR2,�C-NHR, and �C-OH, leading to the equation:

3JHCNH ¼ 12 cos2 ’þ 0:2 ð27Þ
However, equations such as this one were thought to have the limitation that because

they were derived from the hyperfine interaction, which is symmetric about ’ ¼ 90�
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no account was given of the asymmetry in the coupling constant.63 3JHCNH is

commonly observed to be 8.0–9.5 Hz in acetamidodeoxy sugars, and in secondary

amines, such as N-2,4-dinitrophenyl derivatives of amino sugars.64–66 For a long time,

an explicit Karplus equation for 3JHCNH in amino sugars was not available, and an

equation with coefficients derived from model peptides by Bystrov et al.67 was

sometimes used. It has often been assumed that the 8.0–9.5 Hz coupling represents

a trans arrangement of the coupled protons, for example H-2 and NH in the

2-acetamido-2-deoxy sugars. However, molecular dynamics simulations of tetrasac-

charide fragments of hyaluronan suggested that a cis arrangement of the coupled

protons sometimes occurs, and, therefore, that high values of 3JHCNH cannot always

be used to infer a purely trans form of the acetamido group.68

More recently, a very detailed theoretical study of 2-acetamido-2-deoxy-D-glucose

and 2-acetamido-2-deoxy-D-galactose has been reported, in which DFT was used to

calculate 3JH-2,NH values of the pyranose anomers.69 Karplus coefficients were then

derived by least-squares fitting of the theoretical coupling constants to Eq. (3). The

fitted Karplus parameters were found to be similar to those derived previously for

peptide amide groups,67 but were consistently larger. An implicit solvation model

consistently lowered the magnitude of the calculated values, improving the agreement

with experiment. However, an explicit solvation model worsened the agreement with

the experimental data.69 A detailed study of the effect of libration of the acetamido

group on 3JH-2,NH values was also performed.69 The dynamical spread of the rotation

of the acetamido group in free a-GlcNAc, b-GlcNAc, and a-GalNAc was estimated to

be 32�, 42�, and 20�, with corresponding dihedral angles of 160�, 180�, and 146�,
respectively. From DFT calculations containing mainly the important Fermi contact

coupling term (but sometimes other interactions, too), the Karplus coefficients found

for a 3JH-2,NH version of Eq. (3) were A ¼ 9.45–10.02 � 0.21–0.26, B ¼ �1.51 to

�2.08� 0.10–0.13, and C¼ 0.49–0.99 � 0.12–0.16, depending on which GlcNAc or

GalNac anomer was calculated. It was suggested that Karplus equations derived for

proteins no longer be used for these sugars.69

c. Proton–Proton Couplings, 3JHCOH.— The VB bond-order–proton hyperfine

splitting combination of Barfield and Karplus63 also led to the equation:

3JHCOH ¼ 10 cos2 ’� 1:0 ð28Þ
However, this equation was considered to have the same failing as Eq. (27) in

Section IV.1.b, in that the couplings for torsion angles of 0� and 180� are expected

to be and are most commonly observed to be different.63
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Based on two values of 3JHCOH obtained by an exact analysis of the ABC system in

the hydroxymethyl group of 3b-acetoxy-5b,6b-oxidocholestan-19-ol and three other

literature values, Fraser et al.70 formulated the expression:

3JHCOH ¼ 10:4 cos2 ’� 1:5 cos’þ 0:2 ð29Þ

However, the published spectrum of the steroid had significant noise on the peak
maxima, and inspection of the 1H shifts reported from an ABC analysis at 60 MHz

revealed that this system would undoubtedly be AMX at current 1H NMR frequencies

of 500–950 MHz and would benefit from redetermination of the 3JHCOH values. Until

recently, this type of coupling had not been investigated in detail for sugars, despite

many reported values, and the detection of such couplings in supercooled, aqueous

solutions of carbohydrates.71–73 For methyl b-D-gluco- and b-D-galacto-pyranosides,
the latter studies reported averaging of the 3JHCOH values (4.75–6.24 Hz), which was

attributed to free rotor, hydroxyl groups.72 However, other studies, for example,

methyl 2,6-anhydro-3-deoxy-3-phthalimido-a-D-mannopyranoside in chloroform

solution, have shown more extreme values (3J4,HO-4 11.6 Hz) that probably represent

an anti arrangement of the coupled protons.74

A very detailed study of 3JHCOH and other related coupling constants has recently

been conducted.75 Zhao et al. performed DFT calculations on a series of aldopyr-

anosyl model structures, many of which were deoxygenated at C-3, C-4, and/or C-6,

so as to eliminate any undesired hydrogen bonding.75 DFT calculations were carried

out with (a) only the Fermi contact contribution included and (b) non-Fermi contact

terms included as well. For non-anomeric protons, inclusion of only the Fermi contact

term resulted in a generalized Karplus equation:

3JHCOH ¼ 6:06� 3:26 cos’þ 6:54 cos 2’ ð30Þ
which is similar to Eq. (29) of Fraser et al. The results from inclusion of all four
contributions showed that the spin–dipolar term is negligible, whereas the paramag-

netic spin–orbital and diamagnetic spin–orbital terms have comparable magnitudes,

but opposite signs, thus leading to a slightly modified equation:

3JHCOH ¼ 5:76� 2:05 cos’þ 6:78 cos 2’ ð31Þ

3
The situation is more complicated for JHCOH involving the C-1–O-1 bond, because in

one of the rotamers about this bond, HO-1 is anti to O-5, which (by Booth’s effect)

reduces the value of 3JHCOH in this rotamer, causing the magnitudes of the two gauche
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couplings to be non-equivalent, and the derived Karplus curve to be phase-shifted

relative to that predicted from Eq. (31). Because of this phenomenon, separate

equations (Fig. 3A) are required for a- and b-pyranoses:
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Fig. 3. (A) DFT calculated, four-quadrant plots of dependence of 3JH-1,HO-1 on the torsion angle about

C-1–O-1, for 3,4,6-trideoxy mimics of a-D-glucopyranose and a-D-mannopyranose (Eq. (32), blue triangles)

and b-D-glucopyranose and b-D-mannopyranose (Eq. (33), black squares). The data are superimposed on a

plot of Eq. (31), (red circles). (B) DFT dependence of 3JC-2,HO-1 on the C-1–O-1 torsion angle in 3,4,6-

trideoxy mimics of a-D-glucopyranose (Eq. (57), green circles), b-D-glucopyranose (Eq. (59), blue trian-

gles), a-D-mannopyranose (Eq. (58), black squares), and b-D-mannopyranose (Eq. (60), purple diamonds).
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3JH�1;HO�1 að Þ ¼ 5:52� 2:93 cos’þ 6:71 cos 2’þ 0:14 sin’� 1:00 sin 2’ ð32Þ
3JH�1;HO�1 bð Þ ¼ 5:71� 2:88 cos’þ 6:65 cos 2’þ 0:076 sin’� 1:17 sin 2’ ð33Þ
The theoretical studies of 3JHCOH were supported by experimental measurements on
methyl b-D-glucopyranoside, methyl b-galactopyranoside, methyl b-lactoside, methyl

b-D-(4-13C)glucopyranoside, methyl b-D-(1-13C)galactopyranoside, and methyl

b-(1,40-13C2)lactoside at 600 MHz, using solutions of the sugars in a mixture of

acetone-d6 and highly purified water at �20 �C, to reduce the rate of hydroxyl-

proton exchange.75

d. Proton–Proton Couplings, 3JHCSiH.— The angular dependence of 3JHCSiH has

been investigated by NMR studies of cis- and trans-3,5-dimethyl-1-silacyclohexanes,

and 3-silabicyclo-[3.2.1]octane, the 1H spectra of which afforded eight values of the

coupling.76 Torsion angles for the 1-silacyclohexane derivatives were assumed on the

basis of electron-diffraction data for 1,1-dichloro- and 1,1-dimethoxy-1-silacyclohex-

ane in the gas phase, and for 3-silabicyclo-[3.2.1]octane from literature data obtained

by force-field methods, which together yielded ’ values in the range 25�–165�. Least-
squares fitting of the couplings to the angles resulted in the equation:

3JHCSiH ¼ 5:83 cos2 ’� 2:59 cos’þ 0:84 ð34Þ
An interesting corollary of this study was that the conformational free energy of the

methyl group in 1-methyl-1-silacyclohexane is �1.45 kJ mol�1 in favor of the axial

orientation of this group.76
2. Proton–Carbon Couplings

The most important coupling constant of this type in carbohydrates is undoubtedly
3JHCOC, because this coupling occurs up to two times in the interglycosidic linkage,

and, therefore, offers information on the transglycosidic angles ’ and c. 13C substi-

tution is helpful in the measurement of these couplings, but is not mandatory, as a

large number of NMR methods have been developed for measurements at natural

abundance. Early data measured by Lemieux et al.77 on uridine analogues substituted

with 13C at C-2 of the uracil residue and on 3,4,6-tri-O-acetyl-a-D-glucopyranose 1,2-
(methyl 1-13C-orthoacetate) suggested the existence of a Karplus relationship for
3JHCOC and 3JHCNC, but no attempt was made to define any equations.
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a. Proton–Carbon Couplings, 3JHCOC.— The early history of this coupling has

been the subject of previous reviews, in which the Karplus-type relationship was

illustrated graphically,78,79 and later interpreted80 by the equation:

3JHCOC ¼ �0:13 1� cos’ð Þ � 2:80 1� cos 2’ð Þ þ 0:53 1� cos 3’ð Þ þ 5:32 ð35Þ

A Karplus equation of the three-parameter type was proposed by Tvaroška et al.81
based on the precise measurement of 3JHCOC in a series of conformationally rigid

carbohydrate derivatives having known X-ray structures:

3JHCOC ¼ 5:7 cos2 ’� 0:6 cos’þ 0:5 ð36Þ

The compounds studied included 1,6-anhydro-aldohexo- and ketohexo-pyranoses,
which contained X-ray defined dihedral angles in the range 86�–279� and 3JHCOC
0–5.9 Hz. Literature data for cyclomaltohexaose, phenyl 3-O-acetyl-b-D-xylopyrano-
side, and 1,2-O-ethylidene-b-D-glucopyranoside, provided coupling values for

estimated dihedral angles of 10� and 60�. The 3JHCOC values were measured on

natural-abundance 13C by selective, 2D J-resolved spectroscopy, or by a modified,

selective 2D INEPT experiment. Seventeen data pairs were used to construct 17

simultaneous equations which were solved for the values of A, B, and C in Eq. (3).

In this study, the possible influence of electronegativity factors on the couplings was

avoided by keeping the sum of the substituent electronegativities constant.81

A very similar study was submitted at almost the same time, but published

sooner.82 Mulloy et al. used the glycosidic linkages of cyclomalto-hexaose and

-heptaose as the best source of data for dihedral angles in the range 0�–20�,
and several H–C–O–C pathways in 1,6-anhydro-b-D-glucopyranose for angles of

100�–170�. The 3JH-1,C-5 values measured for b-D-Glc and b-D-Gal residues provided
points for dihedral angles of �60�, and the same coupling pathway for a-D-Glc
residues gave data on dihedral angles of �180�. Values of dihedral angles were

obtained from X-ray crystal structures of the subject compounds, or from those of

analogues. The resulting Eq. (37) obtained82 by least-squares fitting of 3JHCOC values

measured by the 2D heteronuclear J-resolved method is very similar to that of

Tvaroška et al.,81 and these two studies confirm one another:

3JHCOC ¼ 5:5 cos2 ’� 0:7 cos’þ 0:6 ð37Þ

The resulting curve differed from that proposed by Hamer et al.78 most significantly
near 180�, where several J values were too large to be accommodated by their results

or Eq. (35). The results of Mulloy et al.82 suggested that for the interglycosidic bond
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angles ’ and c, the prediction of 3JHCOC from angles may be made to �1 Hz, and the

calculation of angles from 3JHCOC to �10�. These techniques were used to compare

the conformations of sucrose, raffinose, and stachyose in solution and the solid state.

The discrepancies between experimental values of 3JHCOC and those predicted from

the crystal structures indicated that sucrose and its homologous oligosaccharides do

not exist in D2O or Me2SO-d6 solutions in the conformation found in the solid state.

Data from this study were also used to reassign the 13C NMR spectrum of melezi-

tose.82 The general form of the equation is also supported by FPT-INDO calculations

for the model compound 2-methoxytetrahydropyran, which when formulated as a

superposition of dependences on ’ and c yielded83 the equation:

3JHCOC ¼ 6:3 cos2 ’� 1:2 cos’þ 0:1 ð38Þ

DFT calculations have been used to investigate the structures and conformations of

four b-[1!4]-linked disaccharide mimics,84 the method being used to compute both

optimized geometries, and values of 3JHCOC (and 3JCOCC, see below) as a function of

the interglycosidic torsion angles ’ and c. The 3JHCOC values computed by DFT were

fitted by least squares to Eq. (3) giving:

3JHCOC ¼ 7:49 cos2 ’� 0:96 cos’þ 0:15 ð39Þ

A comparison of the theoretical 3JHCOC values with Eq. (36) of Tvaroška et al.81

indicated good agreement (Fig. 4), except for the extremes of the curve at ’¼ 0�–20�

and 160�–180�, where the computed couplings were larger, as implied by the larger A

constant in Eq. (39). Re-measurement of the couplings for these angles was sug-

gested.84 Sufficient confidence was expressed in the theoretical computations of the

coupling constants to suggest that the application of such computations to specific

bonding structures might supersede the construction of generalized Karplus curves

from experimental data for model compounds.84

Interglycosidic 3JHCOC values have also been measured by non-selective, 2D

J-resolved 1H NMR of tri-, tetra-, and penta-saccharide fragments of the O-specific

polysaccharide of Shigella dysenteriae type 1 substituted with 13C at C-1 of the

galactopyranose residues.85

More advanced NMR methods have also been used. Höög and Widmalm86

measured transglycosidic 3JHCOC of a-D-Manp-(1!3)-b-D-Glcp-OMe by selective

excitation of 13C resonances, followed by evolution of the heteronuclear couplings,

and detection of 1H resonances by two-site, Hadamard spectroscopy.87,88 The 3JHCOC
values across the glycosidic linkage were extracted by a J-doubling procedure
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and were correlated with the interglycosidic angles ’ and c by molecular dynamics/

molecular mechanics using the CHARMM force field and Eqs. (36) and (39). The

results indicated that the disaccharide adopts a preponderant conformation and has

limited flexibility on a short timescale of less than the rotational correlation time tM,
but on a timescale > tM, excursions to other conformational states are required

to obtain agreement between simulation and experiment.86 In related work, trans-

glycosidic 3JHCOC values have been measured for eight a- or b-linked disaccharides

by gradient-enhanced, multiple 13C site-selective excitation, with 1H decoupling after

polarization transfer.89 In most cases, good agreement was obtained between the

experimental 3JHCOC values and those calculated by application of Eq. (36) of

Tvaroška et al.81 to dihedral angles obtained by molecular-dynamics computations,

with explicit water and the Amber–Homans forcefield.89

DFT calculations have been used to construct new Karplus curves for 2JHH,
3JHH

(as mentioned before) 2JCH,
3JCH,

3JHCCC,
3JHCOC, and

3JHCSC. A major focus of this

investigation62 was DFT computations for the exocyclic hydroxymethyl group of

aldohexopyranoside derivatives, particularly in methyl a- and b-D-gluco- and

-galacto-pyranosides, for which coupling constants were also determined experimen-

tally by 2D 1H–13C heteronuclear zero- and double-quantum, phase-sensitive

J-HMBC NMR. DFT on methyl b-D-glucopyranoside yielded 3JHCOC values that

fitted the equation:
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3JHCOC ¼ 6:68 cos2 ’� 0:89 cos’þ 0:11 ð40Þ
in which the coefficient of the important cos2 ’ term lies in between the values in
Eqs. (36) and (39). However, the DFT computations agree better with each other, than

with the experimental data, possibly owing to solvation effects, basis set limitations in

the DFT, and the use of a small set of geometries.62

Improved Karplus equations have been developed for 3JC-1,H-4 in aldopentofurano-

sides90 by extension of the Haasnoot–Altona equation for 3JHCCH, to
3JHCOC. DFT

calculations were performed for the eight methyl aldopentofuranosides using the

GAUSSIAN98 program in the gas phase at the B3LYP/6–31G* level, thus generating

30 conformers for each structure. 3JC-1,H-4 values were then calculated for each

optimized geometry by using the DEMON-KS program augmented by the

DEMON-NMR code. These calculations furnished a data set of 240 3JC-1,H-4 values

comprised of 120 with the a configuration, and 120 with the b configuration. A three-

step procedure was used to construct a Haasnoot–Altona equation. First, 240 scaled

values of 3JC-1,H-4 were fitted to a three-parameter Karplus equation, giving:

3JC�1;H�4 ¼ 8:14 cos2 ’� 0:61 cos’� 0:15 ð41Þ
The need for scaling of the values of 3JHCOC calculated by the ab initio, DEMON-
NMR procedure was assessed by comparison of the theoretical and experimental

values of four 1,6-anhydro-aldohexopyranose derivatives, which disclosed that the

theory overestimated the couplings by an average of 16.7%, thus leading to a scaling

factor of 0.833.

Secondly, by using the A, B, and C values from Eq. (41), the effect of anomeric

configuration was accounted for by fitting the data for the a-furanosides to the full

Haasnoot–Altona equation:

3JC�1;H�4 ¼ A cos2 ’þ B cos’þ C

þ G D� E cos2 ’ xð Þ þ F	 Gð Þ� �� �
þ H D� E cos2 �’ xð Þ þ F	 Hð Þ� �� �

ð42Þ
where G and H are the electronegativities of the substituents at C-1, thereby giving:
3JC�1;H�4 að Þ ¼ 8:14 cos2 ’� 0:61 cos’� 0:15

þ G 0:71� 1:46 cos2 ’ xð Þ þ 44:3Gð Þ� �� �
þ H 0:71� 1:46 cos2 �’ xð Þ þ 44:3Hð Þ� �� � ð43Þ
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In the same manner, an equation was constructed for the b-glycosides:

3JC�1;H�4 bð Þ ¼ 8:14 cos2 ’� 0:61 cos’� 0:15

þ G 0:72� 1:47 cos2 ’ xð Þ þ 40:1Gð Þ� �� �
þ H 0:72� 1:47 cos2 �’ xð Þ þ 40:1Hð Þ� �� �

ð44Þ

3
Thirdly, the D–F values from the JC-1,H-4 (a) and (b) equations were averaged

to give:

3JC�1;H�4 ¼ 8:14 cos2 ’� 0:61 cos’� 0:15

þ G 0:71� 1:46 cos2 ’ xð Þ þ 42Gð Þ� �� �
þ H 0:71� 1:46 cos2 �’ xð Þ þ 42Hð Þ� �� �

ð45Þ
The curve from this equation was similar to that from Eq. (39) of Cloran et al.,84 the

curve for the a-glycosides lying just below, and the curve for the b-glycosides slightly
above, the curve from Eq. (39). The combination equation for a- and b-furanosides
was used to investigate their conformational preferences further and could also be

used to clarify the results of PSEUROT analyses based only on 3JHCCH values.90

b. Proton–Carbon Couplings, 3JHCCC.— Bock and Pedersen performed a com-

plete analysis of the 1H-coupled 13C spectrum of 1,6-anhydro-b-D-galactopyranose
and some other sugars and found evidence of a Karplus dependence of 3JHCCC and
3JHCOC, although only a limited range of dihedral angles (from Dreiding models)

could be tested.91 The complex 1H-coupled 13C spectra were simplified by selective,
1H spin decoupling.

An unusual, indirect method was used by Aydin and Günther to determine 13C, 1H

couplings over one, two, and three bonds in norbornanes.92 They measured the

corresponding 13C, 2H couplings in 1H-decoupled, 13C NMR spectra of deuterated

isotopomers of norbornane-d, fenchane-2-d, and a number of deuterated, alkylada-

mantanes, thus avoiding the complexity of analyzing 1H-coupled 13C spectra.92

The 13C, 1H couplings were calculated by multiplying the 13C, 2H couplings by the

ratio of the magnetogyric constants, gH/gD ¼ 6.5144. Dihedral angles were derived

from MM2 force field calculations, and when substituent effects from branching

and methyl substitution in the norbornanes were taken into account, the following

equation was obtained:

3JHCCC ¼ 4:50� 0:87 cos’þ 4:03 cos 2’ ð46Þ
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which may be rewritten as

3JHCCC ¼ 8:06 cos2 ’� 0:87 cos’þ 0:47 ð47Þ

Corrections to the coupling-constant measurements because of quadrupolar relaxation

by deuterium were employed, and one disadvantage of this indirect method is that the
3JDCCC values measured may be too small to be resolved, since they are a factor of 6.5

smaller than the corresponding 3JHCCC values.92 In sugars, the 13C resonance of a

deuterium-substituted carbon may disappear,93 due either to quadrupolar relaxation

by deuterium, and/or to saturation caused by lengthening of the 13C T1 on replacement

of dipolar relaxation by a proton with the weaker effect of a deuteron.

The pendant hydroxymethyl group in sugars has been a popular vehicle for

experimental and theoretical studies of coupling constants, and the application of

FPT-INDO calculations to both anomers of the eight aldohexopyranoses yielded an

equation for the dependence of 3JC-4,H-6:

3JC�4;H�6 ¼ 5:8 cos2 o� 1:6 coso� 0:02 sinoþ 0:28 sin 2oþ 0:52 ð48Þ
where o is the torsion angle of C-4 and H-6 about the C-5–C-6 bond.94,95
The agreement of the calculated values and the experimental values available for

mono- and oligo-saccharides was found to be satisfactory.94

Separate dependences have recently been computed62 for H-6R and H-6S in 1,2,3-

trideoxy analogues of D-gluco- and D-galacto-pyranose:

3JC�4;H�6R ¼ 0:10 cosoþ 3:17 cos 2oþ 0:27 sino� 0:55 sin 2oþ 3:34 ð49Þ
3JC�4;H�6S ¼ 0:49 cosoþ 0:11 cos 2o� 0:13 sino� 3:54 sin 2oþ 3:64 ð50Þ

c. Proton–Carbon Couplings, 3JHCSC.— The application of a modified, 2D

heteronuclear J-resolved NMR method to a set of eight conformationally rigid, thio

sugar derivatives provided 17 values of 3JHCSC that were used to define96 the

equation:

3JHCSC ¼ 4:44 cos2 ’� 1:06 cos’þ 0:45 ð51Þ

A crystal structure was available for one of the thio sugars studied, but for the others,

no structural data were available, and dihedral angles for the H–C–S–C fragments

were computed by the PCILO quantum chemical method. These angles covered the

range �155� to 179�, with a gap from �60� to 35�. The experimental 3JHCSC values

spanned 0.3–8.1 Hz, but the latter value was rejected because its magnitude was

thought to be enhanced by the p-electrons of a neighboring C¼O group. Equation (51)
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was tested by application to methyl 4-thio-a-maltoside, for which it was found that the

values 3JC-1,H-40 5.15 Hz and
3JC-40,H-1 2.95 Hz measured for the H-1–C-1–S-40–C-40–

H-40 moiety differed from those, 3.8 and 3.1 Hz, respectively, predicted from the

conformation in the crystal.96 This discrepancy was rationalized by using the PCILO

method to calculate a relaxed (’, c) conformational energy surface for the thio

disaccharide in aqueous solution, which revealed the existence of 15 conformers

having five main minima for rotation about the glycosidic C–S bonds. Conforma-

tional averaging based on the populations computed for the five stable conformers

and the 3JHCSC values calculated from Eq. (51) yielded the values 3JC-1,H-40 5.2 Hz and
3JC-40,H-1 2.6 Hz.96

Taffazoli and Ghiasi performed DFT computations62 on methyl 1-thio-b-D-gluco-
pyranoside, yielding values of 3JHCSC, which fitted the equation:

3JHCSC ¼ 5:04 cos2 ’� 1:35 cos’þ 0:55 ð52Þ
which is in reasonable agreement with the experimental data of Tvaroška et al.96
d. Proton–Carbon Couplings, 3JHOCC.— These couplings had previously been

little studied,97,98 but have recently been investigated in detail by DFT and experi-

mental NMR.75 Using the same deoxy-aldohexopyranoside models already described

for 3JHCOH, Zhao et al. used DFT results (Fig. 5) to construct the equation:

3JC�1;HO�2 ¼ 4:10� 2:72 cos’þ 5:01 cos 2’ ð53Þ
which was derived by averaging the coefficients obtained from three model
structures.

Fitting of the DFT data for a fourth structure generated an equation containing

somewhat smaller coefficients:

3JC�1;HO�2 ¼ 3:28� 0:93 cos’þ 3:74 cos 2’ ð54Þ

This result was interpreted75 in terms of the absence of a terminal, in-plane electroneg-

ative substituent in the fourth structure, as compared with the other three models, in

each of which, the magnitude of 3JC-1,HO-2 was enhanced by the presence of an in-plane

O-1, or O-5. Calculations using the GAUSSIAN03 program indicated that non-FC

contributions to 3JC-1,HO-2 were negligible. The applicability of Eqs. (53) and (54) to

similar coupling pathways was investigated for 3JC-2,HO-1,
3JC-3,HO-2,

3JC-5,HO-4, and
3JC-1,HO-2 in additional model structures, using only staggered H–O–C–C torsion

angles. Consideration of the presence or absence of terminal in-plane electronegative

substituent effects led to a further equation for pathways without these effects:
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Fig. 5. Dependence of 3JC-1,HO-2 on the glycosidic torsion angleo and the C-1/HO-2 dihedral angle y, as
calculated by DFT for methyl a- and b-D-glucopyranoside mimics (curves (A) and (B), respectively)

and. methyl a- and b-D-mannopyranoside mimics (curves (C) and (D), respectively), all having deoxy

functions at C-3, C-4, and C-6. The curves display a strong dependence of 3JCCOH on y, and a minimal

dependency on o.
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3JHOCC ¼ 3:49� 1:41 cos’þ 4:18 cos 2’ ð55Þ
which on averaging with Eq. (54) gave
3JC�1;HO�2 ¼ 3:38� 1:24 cos’þ 3:98 cos 2’ ð56Þ

Similar considerations for 3JC�2,HO–1 led to non-symmetric equations (Fig. 3B) for
specific configurations:

3JC�2;HO�1 a�Glcð Þ ¼ 2:85� 1:67 cos’þ 3:20 cos 2’� 0:25 sin’þ 1:22 sin 2’

ð57Þ
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3JC�2;HO�1 a�Manð Þ ¼ 3:60� 3:35 cos’þ 4:51 cos 2’� 0:029 sin’þ 0:85 sin 2’

ð58Þ
3JC�2;HO�1 b�Glcð Þ ¼ 3:28� 1:81 cos’þ 3:79 cos 2’þ 0:24 sin’� 1:22 sin 2’
ð59Þ
3JC�2;HO�1 b�Manð Þ ¼ 3:39� 1:31 cos’þ 4:08 cos 2’� 0:26 sin’� 0:98 sin 2’
ð60Þ
The latter two equations are very similar and were averaged75 to give a combination:
3JC�2;HO�1 b�Glc=b�Manð Þ¼3:33�1:56cos’þ3:94cos2’�1:11sin2’ ð61Þ
3JH-6R,HO-6 and 3JH-6S,HO-6 were calculated in GAUSSIAN03 by using appropriate
torsion angles in a model structure, and the couplings were found to be consistent with

Eq. (31). 3JC-5,HO-6 values were found to be influenced by the O-5–C-5–C-6–O-6 and

C-5–C-6–O-6–H torsion angles, and by the orientation of O-5. The computed cou-

plings were consistent with Eq. (59) for gg and gt rotamers, and Eq. (53) for the

tg rotamer.75 2JHOC values were also examined, but were found to be small (�2 to

�4 Hz), and showed non-systematic dependences on C–C and C–O torsion angles,

suggesting that these couplings are not useful indicators of C–O conformation.75
3. Proton–Nitrogen Couplings

a. Proton–Nitrogen Couplings, 3JHCCN.— Coxon has measured the scalar
15N–1H NMR coupling constants of amino sugars over one to four bonds by three

methods: (a) 1D 1H NMR, (b) 1D and 2D 1H–15N HSQMBC99,100 using an HCN

cryoprobe,66 and (c) 1D 1H–15N CPMG-HSQMBC101 using a normal broadband

probe. Method (a) was applied to organic-soluble, 15N-substituted amino sugar

derivatives synthesized by addition of phthalimide-15N to carbohydrate epox-

ides,74,102–103 method (b) to similar, unsubstituted derivatives, and method (c) to the

2-amino-2-deoxy-sugars common in biological systems, namely glucosamine, man-

nosamine, and galactosamine, as their N-acetyl and hydrochloride pyranose deriva-

tives in D2O and/or Me2SO-d6 solutions.104 The precision of coupling constants

measured by method (a) is probably better than � 0.1 Hz, whereas methods (b) and

(c) afford � 0.3 Hz. The common amino sugars were usually present in the original

crystal principally as a single pyranose anomer, either a or b, which underwent tauto-

meric interconversion to asmany as four other forms on dissolution. The organic-soluble
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group included a number of aminodeoxy–hexopyranose derivatives that were confor-

mationally restricted to chair, boat, or skew forms by the attachment of anhydro or 4,6-

O-benzylidene rings.74,102–103

Dihedral angles ’HCCN for the amino sugars were defined by molecular dynamics

and mechanics calculations using either implicit solvent or explicit chloroform-d.

Least-squares fitting of the angles of the organic-soluble derivatives in the range

’HCCN ¼ 10�–172�, to experimental 3JHCCN data with the assumption of positive

values for the couplings allowed formulation66 of a Karplus equation (Fig. 6) of the

three-parameter type:

3JHCCN ¼ 3:1 cos2 ’� 0:6 cos’þ 0:4 ð62Þ

However, because of the negative magnetogyric ratio of the 15N nucleus, these

couplings are likely to be negative, in which case Eq. (62) becomes

3JHCCN ¼ �3:1 cos2 ’þ 0:6 cos’� 0:4 ð63Þ
3
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Fig. 6. Two-quadrant plot of Karplus equation 3JHCCN ¼ 3.1 cos2 ’� 0.6 cos ’þ 0.4 derived by fitting

of experimental values of 3JHCCN to the dihedral angle ’, with the assumption of positive values for 3JHCCN.
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This equation (Fig. 7) is quite similar to the one developed105 for 3JHCaC0N in peptides:

3JHCaC0N ¼ �4:6 cos2 ’þ 3:0 cos’þ 0:8 ð64Þ
except that the magnitudes of the A, B, and C coefficients for the peptides appear to be
enhanced by p-orbital contributions from the carbonyl group C0 in the coupling

pathway.

The 4C1 chair conformations of the water-soluble amino sugars that were defined by

their 3JHCCH values and molecular modeling provided a more restricted set of ’HCCN

angles (nominally 60� or 180�) than the conformationally limited, organic-soluble

amino sugar derivatives. However, the 3JHCCN values measured for the water-soluble

ones are in reasonable agreement with Eq. (62). These couplings are potentially useful

for characterization of amino sugar-containing, bacterial polysaccharides of interest in

vaccine development, and for structural analysis of aminoglycoside antibiotics.
4. Phosphorus Couplings

a. Proton–Phosphorus Couplings, 3JHCOP and Carbon–Phosphorus Couplings,
3JCCOP.— Reparametrized Karplus equations for these couplings were developed
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Fig. 7. Two-quadrant plot of Karplus equation 3JHCCN ¼ �3.1 cos2 ’ þ 0.6 cos ’ � 0.4 derived by

fitting of experimental 3JHCCN values to the dihedral angle ’, with the supposition of negative values for
3JHCCN.
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simultaneously using a data set of 17 such couplings measured experimentally106 for

oligoribonucleotides:

3JHCOP ¼ 15:3 cos2 ’� 6:1 cos’þ 1:6 ð65Þ
3JCCOP ¼ 6:9 cos2 ’� 3:4 cos’þ 0:7 ð66Þ
The 3JHCOP values were determined by direct extraction of splittings or by subtraction

of the widths of multiplets in 31P-decoupled, 1H NMR spectra from those of the

corresponding multiplets in 31P-coupled spectra. 3JCCOP values were measured

directly from the 31P splittings in 1H-decoupled 13C spectra. Other parametrizations

had been developed earlier for these couplings, but were limited to one- or two-

parameter equations by being based on too few values of the dihedral angle.

For example, only parameters A and B in Eq. (3) could be derived from a data set

containing only J(60) and J(180). These cases have been discussed in detail.106

A study of the deoxyribonucleotide d(TpA), 30,50-cyclic AMP, and 30,50-cyclic
dAMP showed that the different substitution of C-20 in deoxyribonucleotides versus

ribonucleotides does not change 3JC-20–C-30–O-30–P to a measurable extent, so that the

same Karplus parameters may be used for such couplings in ribonucleotides and

deoxyribonucleotides.107 Backbone conformations of oligonucleotides have been

characterized by six torsional angles, a, b, g, d, e, and w (Fig. 8), representing rotations
about the P(i)–O-50, O-50–C-50, C-50–C-40, C-40–C-30, C-30–O-30, and O-30–P(iþ1)

bonds, respectively.106 The results showed that the torsion angle e(t) of the trans

conformer of right-handed ribo helices is confined to the range 214�–226�, the
O P(i) O-5� C-5� C-4� C-3� O-3� P(i + 1) O

O-4� C-2�

C-1�

Base ring

α γ δ ε ζ

ith nucleotide unit(i − 1) (i + 1)

Chain direction

χ

β

Fig. 8. Torsion angle descriptors a–z and w for oligonucleotides.
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average of which (219�) is in excellent agreement with the average value (218�) from
single-crystal, X-ray studies, in contrast to that (208�) deduced from previous NMR

data. Vicinal proton–phosphorus and carbon–phosphorus couplings have also been

used to calculate the torsion angle e (C-40–C-30–O-30–P), in d(TpA), which was 195�

in the trans conformer e(t), and 261� in the gauche form e(-). A two-state equilibrium

of e(t) and e(-) was assumed in this study. Variable-temperature experiments demon-

strated that the e(t) form predominates at 1.5�–92 �C, and increases as the temperature

is lowered.107

In an extension of this study to the oligodeoxynucleotides d(CT), d(CC), d(TA),

d(AT), d(CG), d(GC), d(AG), d(AAA), d(TATA), and d(GGTAAT), the three cou-

pling constants 3JC-40–P,
3JC-20–P, and

3JH-30–P that are related to the backbone angle

e were analyzed in terms of a three-state equilibrium that took into account the N and

S forms of the deoxyribose ring.108 Depending on the N or S conformation of the

deoxyribose ring, two e(t) values occurred: e(t, N)¼ 212� and e(t, S)¼ 192�. The third
rotamer was gauche and was associated exclusively with the S-type sugar ring, with

the value e(-, S) ¼ 266�. Within experimental error, the magnitudes of these three

angles were found to be independent of base sequence, with one exception: d(CG),

which had e(t, S)¼ 197�. Excellent agreement of the coupling constants was obtained

with the three-state model, but poor agreement with a two-state analysis.108

Later, the application of more-sophisticated NMR experiments to a 10 base pair

DNA duplex, uniformly 13C,15N-substituted in only one of the two strands was

demonstrated:

50G1 G2 C3 A4 A5 A6 A7 C8 G9 G10 � 30
h i

�u�13C; u�15N

30C1 C2 G3 T4 T5 T6 T7 G8 C9 C10 � 50

Zimmer et al.109 measured JHH in the deoxyribose ring by 2D and 3D HCCH-E.
COSY, JCH couplings across the glycosidic torsion angle w (see Fig. 8) by refocused

HMBC, and 2JCP and
3JHP about the backbone torsion angle e by a P-FIDS-CT-HSQC

experiment. Using these experiments, a number of coupling constants in duplex DNA

could be measured. Following the assumption by Lankhorst et al.106 of trigonal

projection symmetry about the e torsion angle, their Karplus equations (Eqs. (65)

and (66)) were expressed directly in terms of this angle:

3JHCOP ¼ 15:3 cos2 eþ Dð Þ � 6:2 cos eþ Dð Þ þ 1:5; where D ¼ 120� ð67Þ
3JCCOP ¼ 6:9 cos2 eþ Dð Þ � 3:4 cos eþ Dð Þ þ 0:7; where D ¼ 0� ð68Þ
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A dependence of 3JH-30,P on position in the DNA sequence was noted, with the

minimum value occurring at the 30-end of the dA–dT tract.109

For the circular trinucleotide cr(GpGpGp), Mooren et al.110 measured the value
3JC-40–C-50–O-50–P 11.1 Hz, and similar values 3JC-40–C-50–O-50–P ¼ 3JC-40–C-30–O-30–P ¼
10.9 Hz had been observed earlier for the circular dinucleotide cd(ApAp). These large

values did not fit the equations of Lankhorst et al.,106 which were then reparametrized

again according to 26 experimental calibration points based on dihedral angles

obtained by molecular-mechanics energy minimization with the CHARMM

force field.110 The fitting of the coupling constant/dihedral angle pairs was achieved

by least-squares optimization using a conjugate gradient minimization method,

giving:

3JHCOP ¼ 15:3 cos2 ’� 6:2 cos’þ 1:5 ð69Þ
3JCCOP ¼ 8:0 cos2 ’� 3:4 cos’þ 0:5 ð70Þ
As expected, the main difference is in the A parameter (8.0 Hz) for 3JCCOP, but since
these equations were constructed in tandem, there is a small influence on 3JHCOP.

On the basis of this reparametrization,110 seven equations were presented that related

the populations of the b and g conformers to the values of 3JH,P and 3JC,P. It was

recognized that the parametrization is a little weak in the 0�–60� region, as only one

indirectly estimated value of 3JC,P was available, for ’ ¼ 60�.
The A, B, and C parameters were modified again by Plavec and Chattopadhyaya111

based on 17 values of 3JC,P and the corresponding X-ray derived torsion angles for

30,50-cyclonucleotides, giving:

3JCCOP ¼ 9:1 cos2 ’� 1:9 cos’þ 0:8 ð71Þ
Inclusion of the coupling constants of ‘‘strained’’ cyclonucleotides had been criti-
cized earlier. Stating that the three-parameter Karplus equation applies only to a

limited class of compounds, Plavec and Chattopadhyaya then accounted for

the effects of the electronegativity of a-C and a-H attached to the second carbon

atom of the CCOP pathway by constructing a five-parameter Karplus equation,

according to the method used by Haasnoot and Altona for 3JHCCH (Eq. (9)). Least-

squares, conjugate gradient minimization using 17 3JC,P values, torsion angles,

and electronegativities of a-substituents on the ‘‘middle’’ carbon yielded the

equation:
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3JCCOP ¼ 6:9 cos2 ’� 3:0 cos’þ 1:8þ
X
i¼1;2

Dwi �3:2þ 6:2 cos2 xi’þð jDwi
� ��Þ�

ð72Þ

The first three terms describe the dependence of 3JCCOP on torsion angle, whereas the

summation term reflects the dependence on substituent electronegativity and its

orientation. �wi is the difference in electronegativity between the a-substituent and
hydrogen on the Huggins scale and, as before, x is the ‘‘sign’’ parameter that takes

values of þ1 or �1, depending on the orientation of the substituent (see Fig. 2).
3JCCOP input values were reproduced within �J � 0.4 Hz, with an rms deviation of

0.2 Hz between experimental and back-calculated 3JCCOP values. This deviation was

slightly smaller than that achieved with the three-parameter Eq. (3), but it was

acknowledged that a larger range of electronegativities and more data points are

needed to give a more widely applicable relationship.111
5. Carbon–Carbon Couplings

Due to NMR sensitivity constraints, these coupling constants have most often been

measured by use of selectively or uniformly 13C-substituted compounds. The early,

observational history of these couplings has been reviewed previously.79 Sucrose and

methyl a- and b-D-fructofuranoside have been prepared by chemical and/or enzymic

methods with single sites of 13C substitution at C-1, C-2, C-3, and C-6 of the

fructofuranosyl rings.112 Complete sets of 1JCC,
2JCC, and

3JCC couplings constants

were measured for sucrose and the methyl D-fructofuranosides by 1D 13C NMR, with

assistance from 1D 13C INADEQUATE, for which various mixing times were used to

observe selectively, carbon nuclei coupled to the 13C-substituted site. Values for
13C,1H and 1H,1H couplings were also reported. The values of 13C–1H and 13C–13C

couplings across the glycosidic linkage of sucrose suggested a c glycosidic torsion

angle that was different from that in the crystal, although ’ appeared to be similar.112

The signs of 3JC-1,C-6 and 3JC-3,C-6 coupling constants have been assumed to be

positive and were used to determine the relative signs of 2JC-1,C-3 and 2JC-1,C-5 by

application of a 13C–13C COSY-45 method to triply 13C-substituted,

D-aldopyranoses.113 These sign determinations provided experimental confirmation

of the relative signs of 2JCCC and
2JCOC predicted by an empirical, projection resultant

method.114,115



52 B. COXON
Xu and Bush measured the 2JCC and 3JCC coupling constants of a cell-wall lectin-

receptor polysaccharide from Streptococcus mitis J22, uniformly substituted with 13C to

the extent of 96%.116,117 The couplings were measured by 2D quantitative coherence

transfer correlation spectroscopy,118 the validity of which was confirmed by application

of the method to the u-13C-D-glucose growth precursor for the polysaccharide. The 2JCC
and 3JCC values measured for the a and b anomers of the latter substrate were in good

agreement with those reported by Serianni and coworkers, on the basis of direct, 1D 13C

NMR of single-site, 13C-enriched glucoses.119,120 Correlation of the 3JCC couplings of

the J22 polysaccharide was made by reference to the geometries of a three-conformation

model determined by CHARMM molecular modeling.117 Xu and Bush did not distin-

guish 3JCCOC and 3JCCCC, but instead formulated116 a combination equation:

3JCC ¼ 2:24 cos2 ’� 1:3 cos’þ 0:5 ð73Þ
a. Carbon–Carbon Couplings, 3JCCOC.— Milton et al. synthesized 13C-enriched

a-Neu5Ac-(2!3)-b-Gal-(1!4)-Glc by enzymatic sialylation of a 13C-enriched

b-Gal-(1!4)-Glc acceptor using Trypanosoma cruzi trans-sialidase with p-nitrophe-

nyl (u-13C)Neu5Ac as a donor.121 The 1H NMR spectrum of this trisaccharide

derivative is extremely complex because of substantial resonance overlap within a

0.4 ppm chemical-shift range, so that the interpretation of conventional 2D 1H–1H

ROESY spectra is difficult. Therefore, the 3D ROESY-HSQC technique was used to

separate the ROESY cross peaks according to their 13C chemical shifts. This led to

seven trans-glycosidic ROEs that were used in restrained MD with simulated anneal-

ing, using as input 10 pseudo-random geometries generated by a dynamical quench-

ing procedure. Three families of structures that differed principally in the

conformation about the a-Neu5Ac-(2!3)-Gal linkage resulted from the computa-

tions. The lowest-energy conformer in each family was selected as input for 5 ns

restrained MD simulations in vacuo. Back calculation of theoretical ROEs from the

global energy minimized MD simulation using a full relaxation matrix approach

produced very good agreement with experiment.121

In this study, carbon–carbon coupling constants were found to be particularly valu-

able for additional validation of the predicted motional behavior, because only one
13C–1H coupling is available across the a-Neu5Ac-(2!3)-Gal linkage. Parametrization

of the Karplus equation was implemented using only four 3JCCOC/’CCOC pairs, obtained

from 13C-substituted b-D-glucose (3JC-1–O-5–C-5–C-6 ¼ 3.8 Hz/’ ¼ 180�), methyl 4,6-O-

(1-methylbenzylidene)-a-D-glucopyranoside, uniformly 13C-substituted in the glucose

moiety (3JMe–C–O-4–C-4 2.4 Hz/60
�, 3JMe–C–O-6–C-6 1.9 Hz/60

�), and (1-13C)-1,6-anhydro-
2,3-O-isopropylidene-b-D-mannopyranose (3JC-1–C-2–O-2–C-7 0.6 Hz/109�, the latter
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dihedral angle being determined from a crystal structure). Fitting of these data to the

three-parameter Eq. (3) yielded121 the equation:

3JCCOC ¼ 4:4 cos2 ’þ 1:1 cos’þ 0:5 ð74Þ
which was thought to be semi-quantitative at best, due to the limited number of data
points, and neglect of electronegativity effects.121 Because a-Neu5Ac-(2!3)-b-Gal-
(1!4)-Glc suffers from poor spectral dispersion in critical regions of its 13C spec-

trum, 3D LRCC was used to measure six values of 3JCCOC for the trisaccharide, which

agreed very well with those calculated for the MD-simulated structure by use of

Eq. (74). Two trans-glycosidic values of 3JHCOC were also measured for the trisac-

charide by heteronuclear, CT COSY and were in excellent agreement with those

calculated using the equations of Tvaroŝka et al.81 and Mulloy et al.82 (Eqs. (36) and

(37), respectively).

In a comprehensive study, Bose et al.122 synthesized a large number of aldose

derivatives selectively substituted with 13C at C-1 or C-6, and ketoses similarly

substituted at C-1, C-2, C-3, C-4, C-5, or C-6. Various 13C–13C coupling constants

were measured for these derivatives by 1D 13C/1H decoupled NMR at 151/600 MHz.

Many of the couplings were also calculated by DFT methods and were found to be

mostly in close agreement with the experimental values, although some significant

deviations (14%) of 1JC-1,C-2 values were thought to be due to such possible limita-

tions in the theoretical method as (a) the appropriateness of the functional procedure

adopted, (b) the incompleteness of the chosen basis set, and (c) the omission of

solvent effects from the computation. The types of coupling pathways were analyzed

in detail, including such multiple pathways as 3þ3JC-1,C-4 and 3þ3JC-2,C-5, which in

most ring configurations are observed to be very small or zero, leading to the

conclusion that the coupling along each constituent pathway in these cases must be

small or zero.122 Dihedral angles for the atoms of interest were derived from geomet-

rical optimizations using a modified GAUSSIAN94 program, with the B3LYP func-

tional, and 6–31G basis set. Many of the aldo- and keto-pyranoses contained only

’CCOC dihedral angles of �180�, and so data for other values of ’CCOC were

measured or compiled from methyl 3,6-anhydro-a- and b-D-(1–13C)glucopyranosides
(�45�), methyl b-D-ribofuranoside (ab initio MO gave ’C-1–O-4–C-4–C-3 �123� for

both forms), a-D-erythro- and -threo-2-pentulofuranoses (’C-1–C-2–O-5–C-5 �154�),
methyl a- and b-D-fructofuranosides (’C-1–C-2–O-5–C-5 �164� and�156� in the respec-
tive South (E2) and North (

2E) conformations of these anomers), and sucrose, in which

the 4T3 form of the b-D-fructofuranosyl ring has ’C-1–C-2–O-5–C-5 ¼ ’C-2–O-5–C-5–C-6

�133� in the crystalline state.122 Theoretical calculations of coupling constants were

also performed for three structural models, including one for a disaccharide as a
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function of the interglycosidic angle c. Careful attention was paid to the effects of

rotameric populations about the C-1–O-1, O-1–C-40, andC-5–C-6 bonds in themodels.

An important result from this study was that the 3JCCOC coupling constant is

influenced by geometrical factors in addition to dihedral angle, the most critical

being the orientation of terminal electronegative substituents on the coupling path-

way.122 For example, for HO–C–C–O–C–OH pathways, the magnitude of coupling

between the terminal carbon nuclei is enhanced when the terminal oxygen atoms lie in

the C–C–O–C plane (’CCOC ¼ 180�). Similar effects were observed for ’CCOC ¼ 60�

when the terminal oxygen was in-plane (HO–C–O–C or O–C–C–OH plane). Out-of-

plane terminal oxygen substituents and oxygen substituents on internal carbon atoms

appeared to exert little effect on the magnitude of the coupling. For example, 3JCC in a

H3C–C–O–C–OH was found to be virtually identical to 3JCC in a HO–H2C–C–O–C–

OH pathway, when the hydroxymethyl oxygen atom in the latter moiety was oriented

outside the C–C–O–C plane.122 Similar phenomena had been reported earlier by

Marshall et al. for 3JCCCC couplings in C–C–C–CH2OH pathways in butanol deriva-

tives, although the effect of terminal substitution for eclipsed C–C–C–C fragments

appeared to be smaller than expected from theoretical considerations.123

By excluding 3JC-1,C-6 in ketopyranoses and also couplings enhanced by in-plane

oxygen atoms, least-squares fitting of the 3JCCOC data yielded the equation:

3JCCOC ¼ 3:70 cos2 ’þ 0:18 cos’þ 0:11 ð75Þ
This equation yields a larger 3JCCOC value for ’ ¼ 0� than for ’ ¼ � 180�, which

mirrors the behavior suggested for 3JCCCC in HO–CH2–C–C–C pathways,123,124 with

couplings of 3.5–6 Hz expected122 for ’CCOC ¼ 0� and 2–4 Hz for ’CCOC ¼ 180�.
In most Karplus equations of the three-parameter type, the B coefficient (of the cos’

term) for positive coupling constants is negative, which leads to an increased value of

the coupling for ’ ¼ 180� over that for ’ ¼ 0�. Because of this anomaly and the

paucity of data for ’< 100�, as an afterthought, Bose et al.122 excluded the cos ’ term

from Eq. (75) and refitted their data to give a simplified equation:

3JCCOC ¼ 3:49 cos2 ’þ 0:16 ð76Þ
which they stated was better supported by the available data, and which corresponds
to identical maxima for ’ ¼ 0� and 180�. It was pointed out that 3JC-1,C-6 values in

aldohexopyranosyl and ketohexopyranosyl rings do not obey the same Karplus

relationship, that for the latter rings appearing to have decreased amplitude.122

The shortage of experimental data for’CCOC< 100� was soon addressed by a purely
theoretical study of the four b-(1!4)-linked disaccharide mimics mentioned earlier.84
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DFT-calculated 3JCCOC couplings for ’CCOC 0�–100�, together with geometries cal-

culated likewise, suggested that the first Eq. (75) may be the more accurate relation-

ship, namely, one where the couplings at’CCOC¼ 0� are somewhat larger than those at

’CCOC ¼ 180�, at least in the absence of an in-plane electronegative substituent

effect.84 The latter effect was considered to be significant for the C-1–O-1–C-40–C-
50 coupling pathway, where for some linkage geometries, O-50 lies in the plane of this
pathway. This led to the development of three parametrizations by least-squares fitting

of the theoretically calculated coupling constants and geometries.84 One used only 3JC-

1,C-50 data (Eq. (77)), another used just
3JC-1,C-30 and

3JC-2,C-40 (Eq. (78)), and one more

employed all coupling data (Eq. (79)).

3JCCOC ¼ 6:17 cos2 ’� 0:51 cos’þ 0:30 ð77Þ
3JCCOC ¼ 4:96 cos2 ’þ 0:63 cos’� 0:01 ð78Þ

3JCCOC ¼ 4:96 cos2 ’þ 0:52 cos’þ 0:18 ð79Þ
Interestingly, the first Eq. (77) contains a sign reversal for the B coefficient, which

would indicate that for a possible in-plane oxygen atom, the coupling for’CCOC¼ 180�

would be larger than that for ’CCOC ¼ 0�.
Recent preliminary DFT calculations have shown that the two trans-glycosidic

3JCCOC couplings in oligosaccharide linkages are not equivalent.125 By using the

GAUSSIAN03 program with structures that modeled the glycosidic linkage, Zhao

et al. demonstrated that internal electronegative substituents in the coupling pathway

cause a �15� phase shift of the Karplus curve (Fig. 9), so that the maximum coupling

occurs at 165� instead of at 180�. This effect will need to be considered in the

evaluation of linkage geometries by quantitative interpretation of 3JCCOC.
125

Six spin-coupling pathways are subtended by typical glycosidic linkages, and in the

structural analysis of oligo- and poly-saccharides, it would clearly be advantageous to

use as many of these coupling constants as possible for the definition of molecular

geometry, particularly in view of the limited number of NOEs observed in these

systems.

b. Carbon–Carbon Couplings, 3JCCCC.— Early observations of the 3JCCCC
couplings of carbohydrates have been summarized previously.79 The experimental

determination and theoretical interpretation of such couplings in alicyclic compounds

have been studied extensively by Barfield, Marshall, and coworkers.123,124,126–129

For example, VB and MO studies of 13C-substituted, 1-substituted butyl derivatives,
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11-substituted 1-methyladamantane compounds, and methylcyclohexane indicated

that a large number of direct (electron-mediated) and indirect coupling pathways

contribute to vicinal 13C–13C coupling constants. The calculated Fermi-contact con-

tributions for trans arrangements of carbon atoms in butane, methylcyclohexane, and

1-methyladamantane being 4.27, 3.72, and 3.32 Hz, respectively.128,129 Coinciden-

tally, the monotonic decrease in the magnitude of the coupling constant was found to

parallel the increase in the number of impinging rear orbital lobes on carbon, the

effect of which, may however, be small, and the observed decrease may be related to

an increasing number of b methylene substituents in these systems.131 With a cau-

tionary note, Barfield et al.128 suggested the equation:

3JCCCC ¼ 5:00 cos2 ’� 1:58 cos’þ 0:31 ð80Þ
on the basis of INDO-FPT calculations with a number of overlap integrals set to zero.
The A coefficient of this equation is very similar to that in Eq. (79) of Cloran et al.84

for 3JCCOC. According to a VB bond-order formulation of Barfield et al.,128 there is a
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connection between 3JCCCC and 1H–1H coupling constants that is not implied by any

of the foregoing Karplus equations. Consideration of the direct and indirect contribu-

tions to 3JCCCC in the all-trans arrangement in butane led to a 16-term expression,128

containing one term that corresponded to 3JHCCH, six to long-range 1H–1H coupling

over four bonds, and nine terms to long-range coupling over five bonds

3JCCCC ’ð Þ ¼ K=K0ð Þ½3JHH0 ’ð Þ�4JHH0 60�; ’ð Þ�4JHH0 180�; ’ð Þ�4JHH0 300�; ’ð Þ
�4JHH0 ’; 60�ð Þ�4JHH0 ’; 180�ð Þ�4JHH0 ’; 300�ð Þþ5JHH0 60�; ’; 60�ð Þ
þ5JHH0 60�; ’; 180�ð Þþ5JHH0 60�; ’; 300�ð Þþ5JHH0 180�; ’; 60�ð Þ
þ5JHH0 180�; ’; 180�ð Þþ5JHH0 180�; ’; 300�ð Þþ5JHH0 300�; ’; 60�ð Þ
þ5JHH0 300�; ’; 180�ð Þþ5JHH0 300�; ’; 300�ð Þ� ð81Þ

where ’ is the dihedral angle about the C-2–C-3 bond in butane, and the fixed values
of the angles in parentheses are the dihedral angles around the C-1–C-2 and C-3–C-4

bonds. This type of relationship has never been explored in carbohydrate chemistry,

perhaps because of its complexity. In most studies of sugars, homo- and heteronuclear

coupling constants have been considered in isolation.

Multiple coupling pathways are important for vicinal 13C–13C couplings in sugars

(for example, 3þ3JC-1–C-4 and 3þ3JC-2–C-5), and in relevant work on dual-path cou-

plings 2þ3JCCCC in 13C-substituted 1-methylcyclopentanol, 1-methylcyclopentene,

and polycyclic hydrocarbons, it has been proposed that the individual contributions

of such pathways are algebraically additive, that is, the sum must take into account the

relative signs of the couplings.130 Evidently, the resultant of two simultaneous

coupling pathways can be unexpectedly large, or anomalously small, as in the
3þ3JC-1–C-4 values of many aldohexopyranoses.122

Berger measured the 3JCCCC values of 22 compounds, including 13C-substituted

derivatives of adamantane, bicyclo[2.2.2]octanes, bicyclo[3.2.1]octanes, cis-bicyclo

[3.2.0]octanes, and bicyclo[2.2.1]heptanes, and fitted the values to ideal angles of

0�, 60�, 90�, 120�, and 180� that were close to angles obtained from force-field

calculations, or from X-ray structure determinations.132 His experimentally deter-

mined equation was determined by use of the additivity principle, if there was more

than one pathway, giving

3JCCCC ¼ 1:67þ 0:176 cos’þ 2:24 cos 2’ ð82Þ
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which may be rewritten as

3JCCCC ¼ 4:48 cos2 ’þ 0:176 cos’� 0:57 ð83Þ

Equation (82) was compared with one obtained from a different set of Barfield’s

theoretical data:

3JCCCC ¼ 2:73þ 0:579 cos’þ 2:17 cos 2’ ð84Þ
which can be reformulated as the alternative:
3JCCCC ¼ 4:34 cos2 ’þ 0:579 cos’þ 0:56 ð85Þ
The agreement between experimental data and INDO-calculated couplings was
thought to be rather good, within the error limits for both.132

3JCCCC values have been measured for the bicyclic monoterpenes, 3-carene,

a-pinene, and camphene by selective 1D INADEQUATE, with 13C at natural abun-

dance, but the agreement between experimental data and the results of SCPT-INDO

calculations was not satifactory.133

Wu et al. synthesized eight aldohexoses, four aldopentoses, and two aldotetroses,

all substituted with 13C at the terminal hydroxymethyl carbon atom.120 Interpretation

of the 13C NMR spectra measured at 75 and 125 MHz was assisted by 1D INADE-

QUATE 13C spectra, which can sometimes alleviate problems of spectral overlap, and

enhance the detection of small 13C–13C couplings.120 In the aldohexopyranoses, the

dihedral angle ’C-3–C-4–C-5–C-6 has a relatively fixed value of �180�, and, therefore,
these compounds provide a good model for the study of substituent effects along the

coupling pathway. On the other hand, the interior dihedral angles of the pyranose ring

are �60�, thus offering alternative angles for studies of the angular dependence of
3JCCCC (and 3JCCOC). The results of this study for 3JCCCC mirror those obtained for
3JCCOC. Coupling is maximal when O-3 and O-4 are equatorial (3.6–4.4 Hz in

glucopyranoses and mannopyranoses) or when O-3 is equatorial and O-4 is axial

(3.4–4.1 Hz in galactopyranoses and talopyranoses), and minimal when these sub-

stituents are axial (1.8 Hz in gulopyranoses). Intermediate values were observed when

O-3 is axial and O-4 equatorial (2.6–3.0 Hz in allopyranoses and b-altropyranose).
Therefore, 3JC-3,C-6 values may differ by a factor of 2 for coupled carbon nuclei

having the same 180� dihedral angle, depending on the configuration of the hydroxyl

groups attached to the terminal and intervening carbon atoms in the coupling path-

way.120 In the pentopyranoses, 3þ3JC-2,C-5 coupling (1.8 Hz) was observed in only one

example,120 behavior that is similar to that of 3þ3JC-1,C-4 in the aldohexopyranoses.
122
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An elaborate experimental and theoretical study of 3JCCCC and many related

coupling constants has recently been carried out. Thibaudeau et al.134 prepared

methyl a- and b-pyranosides of D-glucose and D-galactose containing single 13C

atoms at C-4, C-5, and C-6 (12 compounds) and measured complete sets of 1J, 2J,

and 3J couplings between the 13C-substituted carbon, and nearby protons and carbons

within the exocyclic hydroxymethyl group.134 At the same time, these couplings were

also computed by DFT methods by using a special basis set to obtain reliable

Fermi-contact contributions. Complete hypersurfaces were calculated for 1JC-5,C-6,
2JC-5,H-6R,

2JC-5,H-6S,
2JH-5,C-6,

2JC-4,C-6,
3JC-4,H-6R,

3JC-4,H-6S,
3JH-4,C-6,

2JH-6R,H-6S,
3JH-5,H-6R, and

3JH-5,H-6S.

The results were used to parametrize new equations correlating these couplings

with the C-5–C-6 and C-6–O-6 dihedral angles o and y, respectively. Couplings
computed by DFT were also tested by measuring them experimentally for 13C-

substituted 4,6-O-ethylidene derivatives of D-glucose and D-galactose, in which the

values of o and y were constrained. Effects of substituents were also assessed by

using DFT calculations for tetrahydropyran models containing a hydroxymethyl

group, or this group plus a vicinal hydroxyl group in either an axial or an equatorial

orientation. Favored rotamer populations about o and y in the methyl glycosides

just mentioned were determined by use of a new computer program, CHYMESA,

which was designed to analyze multiple J-couplings sensitive to exocyclic

CH2OH conformation. Due to the sensitivity of some couplings, especially 2JH-6R,H-6S,
2JC-5,H-6R, and 2JC-5,H-6S to both o and y, important information on correlated

conformation about both torsion angles was obtained, which provides a method

of evaluating such conformations in (1!6)-linked oligosaccharides, since c and y
are identical in these linkages.134 The new equations for vicinal coupling constants

included:

3JC�4;H�6R ¼ 3:58þ 0:11 cosoþ 3:5 cos 2oþ 0:35 sino� 0:57 sin 2o ð86Þ
3JC�4;H�6S ¼ 3:60þ 0:50 cosoþ 0:06 cos 2oþ 0:13 sino� 3:46 sin 2o ð87Þ
but several other equations reflecting the dependence of two-bond C–C and C–H
couplings on the orientation of the hydroxymethyl gtoup were also developed. Both
3JC-4,H-6R and 3JC-4,H-6S display a Karplus dependence, as expected, but the curves are

mutually phase-shifted by �20�. Based on the good agreement between experimental

and computed couplings, it was concluded that DFT provides an almost quantitative

tool for the calculation of JHH, JCH, and JCC values in saccharides, without the use of

empirical scaling adjustments.134
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V. Other Types of Vicinal Couplings

1. Fluorine Couplings

a. Proton–Fluorine Couplings, 3JHCCF.— Studies of the dependence of 3JHCCF
couplings on electronegativity have been a subject in their own right. Hall and Jones

measured 3JHCCF for 16 geometrically constrained 1,2-disubstituted, fluorohaloace-

naphthene derivatives, and, contrary to expectations based on 3JHCCH, found that plots

of the couplings against Huggins electronegativity values were described better by an

exponential relationship than by a linear one.135 Also, the dependences of cis and

trans couplings were quite different,135 according to

3JHCCF cisð Þ ¼ 87:75 exp �0:2522ð Þ ð88Þ
3J transð Þ ¼ 985:68 exp �0:8749ð Þ ð89Þ
HCCF

However, Hamman et al.136 analyzed the rotameric populations of 2-fluoro-1,2-

disubstituted ethanes and found that transoid 3JHCCH and 3JHCCF couplings could be

described by linear fits

3JHCCH transð Þ ¼ 15:0� 0:77
X

Dwð Þ ð90Þ
3JHCCF transð Þ ¼ 65:75� 7:52

X
Dwð Þ ð91Þ
whereas 3JHCCF (gauche) displayed an exponential fit

3JHCCF gaucheð Þ ¼ 15:35 exp �0:266
X

Dwð Þ
h i

ð92Þ

where S(�w) is the sum of the differences in Huggins electronegativity between

hydrogen and the six atoms or groups on the HCCF fragment.136

An elaborate study of the dependence of 3JHCCF on molecular properties was

conducted by Thibaudeau et al.137 who also summarized the early history of these

couplings in which the three-parameter Karplus equation was used to describe the

couplings. By using experimental values of 3JHCCH in the Haasnoot–Altona equation,

these authors calculated the corresponding 1H–1H torsion angles, from which endo-

cyclic torsion angles n0–n4 were obtained from a detailed analysis of the temperature-

dependent North–South equilibria of the pentofuranose rings in 11 monofluorinated

nucleosides, by use of the PSEUROT program.137 The equilibria were used to
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calculate the phase angle and pucker values that characterized the major conformers.

These values were used to calculate the proton–fluorine torsion angle ’HF from the

linear relationship

’HF ¼ AFnj þ BF ð93Þ

where j ¼ 0–4, and the AF and BF parameters were obtained from a series of ab initio

geometry optimizations on eight of the monofluorinated nucleosides, by means of the

GAUSSIAN94 program at the HF/3–21G level.137 Values of 3JHCCF were measured

for the nucleosides by 1D 1H NMR, and the values were supplemented by literature

values for four fluorocyclohexane derivatives, six geometrically constrained fluoro-

bicycloalkanes, and a fluoro-cis-decalin, giving a data set of 57 3JHCCF/’HF pairs.

This data set could not readily be fitted to a Karplus equation of the three-parameter

type, nor could an accurate fit to a six-parameter, generalized Haasnoot–Altona

equation be achieved. Finally, the introduction of bond-angle terms aFCC and aHCC
led to a seven-parameter equation:

3JHCCF ¼ 40:61 cos2 ’� 4:22 cos’þ 5:88

þPli �1:27� 6:20 cos2 xi’þ 0:20lið Þ½ �
�3:72 aFCC þ aHCCð Þ=2� 110½ � cos2 ’ ð94Þ

The difference between experimental and back-calculated 3JHCCF values was

<2.9 Hz, with an overall rms deviation of 1.38 Hz. Graphical analysis of the

conformational preferences of the 11 fluronucleosides indicated that the use of
3JHCCF and 3JHCCH values gave qualitatively similar results. These two types of

coupling constants were combined in a modified version of the PSEUROT program:

PSEUROT þ JHF in which 3JHCCH values can be used alone or in combination with
3JHCCF. The application of the seven-parameter Eq. (94) in conjunction with the

PSEUROT þ JHF program was tested further on two more fluoronucleosides, on

four difluorinated nucleosides, and on a fluoro-trans-decalin derivative, giving

reasonable results in each case.137

b. Proton–Fluorine Couplings, 3JHCNF and 4JHCC0NF.— As models for peptides,

Hammer and Chandrasegaran138 synthesized a series of nine N-fluoroamide deriva-

tives by reaction of trifluoromethyl hypofluorite with the corresponding amides and

measured their 3JHCNF values by 1D 1H and 19F NMR. However, the observation of
3JHCNF < 5 Hz in the 19F NMR spectra was not feasible, because of quadrupolar
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broadening by the 14N nucleus. The compounds were chosen partly for their rigidity

(as in four bicycloalkanes), expected dihedral angles, or ease of preparation. Dihedral

angles were taken either from X-ray data for NH analogs, or with the assumption of a

planar amide group, were estimated from ‘‘carefully straightened’’ Dreiding models,

with a suggested accuracy of �5�. Nonlinear, least-squares fitting of the coupling

constants using the MLAB implementation of the PROPHET program yielded138

the equation:

3JHCNF ¼ 70:8 cos2 ’� 44:1 cos’� 7:2 ð95Þ

In these N-fluoroamides, the coupling pathway differs from those previously dis-

cussed in that it contains an sp2-hybridized carbonyl carbon atom, which may enhance

the magnitude of the coupling. The shape of the fitted curve is highly skewed,

apparently reflecting the fact that the values estimated for 3JHCNF (180
�) are approxi-

mately five times as large as those measured for 3JHCNF (0
�), thus producing compa-

rable values of the A and B constants.138 By using similar methods, this study also

yielded a Karplus equation for 4JHCC0NF:

4JHCC0NF ¼ �19:5 cos2 cþ 8:8 coscþ 4:9 ð96Þ

where c is the dihedral angle about the C–C0 (Ca–CO) bond. Presumably, only one

torsion angle is required to describe this four-bond coupling, because of restricted

rotation about the amide bond. The best fit to the experimental data generated a highly

skewed, inverted Karplus curve in which 4JHCC0NF ¼ ��5 Hz for c ¼ 0� and
4JHCC’NF ¼ ��23 Hz for c ¼ 180�, with the curve crossing zero twice.138

c. Carbon–Fluorine Couplings, 3JCCCF and 3JCOCF.— In a study of glycosyl

fluorides, Bock and Pedersen found evidence of a Karplus dependence of 3JCCCF,

since the 3JC-3,F-1 values (4–10 Hz) of b-pyranosyl fluorides in which C-3 and F-1 are
trans are larger than those (0–6 Hz) of the a-fluorides, in which these coupling nuclei

are gauche.139 However, the same could not be said for 3JCOCF, because in all

pyranosyl fluorides, 3JC-5,F-1 was found to be in the range 2–5 Hz, regardless of

anomeric configuration.139 Additional examples of the 3JCF couplings of fluorinated

carbohydrates have been reviewed.140

d. Fluorine–Fluorine Couplings, 3JFCCF.— These couplings have been found not

to obey a simple dependence on dihedral angle, as noted by Hall et al. on the basis of

measurements on the anomeric 3,4,6-tri-O-acetyl-2-deoxy-2-fluoro-D-gluco- and

D-manno-pyranosyl fluorides, and 7,7,8-trifluoro-2(3),5(6)-dibenzobicyclo[2.2.2]
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octane and its 7-chloro derivative.141 Thus, approximate 19F–19F dihedral angles of

0�, 60�, 120�, and 180� showed 3JFCCF values in the ranges þ9.4 to þ11.4, �13.5 to

�18.8, �1.2 to �2.2, and �20.0 Hz, respectively. The reversal in sign was unex-

pected, and various attempts have been made to explain these and similar observa-

tions theoretically. Kurtkaya et al.142 performed DFT computations for 1,2-

difluoroethane in which the four Ramsey contributions, Fermi contact, spin–dipolar,

diamagnetic spin–orbit, and paramagnetic spin–orbit to the spin coupling were char-

acterized separately. The positive region of the curve from 0� to 40� was determined

by a Fermi-contact term, but the negative section from 40� to 180� originated from

reinforcing negative Fermi-contact and paramagnetic spin–orbit terms. More impor-

tantly, the Fermi-contact term in the range 90�–180� was found to contain an

extremely strong negative contribution from the three non-bonded lone pairs of

electrons on the fluorine atoms.142

Various theoretical treatments, including DFT and two high-level ab initio meth-

ods, MCSCF and SOPPA, have been tested recently by San Fabián and Westra

Hoekzema.143 These authors represented contributions to the angular dependence of
3JFCCF in 1,2-difluoroethane by a truncated Fourier series:

3JFCCF ¼ C0 þ
Xm
n¼1

Cn cos n’ð Þ ð97Þ

where this general expression could be used to describe either the total contributions
or any of the component Fermi contact, spin–dipolar, diamagnetic spin–orbit,

or paramagnetic spin–orbit terms. Owing to the symmetry in unsubstituted 1,2-

difluoroethane, 3JFCCF (þ’) ¼ 3JFCCF (�’), and so sine coefficients were not

included in Eq. (97). When m ¼ 2, this equation simplifies to the familiar Karplus

equation, which suggests that the latter equation is a subset of a more complex

relationship. The lack of a traditional Karplus dependence for 3JFCCF values of

saturated fluorocarbons is reflected in the interpretation that (a) higher order Fourier

coefficients are needed in Eq. (97) to reproduce these couplings correctly and (b) the

values of the first three coefficients differ from the usual large C0 and C2 coefficients,

and small C1 value.
143 It was concluded that the deviation of 3JFCCF from the Karplus

equation arises mainly from through-space interaction in the Fermi-contact contribu-

tion, and that the description of this contribution by Eq. (97) requires at least six

coefficients (that is, m ¼ 5 in Eq. (97)). As a result, an explicit, analytical expression

is not available for the dependence of 3JFCCF on torsion angle. Moreover, the

dependence of the 3JFCCF coupling on substituents is generally complex and not

well understood.
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2. Carbon–Tin Couplings

a. Carbon–Tin Couplings, 3JCCCSn.— Vicinal 13C–119Sn couplings have been

measured for geometrically constrained, exo- and endo-2-norbornyl-, 1- and

2-adamantyl-, and 3-nortricyclyl-trimethylstannane.144 Fitting of the 3JCCCSn values

to a three-parameter Karplus equation using CCCSn torsion angles 35�, 70�, 85�,
120�, 160�, 170�, and 180� obtained from Dreiding models of the stannane derivatives

gave the equation:

3JCCCSn ¼ 30:4� 7:6 cos’þ 25:2 cos 2’ ð98Þ

which may be rewritten as

3JCCCSn ¼ 50:4 cos2 ’� 7:6 cos’þ 5:2 ð99Þ
VI. Couplings Over Four Bonds

These couplings may certainly be described as long range, but two definitions of

long-range coupling constants have been used. Some authors refer to long-range

couplings as those transmitted over more than one bond, while others mean the

couplings over more than three or even four bonds. In sugars, this group of couplings

includes those over pathways containing four saturated bonds, or three saturated and

one unsaturated bond (allylic couplings), which have different dependences on

dihedral angle.

1. Proton–Proton Couplings

a. W and non-W Couplings, 4JHCCCH.—W-type couplings are rather common in

saturated, carbohydrate structures, occurring whenever the coupling pathway has a

near planar W shape,145 as in pyranose and furanose rings having a 1,3-diequatorial

arrangement of protons, or of different pairs of magnetically active nuclei.66 4JHCCCH
couplings were first observed in carbohydrates by Hall and Hough, who found 4J1,3
1.3, 1.4, and 1.8 Hz for three 2,3,4-tri-O-acetyl-1,6-anhydro-b-D-hexopyranoses in

which H-1 and H-3 were both equatorial.146 At that time, the long-range coupling was

not observable in 1,6-anhydro derivatives in which H-3 was axial, thus indicating a

stereochemical dependence. Other early examples were 4J1,3 0.7–0.9 Hz in 4C1 chair

conformations of methyl 4,6-O-benzylidene-a-D-altropyranoside derivatives,64 and 4J2,4
0.8–1.0 Hz in 3S5 skew conformations of 1,2-O-alkylidene-a-D-glucopyranosides147,148

and similar derivatives having a five-membered ring fused to C-1 and C-2.149
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On the basis of a semi-empirical VB theory, Barfield soon indicated that the maximum

long-range coupling (if positive) should correspond to a planar zigzag (that is, W)

arrangement in which the relevant dihedral angles ’1 and ’3 are both 180
�, with a sharp

decrease in magnitude expected as either proton H-1 or H-3 is moved out of the

plane.150 For the 4J1,3 couplings in the 1,6-anhydrohexopyranoses, ’1 and ’3 are

subtended by H-1–C-1–C-2–C-3 and C-1–C-2–C-3–H-3, respectively.

At the time of our report on the observation of an unusually large coupling 4J2,4
þ2.45 Hz in the 1H NMR spectrum of 3-O-benzoyl-1,2,4-O-benzylidyne-a-D-ribopyr-
anose,151 the theoretical interpretation of these couplings was somewhat inexplicit,

and rather confusing. Barfield’s early VB theory150 did not account satisfactorily for

the variation of the sign of 4JHCCCH with the 1,3-diequatorial or 1,3-equatorial-axial

orientations of ring protons in the chair conformations of pyranose sugars152 The

theory was interpreted153 either in terms of the equation:

4JHCCCH ¼ 0:7 cos2 ’1 þ cos2 ’3

	 
� 0:3 ð100Þ

or an alternative:

4JHCCCH ¼ A cos2 ’1 cos
2 ’3

	 
� B ð101Þ

where B ¼ 0.35, and A ¼ 0.31 for 0� � ’1, ’3 � 90�, 1.07 for 0� � ’1 � 90� � ’3 �
180�, or 3.61 for 90� � ’1, ’3 � 180�. The latter equation agreed more closely with
4JHCCCH ¼ þ2.45 Hz of the 1,2,4-O-benzylidyne-a-D-ribopyranose derivative,151

whereas the former equation predicts the couplings more accurately for 4J1,3
þ1.6 Hz and 4J3,5 þ1.5 Hz in 1,6-anhydro-b-D-mannopyranose triacetate, and other

similar derivatives.152 However, 4JHCCCH couplings in conformationally locked ring-

systems have frequently been observed to be abnormally large, for example, reaching
4J1,3 18.2 Hz in bicyclo[1.1.1]pentane.

154 In this derivative, H-1 and H-3 are collinear

and may be expected to couple strongly through overlap of the rear lobes of their H–C

bonding orbitals.

In a reprise, almost 40 years later, Barfield has clarified the situation by a study of

the structural dependencies of 4JHCCCH in propanic and allylic systems by DFT/FPT

methods, which were used to obtain the Fermi-contact contributions to the cou-

plings.154 The theoretical contributions to the coupling constants were dissected

according to dependences on various molecular properties, including the ’1 and ’3

torsion angles, the central C-1–C-2–C-3 bond angle y2, and the C-1–C-3 distance

rC-1,C-3. Barfield has published a very revealing 3D plot of 4JHCCCH as a function of

both ’1 and ’3 (Fig. 10).
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The data for this plot were calculated by DFT/FPT for 30� intervals of ’1 and ’3

and show that 4JHCCCH reaches a maximum of þ2.11 Hz for ’1 ¼ ’3 ¼ 180�, and a

minimum value of �0.73 Hz for ’1 ¼ ’3 ¼ 0�, thus adequately interpreting the

variation of the signs of the experimental couplings with geometrical factors.154

For propane, the following expression was proposed:

4JHCCCH ’1; ’3ð Þ ¼ 0:82 cos2 ’1 cos
2 ’3 � 0:62 cos ’1 cos ’3

	 cos ’1 þ cos ’3ð Þ þ 0:21 cos ’1 cos ’3 � 0:32
ð102Þ

Unfortunately, the choice of trigonometric functions still seems a little arbitrary,
perhaps reflecting the difficulty of translating the theory into practical equations.

The dependence of 4JHCCCH on ’1, ’3, y2, and rC-1,C-3 was investigated by a DFT/

FPT procedure in which ’1 and ’3 were stepped by 60� increments, and y2 by 10�
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intervals in the range 70–130�. Fitting of the theoretical results for the trans–trans (tt)
conformation of propane (W-form, ’1 ¼ ’3 ¼ 180�) yielded154 the equation:

4JHCCCH tt;y2;rC�1;C�3

	 
¼ �95:4 sin4 y2=2ð Þþ17:6 sin2 y2=2ð Þ� �
	exp �5:20 rC�1;C�3� r 0ð ÞC�1;C�3

� �h i
�1:19

ð103Þ

where r(0)C-1,C-3 is the smallest value (1.978 Å) in the series, occurring for y2 ¼ 70�.

A simple alternative to Eq. (102) was formulated to represent W-couplings in

bicycloalkanes:

4JHCCCH ’1;’3;rC�1;C�3

	 
¼ 18:15cos2 ’1 cos
2 ’3

	exp �1:70 rC�1;C�3� r 0ð ÞC�1;C�3

� �h i
�1:10

ð104Þ

For example, using rC-1,C-3 ¼ 1.872 Å in this equation leads to a computed value

4J1,3 20.6 Hz in bicyclo[1.1.1]pentane, which may be compared with its experimental

value of 18.2 Hz.154

The 4JHCCCH values of 28 cyclopentane and cyclohexane derivatives have been

subjected to PCA, by using the couplings, the corresponding torsion angles, and the

cos2 ’1 cos
2 ’3 product as variables in a multivariate data analysis.155 The torsion

angles were calculated by use of three different molecular-mechanics packages,

PC MODEL (MMX), CS MOPAC PRO (AM1), and GAUSSIAN98 [HF/6–31g(d,p)].

PCA was performed by using the PIROUETTE software package, the application of

which to GAUSSIAN98 data yielded seven clusters of compounds, where the clustering

reflected structural similarities in the compounds. Two significant principal components

were described by the equations:

PC1 ¼ 0:41254JHCCCH þ 0:5352 cos2 ’1 cos
2’3 þ 0:5175’1 þ 0:5250’3 ð105Þ

PC2 ¼ 0:87344JHCCCH � 0:2921 cos2’1 cos
2’3 � 0:2897’1 � 0:0042’3 ð106Þ

The most important variables in the separation of the seven clusters were found to be
the coupling-constant values and the calculated products, cos2 ’1 cos2 ’3, which

together had the highest modeling-power indices, and the largest coefficients in PC1

and PC2.155 Two trends in clustering were observed, one owing to similarities in

torsion angle (four groups of samples) and another to values of the four-bond

coupling, including the small or zero couplings resulting from 1,3-diaxial arrange-

ments of protons. It was proposed that substituents positioned on the same side of the

ring as the coupled protons have a greater influence in diminishing the W-coupling
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than does the orientation of these protons,155 a somewhat surprising result, in view of

the known dependence of 4JHCCCH values of carbohydrates on the stereochemistry of

the protons.

As the resolution of NMR spectrometers has improved and resolution enhancement

by such methods as Gaussian multiplication of the FID has been more widely used,

non-W values of 4JHCCCH have been detected more frequently.156 For example, 4J1,5
0.5–0.7 Hz in a series of methyl 4,6-O-benzylidene-a-D-hexopyranosides, in which ’1

and ’3 have values of �180� and �60�, respectively.66 In partially protected galac-

topyranosides, the observation of 4JHO-4,H-5 1.0 Hz was more reasonably interpreted

by a W coupling to a hydroxyl proton,157 than by a through-hydrogen-bond-coupling
hJ involving a pathway via the ring oxygen,158 as supported by DFT calculations.157

b. Allylic Couplings, 4JHC¼CCH.— The early history of these couplings has been

reviewed before.21,145 Fermi-contact contributions to the transoid and cisoid allylic

couplings in propene have recently been calculated by DFT/FPT and fitted154 to the

equations:

4Jtrans ¼ �4:76sin2’� 0:60 cos’þ 0:53 ð107Þ
4Jcis ¼ �3:52sin2’� 0:02 cos’� 0:37 ð108Þ
These couplings are theoretically expected to have largest numeric magnitudes of

approximately –4 Hz for ’ ¼ 90�, although the experimental values have been found

to be 1–2 Hz smaller.154

VII. Couplings Over Five Bonds

1. Proton–Proton Couplings

a. ExtendedWCouplings, 5JHCCCCH.— An especially favorable geometry for the

detection of these couplings is when the protons are separated by five bonds in a

planar, zigzag (extended W) arrangement.145 For example, methyl 4,6-O-benzyli-

dene-a-D-altropyranosides having the pyranose ring in a 4C1 form (Fig. 11) exhibited

values 5J3e,6e 0.5–0.7 Hz, whereas in similar derivatives in which H-3 and H-6 were

not in a planar, extended W, the 5J3,6 coupling was not detectable.66 However,

couplings of 0.4–1.3 Hz have also been measured for chair forms of 1,3-dioxanes

and pyranoid compounds in which the 1,4-protons are diequatorial, but not precisely

in an extended W orientation.159 According to Barfield et al.,128 5JHCCCCH couplings



O
O

O

OMe

OMe

NH

NO2O2N

H

H

H

H

H

H

H

H 1
2

3

19

29

39

49

59

69

4

5

6

Fig. 11. A planar, extended W coupling pathway (heavy bonds) in methyl N-20,40-dinitrophenyl-3-
amino-4,6-O-benzylidene-3-deoxy-2-O-methyl-a-D-altropyranoside, which results in a long-range coupling
constant of 5J3,6 0.5 Hz.

DEVELOPMENTS IN THE KARPLUS EQUATION 69
may be expected to have a functional dependence on cos ’1,2, cos ’2,3, and cos ’3,4,

where ’1,2, ’2,3, and ’3,4 are the dihedral angles about C-1–C-2, C-2–C-3, and C-3–

C-4, respectively.

b. Biallylic Couplings, 5JHCC¼CCH.— These couplings have been reviewed pre-

viously66,145 Based on measurements of the magnitudes and relative signs of 5J1,4
in methyl 3,4-dichloro-4-deoxy-D-glycero-pent-2-enopyranosides,160 Eq. (109) was

proposed

5JHCC¼CCH ¼ 3:25 sin2’1 sin
2’4 ð109Þ

where ’1 and ’4 are the torsion angles of the terminal protons with respect to the
coupling pathway.66 For the important p-electron contribution to homo-allylic

(biallylic) couplings, Barfield and Sternhell suggested161,162 Eq. (110) on the basis

of VB formalism:

5JpHCC¼CCH ¼ 4:99 sin2’1 sin
2’4 ð110Þ

However, s-electron contributions were not included because the size of the secular
determinants increases enormously with the size of the basis set, and it was difficult to

find suitable empirical parameters for the s-electron system.162
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VIII. Online Calculators for Coupling Constants and Torsions

Stenutz has provided a number of useful tools for the online calculation of homo-

and heteronuclear coupling constants, torsion angles, rotameric populations, and

puckering phase. Two calculations of 3JHCCH are available, using either the Haas-

noot,163 or Pachler164 relationships. Both implementations depend on the relative

orientation of the substituents, and turning a molecular model so that the proton on the

near side is pointing up is recommended. Each online program requires four sub-

stituents to be selected from drop-down menus of atom types. The implementation of

the Haasnoot procedure automatically selects one of three equations, depending on

the number of attached hydrogen atoms. Entry of a ’HCCH value then allows the

corresponding 3JHCCH to be calculated, or conversely, the insertion of a coupling

constant value results in the computation of one to four torsion angles, depending on

the size of the coupling.

A generalized online calculation of the three-parameter Eq. (3) is also available,

which can be used to compute either homo- or heteronuclear coupling constants from

given dihedral angles.165 Users of this calculation either type in new values of the A, B,

and C coefficients or select these coefficients automatically by choosing a literature

reference from a list, many of which have been discussed in this chapter. Conversely,

the entry of a coupling constant permits the calculation of four solutions for a torsion

angle, which are comprised of � a smaller angle, and � a larger angle. If there

are only two torsions that will reproduce the coupling constant, or if the 3J value lies

outside the range of the Karplus equation, then ‘‘not a number’’ is displayed.

Another online module allows the calculation of 3JHCCH values specifically for

b-ribofuranosides (or nucleosides/nucleotides) from the puckering phase or deter-

mines the puckering phase from experimental coupling constants.166 There may be

more than one phase that reproduces the experimental couplings, but only one is

found by the program. An rmsd > 0.5 suggests that there is an equilibrium of two

conformers, namely, N $ S, and for comparison purposes, such an equilibrium is

calculated. If the ribofuranose ring is rigid, then the rmsd for the fitted pseudorotation

angle (P) should be lower than for the two-state model. To calculate the coupling

constant, either the pseudorotation angle is entered in degrees or a conformer, such as
3T2 and the like, is selected by clicking on a button.166 The program output displays

the calculated values of J1,2, J2,3, and J3,4, as well as the best P, the rmsd values, and

the best N $ S equilibrium in terms of the %N conformer (3E).

A module for unsubstituted 2-deoxy-erythro-b-pentofuranose permits the calcula-

tion from the pseudorotation angle of all the 1JCH,
2JCH, and

3JCH couplings around

the furanose ring, except that, in some cases, the relative proportions of the two
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dominant C-4–C-5 rotamers (gg and gt) are required.167 In nucleic acids, the gg

rotamer is the only one present.

Yet another module can be used to calculate hydroxymethyl coupling constants

related to the o torsion angle, O-5–C-5–C-6–O-6 in hexopyranoses. By entering this

angle together with a value for the y torsion, C-5–C-6–O-6–HO-6, the magnitudes of
1JC-5,C-6,

2JC-4,C-6,
1JC-6,H-6R,

1JC-6,H-6S,
2JC-5,H-6R,

2JC-5,H-6S,
2JC-6,H-5,

3JC-4,H-6R,
3JC-4,H-6S,

2JH-6R,H-6S,
3JH-5,H-6R, and

3JH-5,H-6S can be estimated.168

Two useful tables of rotameric populations for the hydroxymethyl groups in

hexopyranoside derivatives are available online. In the first,169 two protocols have

been used to calculate rotameric distributions from experimental values of 3JH-5,H-6R
and 3JH-5,H-6S, using either application of the Haasnoot equation to the data of Bock

and Duus,170 or the results of the quantum-mechanical calculations of Stenutz et al.61

The populations of the gt rotamer obtained by the two methods are in good agreement,

but those of the gg and tg rotamers agree less well. In the second table,171 a single set

of populations of the gt, gg, and tg rotamers has been calculated from the experimental
3JH-5,H-6R and 3JH-5,H-6S values of a larger collection of both hexopyranoside and

disaccharide derivatives, by using the limiting values of Stenutz et al.61

An online calculator is available that relates 13C chemical shifts on glycosylation to

the 1H–1H distance rH,H across the glycosidic linkage, and the cH torsion angle.172

The method applies to a-linked disaccharides containing galacto, gluco, and manno

residues, and is based on the work of Bock et al.173 Entry of the glycosylation shifts

(ppm) for the non-reducing end, �dC-1 and for the reducing end, �dC-n into the

calculator gives estimates of cH (in degrees) and rH,H (in Å). Examples of results are

given for 11 a-linked disaccharide methyl glycoside derivatives.172

An interactive plotting program for Eq. (2) is available online which allows the

entry of different sets of the parameters A, B, and C and then displays up to five plots

simultaneously, together with the parameters for each plot. The values of J and ’ at

any value of ’ on each plot can be inspected by moving the cursor to the location,

followed by clicking and holding the left mouse button at that location.174,175

A free graphical tool, MestRe-J for Windows-32 platforms, is available for the

prediction of 3JHCCH from torsion angles176,177 using either the Haasnoot–Altona

equation33 with Huggins electronegativities �w, the Colucci–Jungk–Gandour equa-

tion,45 or the more recent and precise Dı́ez–Altona–Donders equations with l electro-
negativities.58 The latter equations include the effects of nonadditive interactions

between substituents, and the equations for 3JHCCH can also be solved for the torsion

angles. This graphical application works with a Newman projection of the molecular

fragment and displays a plot of J values versus the torsion angle. Computation of the

Barfield–Smith equation178,179 has also been implemented,177 for which a significant
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erratum has been published.180 Other programs are also available for the calculation

of torsion angles from NMR data, including the MULDER program,181 and a module

in the AURELIA program.182

IX. Summary

Karplus equations of varying complexity are available for most of the three- and

four-bond spin–spin coupling constants that are commonly measured for carbohy-

drates. Similar equations have also been developed for one- and two-bond couplings

between pairs of nuclei that are not directly connected by a dihedral angle, but instead

depend on the relative torsion angles of substituents either inside, or outside the

coupling pathway. The coefficients in the equations have in most cases been deter-

mined by fitting of experimental data and are specific for particular pairs of nuclei

separated by various coupling pathways. These coefficients are summarized in Table I
Table I

Coefficientsa in Selected Three-Parameter Karplus Equations, 3J ¼ A cos2 w þ B cos w þ C, for

Vicinal NMR Coupling Constants, Ranked According to the Magnitude of A

3J A B C References

3JHCNF 70.8 �44.1 �7.2 138
3JCCCSn

b 50.4 �7.6 5.2 144
3JHCOP 15.3 �6.2 1.5 110
3JHCOH 13.56 �2.05 �1.02 75

10.4 �1.5 0.2 70
3JCCOP 9.1 �1.9 0.8 111
3JHCCH 9.0 �0.5 �0.3 8
3JHCaNC0 9.0 �4.4 �0.8 105
3JHOCC 8.36 �1.41 �0.69 75
3JHCCC 8.06 �0.87 0.47 92
3JHCSiH 5.83 �2.59 0.84 76
3JHCOC 5.7 �0.6 0.5 81

5.5 �0.7 0.6 82
3JCCCC 4.48 0.18 �0.57 132
3JHCSC 4.44 �1.06 0.45 96
3JCCOC 4.4 1.1 0.5 121

3.70 0.18 0.11 122
3JHCCN

c 3.1 �0.6 0.4 66
3JHCaC0N

c �4.6 3.0 0.8 105

a The entries in the table are illustrative, rather than comprehensive, and do not take into account the recent
trend to develop multiple Karplus equations for different structural elements. The main text or original
publications should be consulted for full details.
b 119Sn.
c 15N.
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for Karplus equations of the three-parameter type that describe vicinal couplings, for

which the important A coefficient varies from a maximum value of 70.8 Hz for
3JHCNF, to a minimum of 3.1 Hz for 3JHCCN. Many of the three-parameter equations

have been constructed from quite small experimental data sets, especially for the

heteronuclear couplings. A notable exception is the work of Serianni and coworkers,

who have generated vast quantities of coupling-constant data, experimentally from
13C-substituted sugars, and theoretically by DFT methods. The inclusion, in the

Karplus equation, of other admittedly important molecular properties such as atomic

or group electronegativity, electronegativity orientation, valence-bond angle, and

bond length requires large experimental (or theoretical) data sets and has not been

performed for all combinations of nuclei, and of coupling pathway.

As the quantity of available experimental and theoretical data has increased, there

has been a trend towards parametrization of multiple Karplus equations for various

structural elements, especially for different coupling pathways, and anomeric

configurations.

As an alternative to the use of these empirically derived equations, Serianni et al.

have suggested that spin couplings could instead be calculated for molecules of

interest by DFT, which with the correct choice of basis sets, now seems to give

theoretical coupling values that agree well with experimental measurements, often

without the need for scaling adjustments.

Interactive, online programs are available for the calculation of coupling constants,

dihedral angles, and the 1H–1H distance across thr a-linkages of some disaccharides,

as well as a program for plotting up to five Karplus curves.
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56. K. Imai and E. Ōsawa, An empirical extension of the Karplus equation, Magn. Reson. Chem.,
28 (1990) 668–674.

57. C. Altona, R. Francke, R. de Haan, J. H. Ippel, G. J. Daalmans, A. J. A. Westra Hoekzema, and

J. van Wijk, Empirical group electronegativities for vicinal NMR proton–proton couplings along a C–

C bond: Solvent effects and reparameterization of the Haasnoot equation, Magn. Reson. Chem., 32

(1994) 670–678.

58. E. Dı́ez, J. San-Fabián, J. Guilleme, C. Altona, and L. A. Donders, Vicinal proton–proton coupling

constants. I. Formulation of an equation including interactions between substituents,Molec. Phys., 68
(1989) 49–63.

59. J. Guilleme, J. San-Fabián, E. Dı́ez, F. Bermejo, and A. L. Esteban, Vicinal proton–proton coupling

constants. II: Analysis of the effect of interaction between geminal substituents upon vicinal couplings

to methyl groups, Molec. Phys., 68 (1989) 65–85.

60. J. Guilleme, J. San-Fabián, J. Casanueva, and E. Dı́ez, Vicinal proton–proton coupling constants:

MCSCF ab initio calculations of ethane, Chem. Phys. Lett., 314 (1999) 168–175.

61. R. Stenutz, I. Carmichael, G. Widmalm, and A. S. Serianni, Hydroxymethyl group conformation in

saccharides: Structural dependencies of 2JHH,
3JHH, and

1JCH spin–spin coupling constants, J. Org.
Chem., 67 (2002) 949–958.

62. M. Tafazzoli and M. Ghiasi, New Karplus equations for 2JHH,
3JHH,

2JCH,
3JCH,

3JCOCH,
3JCSCH, and

3JCCCH in some aldohexopyranoside derivatives as determined using NMR spectroscopy and density

functional theory calculations, Carbohydr. Res., 342 (2007) 2086–2096.

63. M. Barfield and M. Karplus, Valence-bond bond-order formulation for contact nuclear spin–spin

coupling, J. Am. Chem. Soc., 91 (1969) 1–10.



DEVELOPMENTS IN THE KARPLUS EQUATION 77
64. B. Coxon, Conformations and proton coupling constants in some methyl 4,6-O-benzylidene-a-D-
hexopyranosides, Tetrahedron, 21 (1965) 3481–3503.

65. B. Coxon, Deuterium isotope effects in carbohydrates revisited. Cryoprobe studies of the anomeriza-

tion and NH to ND deuterium isotope induced 13C NMR chemical shifts of acetamidodeoxy and

aminodeoxy sugars, Carbohydr. Res., 340 (2005) 1714–1721.

66. B. Coxon, A Karplus equation for 3JHCCN in amino sugar derivatives, Carbohydr. Res., 342 (2007)

1044–1054.

67. V. F. Bystrov, V. T. Ivanov, S. L. Portnova, T. L. Balashova, and Y. A. Ovchinnikov, Refinement of

the angular dependence of the peptide vicinal NH-C(alpha)H coupling constant, Tetrahedron, 29
(1973) 873–877.

68. A. Almond, A. Brass, and J. K. Sheehan, Dynamic exchange between stabilized conformations

predicted for hyaluronan tetrasaccharides: Comparison of molecular dynamics simulations with

available NMR data, Glycobiology, 8 (1998) 973–980.

69. M. Mobli and A. Almond, N-Acetylated amino sugars: The dependence of NMR 3J(HNH2)-couplings

on conformation, dynamics, and solvent, Org. Biomol. Chem., 5 (2007) 2243–2251.

70. R. R. Fraser, M. Kaufman, P. Morand, and G. Govil, Stereochemical dependence of vicinal H–C–O–H

coupling constants, Can. J. Chem., 47 (1969) 403–409.

71. L. Poppe and H. van Halbeek, Nuclear magnetic resonance of hydroxyl and amido protons of

oligosaccharides in aqueous solution. Evidence for a strong intramolecular hydrogen bond in sialic

acid residues, J. Am. Chem. Soc., 113 (1991) 363–365.

72. L. Poppe and H. van Halbeek, NMR spectroscopy of hydroxyl protons in supercooled carbohydrates,

Nature Struct. Biol., 1 (1994) 215–216.

73. H. van Halbeek, NMR developments in structural studies of carbohydrates and their complexes, Curr.

Opin. Struct. Biol., 4 (1994) 697–709.

74. B. Coxon, Boat conformations: Synthesis, NMR spectroscopy, and molecular modeling of methyl 2,6-

anhydro-3-deoxy-3-phthalimido-a-D-mannopyranoside and its 15N-labeled analog, Carbohydr. Res.,

322 (1999) 120–127.

75. H. Zhao, Q. Pan, W. Zhang, I. Carmichael, and A. S. Serianni, DFT and NMR studies of 2JCOH,
3JHCOH, and

3JCCOH spin-couplings in saccharides: C–O torsional bias H-bonding in aqueous solution,

J. Org. Chem., 72 (2007) 7071–7082.

76. R. Carleer and M. J. O. Anteunis, Angular dependence of the vicinal interproton spin–spin coupling in

silacyclohexanes. The conformational energy term of the methyl group in 1-methyl-1-silacyclohexane,

Org. Magn. Reson., 12 (1979) 673–678.

77. R. U. Lemieux, T. L. Nagabhushan, and B. Paul, Relationship of 13C to vicinal 1H coupling to the

torsion angle in uridine and related structures, Can. J. Chem., 50 (1972) 773–776.

78. G. K. Hamer, F. Balza, N. Cyr, and A. S. Perlin, A conformational study of methyl b-cellobioside-d8
by 13C nuclear magnetic resonance spectroscopy: Dihedral angle dependence of 3JC-H in 13C–O–C–1H

arrays, Can. J. Chem., 56 (1978) 3109–3116.

79. B. Coxon, Carbon-13 Nuclear magnetic resonance spectroscopy of food-related disaccharides and

trisaccharides, In Developments in Food Carbohydrate-2, (C. K. Lee, Ed.), pp. 351–390. Applied

Science Publishers Ltd, Barking, Essex, England (1980).
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94. I. Tvaroška and J. Gajdoŝ, Angular dependence of vicinal carbon–proton coupling constants for

conformational studies of the hydroxymethyl group in carbohydrates, Carbohydr. Res., 271 (1995)

151–162.

95. F. R. Taravel, V. Durier, C. Gouvion, K. Mazeau, and I. Tvaroška, Conformational analysis of
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I. Introduction
1. Importance of Glycopyranosyl Oxacarbenium Ions

Unraveling the mechanistic details of the myriad of glycosyl processing enzymes

(GPEs)1–4 is amajor endeavorof numerous scientists since these enzymes are essential to

many industries, ranging fromsuchbiomass utilization industries as bioethanol and paper
ts reserved.
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production through the varied fermentation processes of the food and beverage indus-

tries, to the production of aminoglycoside antibiotics and carbohydrate conjugate

vaccines by the pharmaceutical industries.5 Behind all this glycobiology are the decades

of developments by carbohydrate chemists to isolate, identify, and synthesize the sub-

strates and products of many of these enzymes. Such studies are an integral part of

elucidating the fundamental structure–function relationships that underlie the practical

application of these compounds.6–8 Many of these processes involve the formation or

breaking of glycosidic bonds. Consequently, an understanding of the formation and

breaking of glycosidic linkages is at the core of both glycobiology and glycochemistry.

With only a few exceptions, both the formation and breaking of glycosidic linkages

involve processes that proceed through species having a high degree of oxacarbenium

ion character. Thus, in the chemistry of, glycofuranosyl and glycopyranosyl groups, as

the two commonest ring forms of sugars, an understanding of oxacarbenium ions is a

very important area of research. Because of the transient nature of oxacarbenium ions,

their properties are very difficult to establish experimentally.9,10 For this reason one of

the strategies for establishing their structures and their conformational preferences is to

perform quantummechanical (QM) studies. QM is the computational method of choice,

since the ions by definition contain a trigonal carbon atom and one must consider subtle

charge-delocalization effects, and neither factor is readily amenable to any other

computational method. In the past 10 or so years computational resources and software

have become available that allow for the practical study of such species.11,12 Since a

number of these studies have been conducted in the author’s laboratory in Ottawa, this

chapter presents a study of the D-galactopyranosyl system, prepared specifically for this

contribution. It should enable those readers having access to the appropriate software

and hardware, to perform their own studies of sugars of interest. Here the results for the

galactopyranosyl system are compared and contrasted with published results for other

carbohydrates, and in this way pertinent examples from the literature are presented.

A diligent attempt has been made to provide both recent and classical references to the

fundamental principles and relevant experimental studies. No detailed understanding of

computational chemistry is expected of the reader, but some familiarity with either or

both of chemical glycosylation reactions and GPE-catalyzed reactions is helpful.

II. Galactopyranosyl Oxacarbenium Ion as an Illustrative Model

1. Background

In what is generally considered a classic paper in carbohydrate chemistry, Edwards

provided compelling evidence that galactopyranosides are hydrolyzed faster than

their gluco counterparts.13 In a variety of other situations this higher reactivity
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seems to be general; galactopyranosyl donors are almost always more reactive than

glucopyranosyl donors having the same protecting and leaving groups, in chemical

glycosylations under similar reaction conditions.14 The simplest explanation of this

trend is to assume that the corresponding galactopyranosyl oxacarbenium ion is more

reactive than its glucopyranosyl isomer.15 This expectation was originally ascribed to

greater steric hindrance at the anomeric center from the axial substituent at O-4 (Gal)

as compared to the equatorial substituent at O-4 (Glc). Subsequent experimental

evidence argues against a steric origin of this difference in reactivity.16 Further studies

suggest a through-space stabilizing electronic effect to explain this reactivity

difference,17 including an effect on the facial selectivity of nucleophilic attack at

C-1, the anomeric carbon atom (see Scheme 1).18–20 It is anticipated that further

insights into these observations will become apparent during these studies.

The first question to decide is which derivative of galactose should be studied.

Naively, the fully hydroxylated cation 1 might be chosen, since it is clearly the

prototype of all related cations, and should be the ion formed by GPEs that form or

degrade galactopyranosides (see Scheme 2). However, there are several problems

with this choice, all relating to the conformations of the pendant hydroxyl groups. QM

calculations of hydroxylated sugars consistently demonstrate rings of O� H . . .O

groupings as minimum-energy species.21–23 The total energy is typically lower

the more hydroxyl groups there are involved in the rings. There is even recent

experimental evidence that supports the existence of these ring structures for isolated

sugars in the gas phase.24–27 Many groups describe such interactions as hydrogen

bonds (H-bonds), even though the associated bond lengths and bond angles are at

the edge of the accepted norms for H-bonding.28–30 Recent QM calculations using the

atoms in molecules (AIM) approach to study this phenomenon do not find the

necessary bond-critical or ring-critical points that would allow these interactions to

be considered H-bonds.31,32 An experimental determination of the electron density

of sucrose crystals by X-ray diffraction methods finds the expected bond- and

ring-critical points associated with long-range H-bonding, but not those among

vicinal ring hydroxyl groups, in agreement with the data of Klein et al.33 Further,

the trigonal anomeric carbon atom is expected to distort the pyranosyl ring in

the oxacarbenium ions toward the half-chair ring conformations, thus deviating

from the nearly perfect 4C1 chair conformations of most D-galactopyranosides.34

Consequently, it could be anticipated that true, in the sense that such interactions

have the requisite critical points in AIM studies, intramolecular H-bonding, such as

found with 1,3-diaxial hydroxyl groups might occur.35 The best studied of such inter-

actions is the strong H-bonding between O-4 and O-2 in 1,6-anhydro-b-D-glucopyr-
anose.36 Both of these hydroxyl–hydroxyl interactions tend to obscure the questions of
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intrinsic reactivity that the researcher is trying to address. Further, most studies have as

an ultimate objective the details of either a GPE-catalyzed or a purely chemical

reaction. In the former case most, if not all, of the hydroxyl groups act as either H-bond

acceptors or donors, and frequently both, to active-site residues of the enzyme.37 In the

case of chemical glycosylation, most of the hydroxyl groups are derivatized with

protecting groups. To achieve either of these objectives it is therefore necessary to

consider non-isolated hydroxyl groups. For all of these reasons we have chosen to

study 2,3,4,6-tetra-O-methyl-D-glycopyranosides instead of the fully hydroxylated spe-

cies. In this case, the methyl group in ion 2 (Scheme 2) can be viewed as either a

prototypic protecting group or as a crude model of an enzyme-complexed sugar.

In many cases, after prototypic studies such as the current ones, more-detailed

studies should include the actual protecting groups used in the chemical reaction, or

the active-site residues thought to be important for the GPE-catalyzed reaction. At

present, such studies are at the cutting edge of purely QM resources and are typically

done by treating the enzyme with a lower level calculation, such as molecular

mechanics (MM) that is to say, QM-MM studies.38 For MM calculations it is

necessary to have a force field that accurately describes the molecules, in this case

carbohydrates and proteins. The development of force fields applicable with carbo-

hydrates is an active area of research.39–41 For many purposes, such as studying the

effect of solvation and counterions it is beneficial to have a force field that allows for

the time-dependence of conformations, and this entails molecular dynamics

(MD).42,43 A final caveat is that few, if any, of the current force fields have been

simultaneously parameterized for carbohydrates and proteins.44,45 Thus there are a

number of challenges to be overcome before these QM-MM studies become routine.

No QM study of a glycopyranosyl oxacarbenium ion with a full complement of

‘‘normal’’ protecting groups appears yet to have been done. The Ottawa group has

performed some limited studies, varying the protecting group at O-2.46 Some rela-

tively rigid fused rings, such as isopropylidene and benzylidene protecting groups,
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have been considered, but otherwise methyl or acetyl as prototypic protecting groups

have been used in the calculations.47,48 This is due in part to the need for increased

computational resources, as QM calculations using conventional software scale as n3,

where n is the number of atoms. It is also attributable to the multiple minima problem,

posed by having flexible protecting groups, which can in principle populate large

numbers of conformations having small energy differences. Addressing this problem

of multiple minima in a realistic way is a current challenge for computational

chemists. For example, such protecting groups as benzyl, allyl, or propargyl all

have two C–O bonds and a spC- or sp2C–Csp3 bond which, even considering only

staggered minima,49–50 leads to more conformers (27n where n is the number of such

protecting groups) than can be readily considered by one-at-a-time calculations.

Returning to the QM study of 2, the next decision is what level of QM to use. There

are notably the Hartree–Fock (HF) or density functional theory (DFT) methods, and

within each of these there has to be determined what basis set to use and what type of

each to use. This is a very challenging question, and even with access to very large

computer hardware resources the use of the biggest basis set with the highest level of

theory possible may not be correct. Full discussion of this dilemma is outside the scope

of this chapter, but the simple answer is that it depends on the question the researcher is

interested in. For example, if the user is mostly interested in ring conformations and

side-chain conformations (the present objective), then the standard commercial

packages should be adequate. If however the interest is in more subtle effects, as for

example through-space interactions between protecting groups and the anomeric

center, then a proper preliminary study to select the appropriate QM method is

recommended. Certainly for such charged systems as oxacarbenium ions, a moderate

to large basis set is necessary, with at least some polarization and diffuse functions

such as 6–31þG(d,p) as the minimum basis to obtain reliable results.51 Recent QM

studies on glucopyranose provide compelling evidence that each extension: adding

additional polarization (d,p) to (2d,2p), adding diffuse functions 1þG to 1þþG,

and adding extra valence functions 6–31 to 6–311 all assist, and thus the basis set

6–311þþG(2d,2p) is recommended for carbohydrates.52 In fact, a number of current

QM studies of carbohydrates use this basis set.53,54 Since oxacarbenium ions also

exhibit charge delocalization and hence can be expected to be sensitive to electron

correlation, HF methods with some level of correlation such as the popular Møller–-

Plesset approach are recommended.55–57 Since DFT intrinsically includes some elec-

tron correlation, many groups use one of the variants of DFT. A number of deficiencies

in DFT have been pointed out, including a failure to properly account for such

medium-range interactions as 1,3 interactions.58–60 It is hoped that these problems

can be solved, and there is some evidence that newer functionals are indeed better.61,62
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Two current reports have studied model systems for glycopyranosides, namely

2-methoxytetrahydropyran63 and 2-ethoxytetrahydropyran,64 with special emphasis on

determining precisely the anomeric effect. To achieve these goals, a so-called complete

basis set (CBS) calculation was performed in the gas phase at 0 K. To reach agreement

with experiment, the standard corrections of including the zero point energy (ZPE),

a temperature correction to room temperature, and estimating the entropy to get △G298

were added. However, even this was not sufficient, and an estimate of the solvation

energy also had to be included to obtain high agreement with experiment. These works

point out the deficiencies of several of the standardQMprocedures.65 Since it is scarcely

feasible to calculate most chemical species at this high level, it must always be realized

that most calculations contain errors and the temptation to overinterpret small energy

differences should be resisted. The intention of the calculations in the author’s laboratory

has always been to identify trends which can in turn be manipulated by synthetic

chemists to improve glycosylation efficiency and/or eliminate unwanted side reactions.

Since one of the early collaborators had considerable experience with the DFT

program Amsterdam density functional (ADF), our group has mostly used this

program. In a few cases results were compared with a number of other QM programs

utilizing roughly equivalent basis sets, and no substantial differences in geometries or

relative energies for minima were found.66 However, great care should be taken, as

already noted. The calculations currently use the TPZ basis set with the local part of

the Vxc potential (LDA) described using the VWN parametrization,67 in combination

with the gradient corrected (CGA) Becke’s functional68 for the exchange and

Perdew’s function for correlation (BP86).69,70 The ADF program used is mounted

on a standard UNIX/LINUX-based PC cluster, that uses eight processors for standard

jobs. It is maintained in Ottawa by the organization’s computer-support group. For

scientists for whom computational chemistry is not their sole project, it is highly

recommended that they use standard QM packages operating on computers that

are maintained by computer professionals, otherwise such scientists may spend an

inordinate amount of time managing the computer and not doing calculations.
2. Isolated Cations—Ring and C-5–C-6 Side-Chain Conformations

For the current study the next question is how to choose a starting geometry, since an

initial set of coordinates is needed for any QM calculation. Operationally, the simplest

approach is to draw the structure of interest, in this instance starting with a 2,3,4,6-tetra-

O-methyl-D-galactopyranoside, such as the methyl glycoside of either anomer

and doing a simple MM optimization, which should find the 4C1 chair minimum.
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Then, the glycosidic oxygen and the attached atoms can be deleted. This process can be

done with any commercial MM package or one of the many MM programs available

over the Internet. The only potential complication is that the coordinates must be saved

in a format that the QM program will accept as input. The Ottawa group usually prefers

to do QM calculations using internal coordinates, where a set of the bond lengths, bond

angles, and torsion angles are used to define the molecule’s geometry, instead of the

more usual xyz Cartesian coordinates. Internal coordinates allow for such operations as

side-chain optimization since, for example, the torsion angle to be varied can be

immediately found in the input file. The same process can be done using Cartesian

coordinates by making use of the xyz coordinates of the four atoms that define the

torsion angle of interest. Exact procedures can usually be found in the operation

manuals of most QM programs or by searching online. Internal coordinates are also

reported to lead to faster geometry optimization, and since such optimization is often

the rate-limiting factor in QM studies, this has obvious advantages.71

Scientists rarely work in totally unexplored fields, and often something is known

about the expected answer at the outset. In this case, since the expected trigonal

geometry at C-1 in the cation will lead to a significant flattening of the ring, chemical

intuition and/or a perusal of suggestions in the literature suggests that a 4H3 half chair

is a highly plausible ring conformation for 2. It could be also surmised that the

inverted 3H4 half chair might be populated, since O-4 is of opposite configuration

to most common pyranosides.72,73 Similarly, there have been reports for other 2,3,4,6-

tetra-O-methyl-D-glycopyranosyl oxacarbenium ions, notably the gluco (3) and

manno (4) isomers. For both 3 and 4, two minimum-energy ring conformations

have been reported.74,75 In both cases a 4H3 half-chair conformation plus for 3 a

ring-inverted 5S1 skew boat and for 4 a ring inverted 3E envelope conformation

have been reported; see Fig. 1. The 3E conformation is adjacent to the exactly inverted
3H4 half chair, whereas 5S1 is on the equator and more closely related to 5H4, in

conformational space; see Fig. 2.

Following from Hendrickson’s original proposal, the conformations of

6-membered rings can be plotted as 3D spheres or as 2D projections of the 3D

spheres. These 2D representations are sometimes called Stoddart diagrams, as they

were first introduced to carbohydrate chemistry in Stoddart’s classic book on carbo-

hydrates.76 A full discussion of this topic is outside the scope of this chapter, and the

reader is referred to various books and papers.77–79 Both representations are used here

as necessary. A canonical vector representation of 6-membered ring conformations

we developed is explained later in more detail, but one of its advantages is that is

allows all 38 IUPAC-defined conformations of 6-membered rings to be described by

idealized geometries; see Fig. 2.80,81
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Hence this study starts with five different starting geometries of 2, namely: the one

drawn and four derived from those idealized 4H3,
3H4,

3E, and 5S1 coordinates that

have the O-methyl and hydroxymethyl substituents added to the tetrahydropyran ring

in the D-galacto configuration, or by modification of the configurations of the litera-

ture results. These additions can usually be done with a MM program. It is helpful, but

not strictly necessary, to partially optimize the new side-chain conformations to

approximate the expected values, otherwise spurious results can be obtained in the

subsequent QM geometry optimization. For example, in this case C–O and O–CH3

bond lengths should be in the 1.35–1.45 Å range and the corresponding C–O–C bond

angle near the tetrahedral value. Table I shows a part of a typical ADF input file,

indicating the methods used.

Scheme 3 shows the five starting geometries in the top row and the four QM-

optimized geometries in the middle row. The hand-drawn geometry and the 4H3

derived geometry optimized to very similar conformations. These four optimized

species were then characterized by frequency calculations. This consists of taking

the second derivative of the energy in the three xyz dimensions of positional space.
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There are a number of computational approaches to doing frequency calculations, but

all share the characteristic of being computationally demanding. This is one of the

most CPU-intensive parts of the overall process. Three of the initial four optimized

structures had all positive frequencies and hence are minima, whereas the fourth had

several negative frequencies. Several attempts were made to find a minimum near this

conformation. First, the xyz coordinates of the atoms having the largest negative

frequency were moved to new input values by using the coefficients of the imaginary

frequency as guides, and were then reoptimized, but the resulting conformation was

not lower in energy. Secondly, an intrinsic reaction coordinate (IRC) calculation was

done, using default values in both the forward and reverse directions. IRC calculations

are designed to start from transitions states (TSs) and follow the imaginary (negative)

frequency to the local minimum. However, in this instance neither resultant confor-

mation was lower in energy, and so this conformation was omitted from the list of

candidates.

Next, the oH (H-5-C-5–C-6-O-6) dihedral angle was systematically varied, starting

from the first found minimum for each of the 4H3,
3E, and 5S1 conformations.

The variation is straightforward in internal coordinates, since this torsion angle is in

the coordinate file. So all that needs to be done is define this torsion angle as a variable

and set the starting value, which is usually the value found as the minimum and the



Table I

Part of Standardized Optimization Input File

GEOVAR (This means to perform a full Geometry Optimization using default values)

END

BASIS (The basis set for DFT taken from the ADF library)

type TZP

core none (None of the inner core orbitals are frozen as is sometimes done)

END

XC (exchange corrections)

LDA SCF VWN (Local-Density Approximation, Self-Consistent Field)

END

METAGGA (exchange)

SOLVATION (A version of COSMOS)

Surf Klamt

Solv eps¼9.03 rad¼2.4 emp¼0.0 cav0¼1.321 cav1¼0.0067639 (parameterized to CH2Cl2)

Charged method¼CONJ conv¼1e-6 iter¼300 omega¼1.0

C-Mat POT

radii

C¼1.989 (the size of the atoms is necessary for the COSMOS procedure)

O¼1.7784

H¼1.3

END

SYMMETRY tol¼0.001

INTEGRATION 6.5 6.0 6.5 (This is a grid size, the default is 5.0 therefore the number of points has been

increased for higher precision. In ADF this variable greatly affects the CPU time and the accuracy)

A1FIT 10.0

Comments in parentheses are not in the actual file.
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end value, which in this case is the starting value plus 360� and the number of

increments. Trial and error in this case led to the use of 60 increments for such

studies, and hence each point of the calculation varies the torsion angle by 6�; see
Fig. 3 for a representative example. In Fig. 3, some points near the first maximummay

be anomalous (nearoH¼�120�) and suggest the use of a smaller step size or a higher

level of calculation to find this maximum accurately. Since this study is interested in

finding minima, the reported calculation is adequate. With eight processors per job,

these 60 points took about 72 CPU hours to calculate. Similar calculations found

lower-energy species for the 3E conformation, but not for the 5S1 case. As shown in

Fig. 3, two minima are lower in energy then the starting conformation, which had oH

approximately equal to 180�. This C-5–C-6 (oH ¼180�) conformer is often called gg

as O-6 is gauche to both C-4 and O-4. For D-galactopyranosyl species, with O-4 axial

or quasi-axial, this oH conformation creates a unfavorable steric interaction between

O-6 and O-4 (the Hassel–Ottar effect),83 see Fig. 4. Thus, it is not surprising that both
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of the other two staggered conformers are lower in energy. After reoptimization

and correction for ZPE the gt conformer having O-6 gauche to O-5 and trans to

C-4 (oH ¼ �40.5�) is slightly lower in energy (4.2 kJ mol�1) than the tg conformer

having O-6 trans to O-5 and gauche to C-4 (oH¼ 67.7�). This is reasonable since this
conformer allows more-efficient electron donation to the vacant p-orbital at C-1 than

the tg conformer.84 For 3 B0, the relative energies for the gt, gg, and tg conformers are

0.0, 5.9 and 18.0 kJ mol�1. Similarly for 3 B1 the values are 0.0, 3.3, and 8.9 kJ mol�1,

for 4 B0 0.0, 3.8, and 17.4 kJ mol�1, and for 4 B1 0.0, 9.4, and 8.1 kJ mol�1

suggesting that this effect is general.

For exact oH values and other geometric parameters for these species, see Table II.

Following from the terminology used with other glycopyranosyl oxacarbenium ions,

this conformation is called B0. The 5S1 inverted conformer is called B1, and in this

case, since three conformers were found and not the usual two, the 3H4 conformer is

termed B2. For both B1 and B2, O-4 is quasi-equatorial and the classic Hassel–Ottar

analysis of oH fails. This is why it was important to check all three oH minima. In this

case B1 has oH¼�159.3� as the minimum and B2 has oH¼�35.1� as its minimum.

The canonical vector representation allows an easy as well as exact description of

the ring conformations of these species; see Table II. Each conformer is characterized

by its projection on to idealized Chair (C), Boat (B), and Skew boat (S) conformations



Table II

Selected Geometric Parameters and Relative Energies of All Species of 2

Species C-1–O-5 OM–C-1 t5 vH

CH-2-C-2–

O-2-C(H3) Chair Boat Skew Boat Intermediate Energy

Gal B0a 1.26 – �5.5 67.7 27.3 4C1 0.587
2,5B 0.023 1S3 0.489

4H3 0.978 4.2
Gal B0 1.26 – �3.8 �40.5 27 4C1 0.566

2,5B 0.049 1S3 0.497
4H3 0.994 0.0b

Gal B1 1.27 – �8.7 �159 �33 1C4 0.261
0,3B 0.012 5S1 0.803 – 10.4

Gal B2 1.26 – 1.6 �35.1 �10.2 1C4 0.571
2,5B 0.077 3S1 0.417

3H4 0.834 15.4
Gal
1,6-
anhydro

1.35 1.54c 66.8 �147 �42.1 1C4 0.944
1,4B 0.043 2S0 0.264 – �25.7

Gal F0 1.38 1.46 51.4 �166 �44.3 4C1 0.156
2,5B 0.158 1S3 0.992 – �148.3

Gal F1 1.33 1.45 52.7 �177 �47.8 1C4 0.825
0,3B 0.003 1S5 0.091 – �155.3

Gal F2 1.37 1.47 42.8 168.2 28.6 4C1 0.101 B0,3 0.077
1S5 0.994 – �142.8

Gal F2d 1.37 1.46 50.8 �180 �38.3 4C1 0.115 B2,5 0.224
1S3 0.942 – �150.2

Gal G0 1.35 1.47 �45 61.7 84.7 4C1 0.863 B0,3 0.033
1S5 0.161 – �116.3

Gal G0e 1.35 1.47 �45 63.2 84.1 4C1 0.860 B0,3 0.036
1S5 0.153 – 0.3

Gal G1 1.35 1.47 �45 61.7 84.7 1C4 0.193
0,3B 0.068 5S1 0.838 – �118.8

GalAc B0 1.27 – �3.8 �40.1 11.3 4C1 0.584
2,5B 0.123 1S3 0.509

4H3 1.019 0.0 f

GalAc B1 1.27 – �8.2 �157 2.2 1C4 0.280
0,3B 0.024 5S1 0.801 – 7.6

GalAc
1,6Anhydo

1.36 1.54c 65.1 �146 31.7 1C4 0.937 B1,4 0.001
2S0 0.298 – �10.8

GalAc B2 1.27 – �6.6 �41.8 8.5 1C4 0.316
0,3B 0.065 5S1 0.735 – 23.2

GalAc C0 1.32 1.57g �31 57.5 �139.7 4C1 0.763 B0,3 0.077
1S5 0.324 – �57.8

GalAc C1 1.32 1.58g �37 �42 �127.1 1C4 0.224
2,5B 0.018 3S1 0.827 – �46.4

GalAc B0 1.26 2.64g �6.9 �40.4 �104.1 4C1 0.604
2,5B 0.092 1S3 0.483

4H3 0.966 30.3
C0 TS
GalAc D0 1.33 2.22h �33 60 �133.64 4C1 0.764 B0,3 0.057

1S5 0.328 – �107.7
GalAc D1 1.33 2.52h �36 �37.5 �118 1C4 0.251 B2,5 0.044

3S1 0.834 – �94.1
GalAc E0 1.33 2.76 �31 63.5 �122 4C1 0.631 B2,5 0.436

1S3 0.114 – �115

GalAc E1 1.32 2.67 �30 �171 �124.8 1C4 0.235
2,5B 0.053 3S1 0.713 – �94.8

a Second minimum in Fig. 3, note different oH from B0.
b Energy arbitrarily set to 0.0 kJ mol

�1
absolute energy (TZP, no core, etc., see Table I) �7.28392305 a.u. (ZPE ¼ 0.281895 a.u.), 1 a.u. 2645.4985 kJ.

c C-6–O-1 distance.
d 2nd minimum from reverse LT in Figs.7C and 8C.
e Not a minimum see Fig. 5F—G00 CH4-C-4–O-4-C(H3) 18.5

� G0 26.1�.
f Energy arbitrarily set to 0.0 kJ mol

�1
absolute energy (TZP, no core, etc., see Table I) �7.93876972 a.u. (ZPE ¼ 0.290508 a.u).

g C-1–O-7 distance where O-7 ¼ former C¼O oxygen.
h OM–C-7 distance where C-7 ¼ former C¼O carbon.
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where a perfect match has a coefficient of 1.0 and a complete mismatch a coefficient

of 0. Intermediate ring conformations can be described by permutations of the original

three vectors. The capitalization terminology is used to indicate vector quantities

whereas the lower-case terminology is a generic conformational label. For the B0

conformation, it is calculated from the ring dihedral angles80,81 to be almost exactly

half a chair (4C1 0.566) and a half a skew boat (1S3 0.497), which means after

permutation that it is almost exactly a perfect half chair (4H3 0.994). The B1

conformation is a skew boat (5S1 0.803) distorted toward the inverted chair

(1C4 0.261), with almost no boat contribution. The B2 conformation is again close

to half a chair, but note the inverted chair (1C4 0.571) and half a skew boat (3S1 0.417),

and therefore after permutation there is a different half chair (3H4 0.834). Thus, in the

first two cases, optimization brought it close to the input conformations, but in the

third case the conformation changed to the adjacent (in conformational space) half

chair, which was the one that failed by direct optimization. The reason for the failure

of the direct optimization is not clear, but this result strongly emphasizes the need to

start from a wide variety of input structures. Results like this also suggest that other

minima probably exist on the potential energy surface (PES) of 2.

Table II shows some geometric variables such as t5 (pyranose ring torsion C-5-O-

5–C-1-C-2), which is expected to be near zero if C-1 is perfectly sp2 hybridized. The

values for B0 (�3.8�), B1 (�8.7�), and B2 (1.6�) support this proposition. Similarly,

the short values for the C-1–O-5 bond length:B0 (1.25 Å),B1 (1.27 Å), andB2 (1.26 Å)

support considerable double-bond character, again consistent with conventional

descriptions of glycopyranosyl oxacarbenium ions; see Scheme 1. The energy differ-

ences, with stability decreasing in the order B0 > B1 > B2 suggest importance of the

through-space interaction between O-4 and C-1, which is maximal in the B0 confor-

mation (O-4–C-1 is 3.00, 3.58, 4.08 Å for B0, B1, and B2, respectively). However, the

quasi-axial O-3 in B2 (O3–C-1 3.17 Å) is almost as close as O-4 in B0, casting some

doubt on this simple explanation for the stability of B0.85 Further, the B0 versus

B1 energy difference (10.4 kJ mol�1) is larger than for the gluco-configured

3 (4.8 kJ mol�1), or manno-configured 4 (1.9 kJ mol�1) which do not have this

interaction. Thus, the axial O-4 to C-1 interaction in 2 B0 can be estimated to contribute

5.6 kJ mol�1 to its stability. The greater stability of B1 versus B2 (5.0 kJ mol�1) points

to the importance of the quasi-equatorial orientation of O-2 in the 5S1 conformation

found for 3 and the 2 B1 and B0 conformations, but not for the 2 B2 conformation.

Finally, during the oH optimization for B1, a species of much lower energy

(�25.7 kJ mol�1 compared to 2 B0) was observed, which is the 1,6-anhydro dioxo-

carbenium species 5 (see Scheme 4). The extra stability arises from the new C–O

covalent bond. Neutral 1,6-anhydro species are often isolated as byproducts in
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Scheme 4. Chemical structure and ball-and-stick representation of 1,6-anhydrodioxolenium ion 5.
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glycosylation reactions.86 During the ab initiomolecular dynamics (AIMD) studies of

3 and 4, analogous 1,6-anhydrodioxocarbenium species were also found.74 The

probable explanation is that such species form if the oxacarbenium ion is not inter-

cepted by a nucleophile. Also, the species must lose an alkyl cation to form a neutral

species, which is a process that must have an energy barrier. For 2, CH3
þwould be the

cation lost, and in many of the known experimental cases it is the benzyl cation which

is lost. Presumably, the barrier to this alkyl cation loss minimizes this otherwise

exothermic pathway in many cases. The barriers to rotation about C-5–C-6 that allow

for 1,6-anhydro formation are also probably higher for steric reasons in glycosyl

donors having substituents larger than methyl and thereby also diminish the viability

of this side reaction. The discussion in this section has been about ‘‘isolated’’ cations

in the sense of no solvent, no counterions, or any other nucleophiles to interact with.

In glycosylation reactions, all of these interactions must be considered, and this is the

focus of the next sections.
3. Facially Selective Methanol–Oxacarbenium Ion Complexes

If it is accepted that many glycosylation reactions, both chemical and biological,

proceed through oxacarbenium ions at some point during the reaction, then it is

necessary to consider the probable modes of interaction of such ions with any

nucleophiles present in the reaction mixture. Combining this assumption with the

new computational studies that have found probable conformations of three low-

energy species of such ions, it is also necessary to connect these species to reactants

and products to obtain any significant insight into the reaction under consideration. In

this section, possible sites of reactivity of 2 and hence connection to the products are

presented, and in Section II.7 some aspects of ionization and hence the connection to

starting materials are presented.
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Under glycosylation conditions there are often several nucleophiles present that

may potentially react with the oxacarbenium ion once formed, in addition to the

hydroxyl group that is the glycosylation target. These include (1) the intramolecular

processes leading to 1,6 anhydro bond formation, (2) the intermolecular processes

where a nucleophile other than the hydroxyl group reacts, for example the so-called

thio exchange reactions,87–89 (3) the leaving group such as the classical halides, (4)

any anionic component or negative dipole of, or derived from, the promoter, such as

triflate anions,90–92 (5) such additives as molecular sieves or hindered bases such

as 2-chloropyridine,93,94 and (6) the solvent, such as acetonitrile95 or ethers,

see Scheme 5.96 Further, based on a classical SN1 reaction mechanism,97,98 a model

has been developed where a neutral species is in equilibrium with a contact ion pair

(CIP) and a solvent-separated ion pair (SSIP) which is in further equilibrium with an

oxacarbenium ion. In this model, the reactivity with nucleophiles increases as the

species become more charged, that is, the order of reactivity is neutral < CIP < SSIP
1,6-anhydro
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Scheme 5. Examples of nucleophiles often present in glycosylation reactions that can compete with the

nucleophilic hydroxyl group (A) 1,6-anhydro formation, (B) thio exchange, (C) leaving-group return,

(D) promoter-derived components such as triflate anions, (E) additives such as added bases, (F) solvents.
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< oxacarbenium ion.99 Experimental support for this model includes the observation

that thioglycosides anomerize faster then they react.100 Also, in accord with early

experiments true SN2 kinetics for a glycosylation reaction is only observed with very

strong nucleophiles, see Scheme 6.101,102 Thus, most glycosylations are thought to

proceed through a continuum of species that ranges from CIPs to free oxacarbenium

ions. Furthermore, Dewar showed that a pure SN2 reaction at the carbon atom of

a-hydroxy substituted carbon atoms such as C-1 of pyranoses is forbidden because

of electron–electron repulsion between the nucleophile and oxygen at the TS.103

Consequently, both experiment and theory suggest an SN1-like mechanism for

glycosylation reactions.

Since by definition the overall TS for SN1-like mechanisms is ionization, facial

selectivity (which leads to stereospecificity) is thought to depend on the facial

specificity of the post-TS nucleophile–carbenium ion encounter complex.104 Little

is known at present about the possible structures of CIPs or SSIPs. However, the free

oxacarbenium ions can be modeled by QM as already shown. By extending these

studies to allow model nucleophiles (typically methanol), to complex with one face or

the other, it may be possible to find models of such encounter complexes. Such a study
OP

PO

A

PO
PO

PO

PO

PO

PO

PO S

X
X

X

PO

PO
OP OP

OP

O

OP

S

S
X

O

PO

Glycosyl Donor CIP SSIP Oxacarbenium ion

O
O

+ +
+

−
− −

Sugar
donor
Sug--X

E

Contact
ion pair

Oxacarbenium
ion

Solvent separated
ion pair

B

Sug+--X−

Sug+  X−

Sug+--X−

Scheme 6. (A) Top, classical SN1 ionization pathway. For most common glycosylation reactions the

reactive species probably resemble SSIPs and oxacarbenium ions, although this is not proved. (B) Revised

schematic: ionization energy versus reaction-coordinate model (compare Fig.1C left side). Relative energies

are arbitrarily chosen, and may vary from case to case.
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was done for 2 by arbitrarily placing a methanol molecule on the a face or b face of

the three conformers B0, B1, and B2. The species were then optimized as before,

including frequency calculations and oH optimization. This optimization process led

to two different a-face complexes G0 and G1, and three different b-face complexes

F0, F1, and F2, see Fig. 5A–E.

Figure 5F shows an example from the optimization procedure where a partially

optimized G0 structure is superimposed on a fully G0 optimized structure. These two
F1

F2

F0

G0

G1 G0 + G0 (not minimum)

A B

C D

E F

Fig. 5. Stick representations of methanol complexes of 2: (A) F0, (B) F1 and (C) F2 (D)G0, (E)G1, (F)

a superimposition of G0 and a conformer of G0 with one small imaginary frequency. The arrow in (F)

indicates the small reorientation of the O–CH3 bond necessary to find a true minimum.
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structures differ only by subtle differences in the orientation of the O-methyl side-chain

at C-4. The differences in energy between such species are typically <1 kJ mol�1; and

in this case 0.3 kJ mol�1. These observations place some limits on the energy differ-

ences that can be considered to be indicative of significant differences, that is

� 2kJmol�1. These differences also relate to the difficulty of modeling flexible

protecting groups as already discussed for O-benzyl and related protecting groups.

None of these minima correspond to encounter complexes, but rather to species

with considerable hydronium ion character.105 In fact, all three F species have the

methanolic hydroxyl proton transferred to O-6 or O-4 (F2), and exhibit strong

H-bonds from Oþ-6(4)-H to the new O-1 glycosidic oxygen atom. In other words

they have undergone proton transfer. All G species are optimized to conformers

having the methanolic hydroxyl group oriented toward O-2, or even transferred to

O-2 but with geometric values at the edge of accepted H-bonding criteria.

The relative energetics are somewhat skewed by the presence of H-bonding in the

F species.48 This H-bonding arises since these complexes all have considerable

hydronium ion character. Such acidic hydrogen atoms will almost undoubtedly

favor association with some electronegative group, as long as these species exist

long enough to equilibrate with solvent and/or internal bond rotations. These species

are minima on the PES, and so this degree of stability is probable. In previous studies

the value of such an interaction was estimated as 28 kJ mol�1 although there are

considerable sources of error in this number, notably that there is no a priori reason to

expect that all such H-bonds should have the same energy. Similar species have been

postulated during theoretical studies of protic acid-catalyzed hydrolysis of glyco-

sides.106–109 However, there appears to be no experimental evidence for the presence

of such species, other than the observation by mass spectrometry of MHþ ions of

O-glycosides in the gas phase.110–115 Figure 6 shows ball-and-stick representations of

the same complexes as well as their relative energies, with the correction for

H-bonding in parentheses. After correction for H-bonding, the energy difference

between G0 or G1 and any F species is too small to predict facial selectivity.

Table II also has some geometric parameters that assist in the characterization of

such complexes. For example the bond between the anomeric carbon atom and

methanol nucleophile, C-1–OM, is close to 1.46 Å for all F and G species, and

thus indicative of the hydronium ion character. Since typical methyl glycosides

have C-1–OM bond lengths close to 1.38 Å, then protonation causes a bond lengthening

of only <0.1 Å. It is noteworthy that t5 deviates appreciably from planarity, an

indication of little similarity to the isolated oxacarbenium ion B species. Thus, in

terms of conformation, such hydronium ion species can be quite close to the parent

glycosides. However, except for G0, none of these species have ring conformations

close to 4C1, and this is probably a discriminating factor among these species.
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Fig. 6. Ball-and-stick representation of 2 F0, F1, F2, and G0 and G1. The top structures correspond to

b-attack and the bottom structures to a-attack. The relative energies are also shown, with the values

corrected for H-bonding shown in parentheses.
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From a synthetic point of view this lack of inherent facial selectivity suggests that

small differences in protecting-group strategies can be predicted to alter stereospeci-

ficity. Indeed, early experimental studies support this premise.116–118 At least three

mechanisms can be readily deduced. The first is that increasing the steric bulk of the

nucleophile, especially in comparison with the nucleophile methanol, will disfavor

the formation of H-bonds and hence the propensity for b-glycosides whereas increas-
ing the electronegativity of O-4 or O-6 as compared toO-methyl will have a favorable

effect. The experimental data that address the issue of remote protecting-group effects

on glycosylation stereochemistry is scattered throughout the literature and does not

appear to have been systematically assembled or analyzed. One relevant observation

is that bulky protecting groups at O-6, especially for D-glucopyranosyl donors, favor

a-glycosylation, although to achieve very high levels of stereoselectivity very bulky

protecting groups had to be introduced at O-6.119–121 Secondly, similar changes in

stereoelectronics of the nucleophile or the protecting groups also directly affect the

relative energetics of all species, irrespective of H-bonding, by through-space



104 D. M. WHITFIELD
interactions. Thirdly, different protecting groups may alter the ring conformation of

these species, which can lead to through-bond as well as through-space differences

from such altered ring conformations.

Returning to the energy differences between F0, F1, F2, G0, and G1 and the

question of facial selectivity and hence stereoselectivity of glycosylation reactions,

see Fig. 6; there is no a priori reason to expect that the facial selectivity observed in

these complexes should reflect the experimentally observed selectivity. However

an experimental correlation between gas-phase carbocation stability and solvolytic

reactivity has been shown.122 One non-sugar study has concluded that diastereoselec-

tion of 2-adamantyl cations depends on a E to Z flipping motion equilibrium.123 This

model resembles the current two-conformer glycopyranosyl model for one possible

factor controlling the a/b selectivity in glycosylation reactions.75 It is notable that the

same glycosyl donors and acceptors can lead to different stereochemical outcomes,

depending on the method of activation and the solvent used in the experiment. Among

the mechanisms proposed to account for this variability is that the method of activa-

tion affects the ultimate leaving group. Two classic examples are the halide-ion

procedure, which is thought to proceed by transient formation of the more-reactive

b-halides124,125 and pre-activation of usually anomeric alkyl(aryl)-thio or -sulfoxide

donors to a-triflate species.92 The standard explanation for this reactivity is based on

the equilibration of neutral species, CIPs, SSIPs, and oxacarbenium ions, as already

discussed. Secondly, it has also been postulated that ionization of different leaving

groups may lead to different ring conformations of the oxacarbenium ions, and hence

in some cases to different facial selectivity; this is the two-conformer hypothesis.75

A third commonly invoked mechanism, for which there is considerable experimental

evidence, is direct participation of such solvents as nitriles and ethers.126,127 There are

also many examples where solvent change does not change anomericity or even

changes it in the direction opposite to that expected by solvent participation.128,129

The usual explanation of solvent participation is that the nucleophile should attack

from the face opposite the complexed solvent. Nitriles have been shown to favor the a
face of D-glycopyranos-1-yl oxacarbenium ions, leading to b-glycosides whereas

alkyl ethers have been suggested to favor the b face and hence lead to a-glycosides.
A fourth possibility, later suggested, is that the leaving group acts as a hydrogen-

bonding acceptor for the hydroxylic proton of alcohol nucleophiles. This hypothesis

applies particularly to reactions of CIPs or SSIPs, and could lead to retention of

configuration by an SNi mechanism,130 or inversion if a relay proton-transfer chain is

invoked (see Scheme 7).131,132 Since there is experimental and/or theoretical evidence

for all four of these mechanisms, it is probable that all should be considered, with their

relative importance depending on the exact experimental conditions.
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later is more appropriate to solvolysis conditions.
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Since direct optimization failed to find classical encounter complexes, another

type of QM study called linear transit (LT) was conducted. This LT study varied

the C-1–OM bond length (OM ¼ OCH3) in small increments, starting from theG0 and

F2 minima of 2 and either shortening this bond to 1.36 Å or lengthening it to 3.0 Å,

using 119 points in total. The results are shown in Fig. 7A and B, respectively.

The results for the a species (G0) show that as the C-1–OM bond is shortened the

methanolic proton is transferred to O-2, resulting in glycosylation, but this process is

endothermic. Thus, as is required for chemical balance in a glycosylation reaction, the

formation of a neutral glycoside requires proton transfer to some external base. Hydro-

nium ions have pKAs of roughly 0 to �4, so that many additives, including molecular

sieves or hindered bases which are often present in the glycosylation reaction mixture,

are sufficiently basic to receive such protons. Also, notable is that the pyranose ring of

the OH-2 hydronium species is near the most stable 4C1 chair of the neutral a-glycoside.
Bond lengthening of G0 leads to a species of close similarity to the B04H3 conforma-

tion. The 119 points of this trajectory are plotted in 3D-conformational space in Fig. 8A

and show this smooth conversion from near 4C1 to near
4H3. The methanol stays close to
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Fig. 8. Continued
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Fig. 7. Relative energy versus C-1–O bond length for an LT study of varying the C-1–OM bond length in

Å, starting from the minimum and stretching or contracting this bond (A) top a (G0), (B) middle b (F2), and

(C) bottom b (F2) starting from the conformer found in (B) at 3.0 Å and shortening the bond. Energies in

(C) relative to F2 which was set to 0.0 kJ mol�1 as was F2 in (B) and G0 in (A). Selected structures are

shown for clarity from the points indicated by arrows on the graphs.
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Fig. 8. Position on the conformational sphere from the linear transit study in Fig. 7A–C for (A) top, a
(G0) (B) middle b (F2); (C) bottom, starting from the end of (B) b (F2). The start arrow indicates the

minimum, and the end arrow corresponds to C-1–OM ¼ 3.0 Å.
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O-2 even at the longest separation. Although no clear minimum, which would corre-

spond to an encounter complex, is found in these studies this result does suggest that

noncovalent bonding between the incoming nucleophile and (in this case) O-2 could

orient the nucleophile, thus promoting stereospecificity.

The LT study of the b species (F2) shows many similarities to the a species, as at

short bond length the methanolic hydroxyl proton is transferred to O-4 and at long

bond lengths the nucleophile exhibits the orienting effect of H-bonding to O-4.

However, two notable differences between a and b are apparent. One, the species

closest to a glycoside is not in a chair conformation and at C-1–OM equal to approxi-

mately 2.32 Å the b species exhibits an abrupt conformational change.

This corresponds to the discontinuity in Fig. 7B and is most dramatically seen in

the 3D-conformational space plot (Fig. 8B). However, the final species is still close in

conformational space to the B04H3 conformation.

The smooth transformations are fully reversibly (not shown) for the a species G0 to

B0, and B0 to G0. However, as shown in Figs. 7C and 8C the b species are not

reversible and the discontinuity is not found for the reverse LT for the b species, and a

different F species (F20) is found as the minimum. As shown in Table II its ring

conformation and other geometric parameters are closest to F0. These species differ

in that, in F0, the H-bond interaction is with O-6 whereas in F20 it is with O-4. This is a
result of the long-range orientation modeled in the LT study. It is hypothesized that this

orientation effect could be utilized by synthetic chemists to optimize stereoselectivity.
4. The Orientations and Conformations of Side Chains at C-2,

C-3, C-4, and C-5

Following from the discussions in Section II.3, one of the many factors that affect

the reactivity and stability of the glycopyranosyl oxacarbenium ion is the orientation

and the conformation of the side chains attached to C-2, C-3, C-4, and C-5. In this

study the implications for reactivity of the different stereochemistry and hence

orientation at C-4 of galacto- versus gluco-configured ions (2 versus 3) are one of

the main considerations. This section considers some of these implications.

That substituent at O-2 favor the equatorial orientation has already been presented.

This disposition puts them in the same plane as the C-1–O-5 double bond. The physical

basis of this preference is currently unknown and is a subject for future experimental and

computational study. The magnitude of this effect may be estimated by comparing the

stability for 2 of B1 versus B2, which suggests a stabilization of about 5 kJ mol�1.

A similar value for this energy difference is also apparent by comparingB0 versusB1 for



110 D. M. WHITFIELD
3 and 4. This effect has only been briefly discussed by otherworkers, where inmost cases

it has been argued thatO-pyranosyl substituents are less electron withdrawing than they

would otherwise be if they were axially or quasi-axially disposed. That is, the ‘‘normal’’

O-substituents of sugars are electron withdrawing since for example glucopyranosides

are about 108 less reactive than their fully deoxygenated counterparts, namely ‘‘glyco-

sides’’ of tetrahydropyran with each hydroxyl contributing in the order O-2>O-4>O-

3>O-6.133–135 Sugar numbering is used here for all species to avoid confusion. The axial

versus equatorial difference as already discussed for the galactose versus glucose

example is attributed largely to a through-space dipole effect. For example, it has been

shown by the Woerpel group that both the 4-methyl-tetrahydropyranyl (6) and

4-benzyloxy-tetrahydropyranyl (7) oxacarbenium ions can undergo ring inversion

under the conditions of reaction before nucleophilic attack.136 Furthermore, both 6 and

7 exhibit facial selectivity based on a favored 4-methyl quasi-equatorial conformation

for 6 and a favored 4-benzyloxy quasi-axial conformation for 7. The calculated energy

difference is 25.9 (6) and 19.9 (7) kJ mol�1 with a barrier from the 3H4 conformers of

19.0 and 31.3 kJmol�1.74 The backward barrier for 7 is close to 19 kJmol�1 and so these

calculations provide a good estimate of the barrier to the ring inversion, namely 19 kJ

mol�1 which allows for equilibration under glycosylation conditions.

It was this question of the magnitude of the ring-inversion barrier that prompted

development of a method for finding the ring-inversion barrier for 6-membered rings

including 3 and 4. Use of the AIMDmethod for this problem involved developing two

fundamental additional procedures. QM-based MD, namely AIMD, is the method of

choice, since this allows the molecule to follow the pathway of lowest free energy,

whereas static QM calculations such as already made for 2 can only find the free

energy after extensive additional calculations.137–139 Importantly the free energy is

not part of conventional optimization procedures that optimize for energy that is

closely related to enthalpy that is, they do not consider the entropy. As more complex

molecules such as fully protected sugars and enzyme active sites are considered the

neglect of entropy during optimization could be a serious deficiency. Secondly, in

order to do MD, a coordinate system is needed that is compatible with the equations of

motions for molecules. This necessity prompted the development of the canonical-

vector coordinate system. In this new system, a displacement in any of the dimensions

of Chair, Boat, or Skew boat moves the atoms of the molecule an equivalent amount.

This is not true in the older Cremer–Pople and related representations of 6-membered

rings.82 Further, these canonical vectors can be used as constraints to force either ring

inversion or ring pseudorotation. Without some type of constraint, the MD would

have to be run for a long time until a spontaneous ring inversion or rotation occurred.

By using, for example, the Chair vector as a constraint for ring inversion, the
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MD naturally finds the lowest free-energy pathway. This works because many combi-

nations of ring dihedrals have the same ring constraint. In the 3D representations

shown in Figs. 8 and 9, for example, for the Chair component any specific value of the

z-Chair component corresponds to a plane parallel to the equator. Pseudorotation

involves movement about the equator that is the x–y plane in these representations.

Since these canonical vectors are directly derived from the normal modes of

6-membered rings, the physical movements of a Boat versus a Skew boat constraint

are different (x–z versus y–z planes) but the result in the 3D spherical representation is

movement around the equator, namely pseudorotation. Looking in detail at the trajec-

tories in Fig. 9 which use the Chair constraint, both start on the lower left-hand side (4E

and 4H3) with initial movement toward the equator. Near the equator both molecules

pseudorotate and then again move vertically toward 3H4. The scattering of points on

the upper right reflects the high-energy movement toward the 1C4 chair. The absolute

energies are plotted in the right-hand graph and show that the TS near OS2 is similar for

both species. The experimental conformation of this TS appears to be unknown, and so

this aspect of the trajectories can not be directly validated.

Since few experimental data were available before embarking on the AIMD studies

of 3, 4, 6, and 7 an extensive series of validations with neutral 6-membered rings were
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Fig. 9. Ab initio molecular dynamic (AIMD) calculations, which can be used to estimate the barrier to

ring inversion of about 19 kJ mol�1 for both 6 and 7 in 4-substituted tetrahydropyranos-1-yl oxacarbenium

ions. Note the greater stability of the axially substituted ion for 7 (blue points 4H3 versus 3H4) and the

equatorially substituted ion for 6 (green points 4E versus 3H4). These calculations use the projector-

augmented wavefunction (PAW) AIMD method with constraints based on the canonical vectors already

described, for details see Ref. 74.
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made. In all cases agreement with experiment for both the conformation and the

energy barrier of the TS was found.140 As an intermediate test, the pathway for

inversion of methyl 2,3,4,6-tetra-O-methyl-a-D-glucopyranoside (8) and its b anomer

(9) were studied. The results are summarized in Table III and the trajectory for 9 is

plotted in Fig. 10. The inversion barrier of these molecules is of interest in regard to

the experimental force versus extension measurements of polymers of glucose by

atomic force microscopy (AFM) measurements.141 These barriers and the pathway

are also of interest to persons studying the numerous GPE enzymes that form or degrade

glucosides, as these pathways could be followed by some of these enzymes.142,143 The

results for 8 and 9 suggest that neutral glucosides invert via similar but distinct TSs near
OE and have similar but distinct skew boats near OS2 as the lowest secondary minimum.
Table III

Ring-Inversion Barriers as Estimated by AIMD Studies Using PAW for 3, 4, 8, and 9

Species Conformational Descriptors at TS Energy Barrier (kJ mol�1)

3 1S3 (B0 to B1) 23.6

4 1S3 (B0 to B1) 44.6

8 OE 0.757, O,3B 0.046, 1S5 0.087 51.9

9 OE 0.830, O,3B 0.253, 1S5 0.098 37.3

For details see Refs. 74 and 140.

Start

End

TSTS

2nd
minimum

Fig. 10. AIMD trajectory for ring inversion of neutral 9 using the Chair constraint. The start and end

points are indicated, as is the approximate position of the TS and the secondary minimum.
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Again few experimental data are available for comparison. A recent publication pre-

sents another variant of AIMD to study this question.144

Subsequent AIMD studies of 3 and 4 were made designed to test if the barriers

to interconversion are low enough that glycopyranosyl oxacarbenium ions can inter-

convert under glycosylation conditions. The results shown in Table III show barriers

close to the 19 kJ mol�1 found for 6 and 7 for 3, and so the tentative answer is yes.

Thus, once formed, and as long as none of the potential nucleophiles in the system

trap the ions, then interconversion can occur to more stable and or more accessible

conformations. One of the AIMD trajectories of 3 is shown in Fig. 11. It is readily

apparent that the general features are similar to 6 and 7, that is, initial movement is

along the z-axis perpendicular to the equator, followed by pseudorotation and then

another perpendicular movement. As shown for the corresponding energy versus

reaction-coordinate trace, the pseudorotation portion is effectively isoenergetic.

That is, in the absence of external constraints which might, for example, be present

in the active site of a GPE, glucopyranosyl oxacarbenium ions exist on a PES with a

large isoenergetic space. This suggests that many different sites of reactivity are

accessible. As already discussed a number of GPEs that degrade glucopyranosides
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1C4 minima in the right-hand side are for the 1,6-anhydro species as described above, for details see Ref. 74.
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have had the conformation of their TSs deduced from kinetic isotope effect (KIE)

studies,145,146 diffraction studies of enzyme inhibitors147–149 and other experimental

methods. For all such GPEs examined, the corresponding TS can be found on the

trajectory in Fig. 11. This result suggests a way of classifying GPEs by the position of

their TSs on the trajectory. An AIMD study of 2 is too time-consuming for this

chapter, but it is anticipated that the barriers from B0 to B1, and B2, and back should

be comparable to those for 3 and 4.

The axial versus equatorial disposition for alkoxy-substituents at C-4 of glycopyr-

anosyl oxacarbenium ions has been shown to favor axial substituents by at least

5 kJ mol�1. Further, the comparison of B2 versus B1 for 2 suggests that quasi-axial

O-3 to C-1 is less important then O-4 to C-1. This further suggests that either through-

space interactions are less efficient or that other mechanisms are also important. One

such possible alternative mechanism is direct neighboring-group participation by such

electronegative substituents as the carbonyl oxygen of esters. Such long-range

neighboring-group interactions have long been postulated, and some experimental

data strongly support their existence as intermediates or TSs.150 Their feasibility was

tested computationally by comparing the possible dioxolenium ions formed by par-

ticipation from O-4 (10) or O-3 (11) acetates of L-fucopyranosyl oxacarbenium ions,

and these were further compared to their corresponding B0 oxacarbenium ion.151

In both cases the dioxacarbenium ions are more stable then their oxacarbenium ion

isomers. The dioxacarbenium ion from 11 was predicted to be more stable then its

isomer from 10. Further, the ring conformation of this ion is close in conformational

space to its corresponding B0 ion, suggesting that it is readily populated, see

Scheme 8. In agreement with these observations are experimental studies that showed

that O-3 acyl-substituted fucopyranosyl donors are highly a-selective.
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Scheme 8. Neighboring-group participation from O-3 acyl-substituted L-fucopyranosyl donors is

calculated by ADF–DFT (DPZ frozen core) to be more plausible than from O-4. The canonical vector

having the highest coefficients is also shown.
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through the oxacarbenium ion (B0 or B1). Note that the experiment used O-benzyl and not the O-methyl,

which was used for the calculation to avoid complications of multiple minima.
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A more subtle experimental effect has been reported where the substituent at O-3

affects stereoselectivity. In this case the O-3 acetyl derivative (12) is more selective than

its O-3 allyl analogue (13), see Fig. 12. Although participation from the O-3 acetyl group

appeared plausible, it was calculated to be significantly less stable than the participation

fromO-2 that formed thebasis of the novel stereodirecting properties of theO-2mandelic

acid ethers.152 The current hypothesis is that through-bond activation from the electron-

donating O-3 allyl ether is significant enough that the less stereospecific glycosylation

reaction of the oxacarbenium ion (B0 or B1), efficiently competes with the stereoselec-

tive O-2 neighboring-group participation (C0 orC1).
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Yet another hypothesis has been presented regarding the stereoselectivity of

glycosylation reactions, which depends on the nature of the substituents at O-3

and O-2. This is a steric argument named steric buttressing. This has as its basis

that, in the TS for glycosylation, the t1 (C-1-C-2–C-3-C-4) dihedral angle

approaches planarity, and hence any combination of protecting groups on O-2 or

O-3 that hinders this conformational movement can lead to both lower reactivity and

lower stereospecificity.153 These studies present evidence for the beneficial use of

propargyl ethers in combination with benzyl or trialkylsilyl ethers to minimize these

unfavorable interactions.154,155 This effect has not been studied computationally.

Some indication can be gleaned from a recent QM study of the ionization (see

Section II.7 later) of 4,6-O-benzylidene-2,3-di-O-methyl-a-D-mannopyranosyl tri-

flate, 14. At a short C-1–O-S bond length of 1.52 Å, where the bonding in 14 can

be described as predominantly covalent, t1 ¼ �51.8�. At a much longer C-1–O-S

2.48 Å bond length, where the bonding is significantly more ionic, t1 ¼ �40.5�.
Between these two points the O-2 methyl to O-3 methyl C–C separation decreases

from 5.18 to 4.91 Å. These numbers suggest that the buttressing effect is real, but it

is not possible to ascertain from this analysis if this is sufficient to affect the

outcome of glycosylation reactions.

Finally the effect of the substituent at C-5, which for hexopyranosyl sugars would

either interconvert D and L in the same configuration or, as in B0 versus B1 of

pentopyranosyl sugars by ring inversion, has not been studied in much detail. A few

indicative studies have been made. Notably the B0, B1, F0, F1, G0, andG1 species of

the D-lyxopyranosyl oxacarbenium ion (15) have been calculated to compare with the

same species for the manno-configured 4. This directly compares the effect of the

substituent at C-5 to its absence. As in 2, b-glycosylation is favored by H-bonding to

O-6 in 4, and this is not possible in 15. It is also favored by the movement of the ring in

the B1 species toward chair species and is disfavored by movement of the ring in the

B0 species toward boat and skew-boat conformers. The opposite trends are observed

for a-glycosylation. In fact for all D-glycopyranosyl oxacarbenium ions studied thus

far, these trends have been found, that is for B0 conformers ring movements favor

a-glycosylation, whereas for B1 conformers ring movements favor b-glycosylation.
Returning to 15 in its F0 species, H-bonding to axial O-2 is found, and for its F1

species, H-bonding to axial O-3 is found. Experimentally 2,3,4-tri-O-benzyl-D-lyx-

opyranosyl donors give predominantly b-glycosides.81 Since the analogous 2,3,4,6-

tetra-O-benzyl-D-mannopyranosyl donors typically yield a/b mixtures favoring a, a
stereodirecting effect for C-5 substituents can be deduced.

Perhaps the best studied instance of stereospecificity in a glycosylation reaction

that can be related to remote protecting groups is the b-directing effect of 4,6-alkyl
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(aryl)idene protecting groups for manno-configured donors.156–158 The same protecting

groups also lead to an a-directing effect for gluco- and galacto-configured donors.

These effects can be abrogated by bulky protecting groups at O-2 and particularly at

O-3. These latter observations led in part to the steric buttressing hypothesis just

discussed. The conventional hypothesis is that the fused ring forces the oH dihedral

angle to adopt the conformation disfavored by the Hassel–Ottar effect, namely tg

(gluco or manno) or gg (galacto), which destabilizes the progression to the oxacarbe-

nium ion and favors reaction through CIPs leading to the observed b-stereoselectivity.
This hypothesis also requires that the favored anomeric configuration of the actual

CIP related to the glycosyl donor is a (compare 14), and that the actual reaction has a

high degree of SN2 character.

The observed selectivities are readily accommodated by the two recurring factors

that emerge from QM calculations, namely favorable ring movement from the oxacar-

benium ion to the hydronium-ion species, and H-bonding in the hydronium-ion species.

That is the trans-decalin-like ring fusion across C-4–C-5 leads to ring conformations

that are stabilized by a-attack on gluco-configured ions, whereas b-attack is favored for
manno-configured ions (14). The b-attack on manno-configured ions is also favored by
H-bonding to O-3, possibly explaining the sensitivity of the stereospecificity to the

protecting group at O-3 presented earlier.

The C-5–C-6 conformation has been extensively studied in neutral oligosacchar-

ides, as after the interglycosidic torsion angles it is the most important conformational

determinant. Most early studies using MM or low level QM calculations failed to

reproduce the experimental observations. In particular, conformations that suffer from

Hassal–Ottar interactions were commonly calculated to be more stable than they

actually are. In recent years, higher level QM and better parameterized MM force

fields have led to much better agreement with experiment.159 In particular, the

accounting for solvation minimizes the formation of intramolecular H-bonds, which

often overestimate the stability of Hassal–Ottar C-5–C-6 conformations. Based on

these literature observations, and combined with the use of O-methyl substituents and

moderately large basis sets, it is suggested that QM calculations such as those for

2 give reasonable estimates of the C-5–C-6 torsion-angle dependence.

There are undoubtedly other factors and consequences of the orientations of side

chains on glycopyranosyl donors and their related reactive intermediates that could be

productively studied by QM calculations. Thus, nothing has been described

concerning amino sugars, an important subdivision of known carbohydrates. Also,

except for the multiple minimum problem, nothing has been described about protect-

ing group–protecting group interactions. For 2 this means analyzing the O–CH3

rotamers and any possible methyl–methyl interactions. For 2 the secondary methyl
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groups at O-3 and O-4 all adapt gaucheþ or gauche� conformations, with absolute

values nearer to 40� than 60�. This preference has been found for most of the species

studied. It also well precedented by the work of Anderson.160,161 As in Fig. 5G, small

rotations of O–C(H3) bonds affect the total energy, presumably by subtle combina-

tions of through-space steric and hyperconjugative through-bond interactions.162,163

Furthermore, in only a few circumstances, while examining rotations about exocyclic

bonds, have methyl–methyl steric interactions been observed. It is readily appre-

ciated, since most protecting groups are larger then methyl, that unfavorable steric

interactions are probable. Less easily recognized is that in some situations protecting

group–protecting group interactions could be favorable; plausible examples are

dipole–dipole interactions, aromatic stacking interactions or hydrophobic interac-

tions. Another type of long-range interaction that almost undoubtedly affects reactivity

in carbohydrates is OH to pi interactions. Such interactions are strongly orientation-

dependent, would be difficult to recognize, but such interactions are readily calculated

to be stabilizing.164,165 Such a juxtaposition of the hydroxyl group of a glycosyl

acceptor and the aromatic ring of a benzyl or similar protecting group predictably

leads to anomalous unreactivity. These types of protecting group–protecting group

and hydroxyl–protecting group interactions are amenable to QM study, but require

special attention to computational details to obtain results. Such studies could

be highly fruitful in discerning synthetic factors that a chemist can control to

minimize the problematic use of unreactive donor–acceptor combinations in

glycosylation reactions.
5. The Role of C-2–O-2 Rotations, Including Neighboring-Group Participation

A special feature, only recently recognized, is that rotation about C-2–O-2, in

particular for O-methyl but also for a wide range of other substituents, changes

from a threefold rotor for neutral species to a twofold rotor for glycopyranosyl

oxacarbenium ions, with a syn minimum.166 Absolute values of the CH-2-C-2–O-2-

C(H3) torsion angle are usually<20�. For 2 B0, Fig. 13 shows a rotation profile of the
methyl group at O-2, which provides another example of this phenomenon with a syn

minimum at CH-2-C-2–O-2-C(H3) of 27.3
� (Table II), about 5 kJ mol�1 below the

secondary antiminimum. This conformational bias has been suggested to arise from a

unimodal hyperconjugative interaction between one lone pair on O-2 and the C-1–O-5

double-bond orbital. The latter is the lowest unoccupied molecular orbital (LUMO) of

glycopyranos-1-yl oxacarbenium ions and is therefore the most likely orbital to be

involved in hyperconjugative interactions. Thus, there is a subtle conformational
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control of the glycosylation reactivity from the O-2 substituent via C-2–O-2 bond

rotation at the point of formation of an oxacarbenium ion; see Fig. 14.167 DFT studies

of the ionization of glycopyranosyl donors (see Section II.7) suggest that this rotation

is a consequence rather then the origin of ionization, that is rotation follows rather

then precedes ionization. This effect is still of interest to synthetic chemists, as the

judicious choice of ether protecting groups at O-2 should influence the conforma-

tional preference about C-2–O-2 and hence the reactivity of the corresponding

glycopyranosyl oxacarbenium ion.

The better known hyperconjugative interaction that relates to all C–O torsions,

including C-2–O-2 is the Bohlmann effect first identified from characteristic con-

formationally dependent shifts in the IR spectra of amines.168,169 This effect is a result

of electron donation from lone pairs on N or O to the s* orbital of adjacent C–H

bonds. This effect is maximal for an anti relationship between the relevant lone pair

and the C–H bond. One such interaction is always present in gauche H-C–O-C

conformations and is one of the factors that stabilize such conformations.

Indeed, the protecting group at O-2 is well known to affect the reactivity of

glycosyl donors. This effect was most eloquently stated by Paulsen based on decades
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of experimental results in a classic review7,172 and then shown by direct experimental

comparisons of acyl versus ether O-2 protecting groups that led to the discovery of the

armed–disarmed effect.173,174 That is O-2 electron-donating groups are more reactive

then O-2 electron-withdrawing groups, which is further hypothesized to arise from a

greater ease of formation of the glycopyranos-1-yl oxacarbenium ion. This effect is

kinetic. Subsequent experimental work on comparing the reactivity of glycosyl

donors while keeping the acceptor constant has led to a useful scale that at least

approximately assesses reactivity at the synthetic planning stage.175,176 In recent

years, more-subtle effects of regioselective glycosylation of diols have been found,

which are less amenable to simple explanations.177–179 These new phenomena depend

on the acceptor as well as the donor and strongly support models of glycosylation

reactions where the TS for glycosylation involves both the donor and acceptor, that is,

it is not pure SN1. In fact Paulsen in his review7,172 postulated that the reactivities of

the donor and acceptor must be matched. Not long afterward, van Boeckel published a

related concept of matched and mismatched TSs for glycosylation. This concept was

further extended to the concept of double stereo-differentiation.180,181 This kinetic

effect can be rationalized by postulating equilibria between neutral donor, CIP, SSIP,

and oxacarbenium ion. As the nucleophilic acceptor becomes weaker and weaker, the

donor must be more ionized to react. However if the donor is activated by, for

example, the presence of electron-donating protecting groups, then it may be too
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kinetically unstable to last long enough to react with the acceptor. Instead the donor

may either decompose or react with other components in the reaction mixture.

A further example of what could be described as misreactivity rather then unreactivity

is the observation that electron-rich aromatic groups, especially at O-2 can in

fact undergo electrophilic aromatic substitution reactions presumably via glycopyr-

anos-1-yl oxacarbenium ion intermediates.182 Many of these ideas have been com-

bined into the concept of one-pot glycosylation strategies which have become widely

used in recent years.183–187

The substituents, particularly at O-2, are also known to affect dramatically the

reactivity of GPEs. In most cases the substituent effects follow the arming disarming

concept in that electron-withdrawing groups retard the reaction and electron-donating

groups accelerate it.188–190 There are fewer examples of substituent effects on GPEs

that affect stereo- or regioselectivity.

Since the pioneering work of Winstein, Isbell, and many others191–193 it has been

recognized that groups capable of neighboring-group participation, such as esters,

provide a powerful stereodirecting method leading to 1,2- trans glycosides, often

exclusively and often in high yields. The original formulation of this participatory

mechanism focused on the kinetic aspect, as exemplified by the greater reactivity of

1,2-b-diacetates of D-glucopyranose as compared to their a anomers.72,73 In recent

years, where leaving groups much more reactive than acetate are typically used in

glycosylation reactions, the thermodynamic aspects of bicyclic dioxolenium ion

formation leading to 1,2-trans glycosides has gained more importance. A contempo-

rary example of the greater reactivity of trans 2-O-acyl-b-D-benzothiooxazoles
(SBOX) glycosides as compared to their cis a-D-isomers in Cu2þ-mediated glycosyl-

ation reactions illustrates the importance of this kinetic versus thermodynamic dis-

tinction.194 In cases where stereoselectivity is not complete and a certain amount

(even occasionally predominantly) of the 1,2-cis glycosides are formed, the most

frequent explanation is that the cis-glycosylation reaction proceeds through the

monocyclic oxacarbenium ion.195–201 Since 2-O-acyl groups are electron withdrawing,

and dioxolenium ions are stable enough to be isolated and characterized by X-ray

diffraction or NMR, there is little doubt that in these cases that glycosylation reactions

proceed through oxa- or dioxa-carbenium ion intermediates.202–204 Further corrobo-

ration of these assertions comes from the pressure dependence of the reaction where

stereoselectivity increases with pressure, presumably because of the lower volume

of activation of the more stereoselective dioxolenium ion.205 For the analogous

2-amino-2-deoxyglucopyranosyl derivatives, where 5-membered oxazolinium ions

can be formed, experimental conditions that lead to b-selective glycosylation without
oxazolinium ion formation have been determined.206
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From a synthetic point of view, lowering the barrier to dioxolenium ion formation

in these examples where neighboring-group participation fails could lead to higher

trans stereoselectivity. This goal prompted a search to find a plausible TS that would

link the B0 or B1 conformations of 2-O-acetyl-3,4,6-tri-O-methyl-D-gluco- (15),

and mannopyranos-1-yl (16) oxacarbenium ions with their corresponding bicyclic

dioxolenium ions C0 and C1 (see Fig. 15 for structures). These studies led to

a procedure that starts by determining the C-2–O-2 bond-rotation profiles, followed by

TS optimization and demonstrated TSs connecting B0 to C0 (38.7 and 22.4 kJ mol�1)

and B1 to C1 (27.6 and 31.2 kJ mol�1) for 15 and 16, respectively. Each of these

TS has the CH-2-C-2–O-2-C(¼O) torsion angle near �90�: B0 to C0 15 �82.2�,
16 42.2� and B1 to C1 15 �111.6� and 16 109.6�
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Fig. 15. The ADF–DFT (TPZ) optimized B0, B1, and B2 conformations of 17 and the related

ring-closed dioxolenium ions C0 and C1. The canonical-vector coefficients are also shown as well as the

relative energies.
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This method is illustrated for the 2-O-acetyl-3,4,6-tri-O-methyl-D-galactopyranos-

1-yl oxacarbenium ion (17). Thus, the B0, B1, and B2 conformations were optimized

as for 2 (see Table II and Fig. 15). In Fig. 16, bond rotation about C-2–O-2 is shown

for the B0 conformer, which goes through a maximum followed by a sharp drop to a

new minimum for the C0 dioxolenium ion. The procedure then involves performing a

frequency calculation for the species nearest the maximum. The imaginary frequency

is then used in a transition-state optimization. Most QM packages have options to

allow for such calculations. A second frequency calculation is then performed on the

new species as shown in Table IV where the coefficients of the one imaginary

frequency are shown. It may be readily seen that atoms listed in bold in Table IV

are those expected to be involved in dioxolenium ring closure, and so with some

confidence this TS can be assigned to ring closure. Of course other pathways, perhaps

even with lower barriers, may exist but this is clearly a viable pathway.

The standard model of neighboring-group participation recognizes that, after for-

mation of the dioxolenium ion, the former carbonyl carbon (C-7) becomes the site of

reactivity. In fact, early work showed that the LUMO of this type of ion can be

described as a vacant p-type orbital centered on C-7, strongly supporting this asser-

tion.47 This fact creates a dilemma; if C-7 is the site of nucleophilic attack, then how

are glycosides at C-1 formed?207–211 The D0, D1, E0 and E1, formed from C-7 or C-1

approach by CH3OH, are shown in Fig. 17. It is readily seen from the corresponding

canonical-vector coefficients that the ring conformations do not change much, and the

relatively long C-1–OM or C7–OM bond lengths suggest that these species are much

closer to classical encounter complexes.

Direct attack at C-7 should lead, after proton transfer, to neutral orthoesters, and in

fact neutral orthoesters have been postulated to be intermediates in neighboring-group

glycosylation reactions.207 Such neutral orthoesters are often isolated as side products

in glycosylation reactions. A related observation is that sometimes the O-2 acyl group

can be transferred to the acceptor, which is the so-called acyl-transfer side reaction;

see Scheme 9. In additions to the acyl-transfer product, 2-OH glycosides of both

anomers, and even (1!2)-linked oligosaccharides are sometimes formed. A synthetic

example has been reported in which donor 18 led besides the expected glycoside 19,

to the acyl-transfer product 20, the 2-OH glycosides 21ab, and (1!2)-linked oligo-

saccharides 22.212 This side reaction has also been ascribed to the intervention of

neutral orthoesters as intermediates.213–216 Also, under either Lewis acid or Brønsted

acid conditions, neutral orthoesters can sometimes be isomerized to neutral glyco-

sides, and this reaction can be accompanied by acyl transfer and all of the foregoing

associated side products.212 During a study of the methanol adducts of the relatively

rigid 2,6-di-O-acetyl-3,4-O-isopropylidene-D-galactopyranos-1-yl oxacarbenium ion
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Table IV

Coefficients of the Imaginary Frequency �85.971 cm�1 for B0 to C0 Conversion of 17a

H(7)H(8)

C(5)

H(6)

H(12)

O(23)
C(22)

C(28)

H(24)

O(30)H(27)

H(26)

H(25)

H(36)

C(33)

H(35)
H(34)

C(31)
O(32)

H(3)

C(2)

O(1)

C(21)

O(4)

H(15)
H(14)

H(13) O(20)

H(17)

C(16)

H(19)

H(18)

C(11)

H(29)

H(10)

C(9)

1. O 0.039 0.011 0.145

2. C 0.043 0.002 0.255

3. H 0.028 0.005 0.475

4. O �0.020 0.002 �0.004

5. C �0.022 0.002 �0.003

6. H �0.019 0.003 0.003

7. H �0.021 0.002 �0.008

8. H �0.029 0.005 �0.002

9. C 0.029 0.028 �0.007

10. H 0.090 0.086 �0.027

11. C 0.008 0.012 �0.013

12. H 0.016 0.016 �0.033

13. C �0.015 �0.017 �0.049

14. H �0.053 �0.072 �0.017

15. H �0.024 �0.023 �0.122

16. C 0.002 0.001 �0.031

(continued)
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Table IV (continued)

17. H �0.012 0.002 �0.064

18. H 0.018 0.023 �0.016

19. H �0.003 �0.031 �0.014

20. O 0.010 0.015 �0.028

21. C 0.044 0.043 0.024

22. C 0.030 0.029 0.026

23. O 0.004 0.006 0.005

24. H 0.068 0.077 0.028

25. H 0.050 0.047 0.078

26. H 0.079 0.071 0.000

27. H 0.039 0.037 0.007

28. C 0.022 �0.019 0.123

29. H �0.048 �0.108 0.106

30. O 0.065 �0.012 0.270

31. C �0.065 �0.027 �0.176

32. O �0.180 �0.022 �0.586

33. C �0.041 �0.042 �0.088

34. H �0.038 �0.059 �0.132

35. H �0.025 �0.074 �0.064

36. H �0.068 �0.021 �0.061

a The largest coefficients are shown in bold and correspond to atom numbers shown in the stick figure.
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23, nearly isoenergetic charged intermediates D and E, resulting from nucleophilic

attack at C-7 and C-1, respectively, were found. Related 2,6-di-O-acyl donors (see 18

in Scheme 9) exhibited a strong tendency to undergo the acyl-transfer side reaction.

These observations prompted a detailed study of the interconnection between D and

E, as well as the progression of D to acyl-transfer products and E to glycosides. To

date no conclusive connection between such intermediates as E and glycosides has

been found. Some plausible TSs that involve proton transfer (see later) have been

found, but this still remains an unresolved issue.

A more clear-cut case for the progression ofD species to acyl-transfer products was

found by using a LT study with a complex constraint; (see Scheme 10). The key to this

pathway is proton transfer from the alcohol in charged intermediate D to O-2. Two

subsequent TSs lead to acyl transfer and a 2-OH charged intermediateH. Intermediate

H is presumably the precursor of the anomeric mixture of 2-OH glycosides

and eventually the (1!2)-linked oligosaccharides, although this is not proved.

Examination of progression to the first TS along the route to acyl transfer for the

benzoyl analogue suggested that the phenyl ring of the benzoate needed to rotate. This

computational result led to the idea that placing substituents at the 2- and 6-positions

of the benzoate should hinder this rotation and hence increase the barrier to acyl

transfer. This was reduced to practice by synthesizing the 2,6-dimethylbenzoate
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Fig. 17. Ball and stick representation of the D0, D1, E0, and E1 methanol complexes of 17.
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(DMB) analogue of 24, namely donor 25 (see Scheme 11). Glycosylation with this

donor led only to glycoside, 26, and no acyl transfer. Further, if less triflic acid

promoter was used, a mixture of neutral orthoester (27) and glycoside 26 could be

formed. If this mixture was treated with more triflic acid then only glycoside 26 and a

small amount of hydrolysis product were isolated. This example clearly decouples

neutral orthoester formation from acyl transfer, at least for such donors as 24.
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Scheme 11. 2,6-Dimethylbenzoyl (DMB) and 2,6-dimethoxybenzoyl (DMOB) acyl-protecting groups

developed from computational chemistry.
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The 2,6-dimethoxybenzoyl (DMOB) analogue was also synthesized and tested.

It also minimized acyl transfer dramatically, but was significantly easier to cleave to

diol 29. Synthetic work in a variety of contexts has shown that 2-O-acyl substituents

in b-galactosides are difficult to hydrolyze.217 Glycosides 26 and 27 probably repre-

sent extreme cases, and in most other synthetic contexts these groups should undergo

hydrolysis more readily. It is also probable that an electron-withdrawing group at the

4-position of the benzoate should assist hydrolysis without affecting the acyl-transfer

minimizing properties. There is also a report in the literature of the 3-acetoxy-2,2-

dimethylpropanoate protecting-group (donor 30) that internally blocks reaction at C-7

during glycosylation (see Scheme 12).218 The routine use of such protecting groups

should assist synthetic chemists to make purer products.



Scheme 12. The 3-acetoxy-2,2-dimethylpropanoyl protecting group internally quenches the C-like

dioxolenium ion to lead to a highly delocalized E-like ion. This prevents acyl transfer and promotes

stereoselectivity.
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6. The Role of Proton Transfer in the Transition State for

Glycosylation Reactions

There appear to have been no definitive studies of the TS for any chemical glycosyl-

ation reaction. In balancing the classical glycosylation reaction (Scheme 1A) the

alcohol acceptor must lose a proton, which nominally combines with the leaving

group (X) to form the other product, HX. In other words, proton transfer must be part

of any glycosylation reaction mechanism. But proton transfer could in principle precede

or succeed the TS. Sugar hydroxyl groups typically have pKAs well above 10 and are

unlikely to be ionized in the absence of a strong base. Chemical glycosylations are

almost always conducted in the presence of Brønsted or Lewis acids unless very

reactive leaving groups are used, that is to say, not under basic conditions. Glycosyl-

ation reaction models that require pre-TS alkoxide formation are therefore unlikely.

Therefore the possibility that proton transfer is post-TS has some credence. Classical

SN1 reaction mechanisms require that ionization of the glycosyl donor is the TS such

that nucleophilic attack and proton transfer must occur post-TS.219 Computational

results that consistently find hydronium ion species on the PES as minima have

necessitated consideration of the possibility that these are not artifacts of particular

computational protocols, but might actually be transient intermediates on the path to

glycosides. This would require a subsequent proton transfer, which as shown in

Fig. 7A–C is an endothermic process, that has an activation barrier.

Since GPEs can use a variety of mechanisms to promote enzymatic glycosylation,

the timing of proton transfer could in principle be different. This of course is at least

partly due to the wide variety of substrates that GPEs utilize. Current modeling of

glycosyltransferase mechanisms by QM-MM methods finds late TSs with relatively
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short C-1–Oacceptor (1.5–1.9 Å) and relatively long C-1–X (> 2.5 Å) bond

lengths.220,221 The sugar rings of the donor adopt conformations consistent with a

high degree of oxacarbenium character.222,223 For retaining glycosyltransferases, the

leaving group acts as proton acceptor.224

The possibility that proton transfer rates might in some cases affect the outcome of

glycosylation reactions was first raised by consideration of galactosylation reactions of

50-OH of nucleoside acceptors; see Scheme 13.164 In this case acyl-transfer reaction

products were isolated as the main products under standard glycosylation conditions.

Spectroscopic and computational studies led to the conclusion that the predominant

conformation of the acceptor 31 under the conditions of the glycosylation reaction is

syn about the glycosidic linkage. This syn conformation is stabilized by an intramolec-

ular H-bond between the 50-OH group and the pyrimidine base.164,225 Reaction con-

ditions that broke up this H-bond led to higher yields of glycosylation products. This

led to a proposal that inhibition of proton transfer could adversely affect glycosylation

reactions.226 In related synthetic examples, two acceptors (32 and 33) that were also

found to have hydroxyl groups that are probably intramolecularly H-bonded under

glycosylation reaction conditions led to the formation of a-linked disaccharides

instead of b-linked ones under conditions where neighboring-group participation

was expected to lead to b-glycosides.227 Combined with the concepts of matched

TS for glycosylation reactions already discussed, these results prompted consideration

the probable role of proton transfer in the TS for glycosylation reactions.

Further impetus for consideration of the role of proton transfer came with the

discovery of the mechanism for acyl-transfer involving proton transfer to O-2. This

led to consideration of the possibility that glycoside formation under neighboring-

group participation conditions might be triggered by an analogous pathway of proton
Scheme 13. Intramolecularly H-bonded acceptors, which led to misreactivity in glycosylation reactions.
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transfer to O-1 or O-5. However, computational results with 15 showed that, unlike

acyl transfer where the O-2 protonated species is not a minimum but rather spontane-

ously optimizes to H in an exothermic process, protonated O-1 and O-5 species are

minima but the processes are endothermic; see Scheme 14. Further unpublished

studies have not led to a low-energy pathway to glycosides from such species.

Whether this results from inadequate computational protocols or is real that is a

subject for further studies.

A further role for proton transfer was found during studies that followed from

considerations of C-2–O-2 bond rotation during neighboring-group participation.

Following the discovery that the TS to dioxolenium ion formation probably involves

C-2–O-2 bond rotation, at least in some cases, it was suggested that the opening of the

dioxolenium ion to form glycosides might also involve C-2–O-2 bond rotation. The

‘‘classic’’ model of dioxolenium ion SN2 reactivity invokes a 5-coordinate TS with

bond stretching and contracting motions along the incoming nucleophilic C-1 directions

and C-1–O-7 bonds. Using constrained LT methods such as those for unraveling the

acyl-transfer mechanism failed to find such a TS. However, simple LT calculations as

shown in Fig. 18 for 17 E0 and 17 E1 readily found possible TS structures. Similar
Scheme 14. Possible role for proton transfer from D-type intermediates to glycosides, noting that D

species are orthoesters protonated on the former alcohol oxygen. Results are shown for methanol plus 2-O-

acetyl-3,4,6-tri-O-acetyl-D-glucopyranos-1-yl (15). Proton transfer to O-1 or O-5 is endothermic ADF–DFT

(TPZ), but transfer to O-2 triggers acetyl transfer.
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TS at point 13. The four structures correspond to points 1, 13, 16, and 60, respectively. Also to be noted is

the apparent proton transfer to O-6 after the ring opening.

134 D. M. WHITFIELD



THE ROLE OF GLYCOPYRANOSYL OXACARBENIUM IONS 135
transition states were also found for 16 and 15.74 In all instances the CH-2-C-2–O-2-C

(¼O) torsion angle is near 90�. In all cases where a TS could be found, the hydroxylic

proton of the nucleophile is strongly H-bonded. This unanticipated result led to support

for the hypothesis that at least in some cases, proton transfer could be involved at or near

the TS of glycosylation reactions. Further considerations have led to further hypotheses,

as shown in Schemes 15 and 7, that the leaving group or other polar species present in

glycosylation reactions might function as proton acceptors in the TS when intramolec-

ular H-bonding is not present. In fact, other groups studying by computations SN2,

reactions at carbon under solvolysis conditions have invoked proton-transfer relays

such as the one presented in Scheme 7 at the TS.228,229

The energetic magnitude of these effects is difficult to discern from the present data

but the misreactivity in glycosylation reactions with acceptors 31, 32, and 33 suggests

that it is large enough to have significant effects on the outcome of a glycosylation

reaction. The energy diagram of Fig. 1C is redrawn in Scheme 16 to illustrate this

possibility. It is surmised that, in some cases, intramolecular H-bonds may raise the

proton-transfer barrier and possibly in other cases intermolecular H-bonds may lower

the barrier. The energetic barrier to ionization depends on an interaction with a

promoter or some other form of activation of the leaving group, and so experimentally

determining the reaction barrier is complex. The process of acid hydrolysis of glyco-

sides is more amenable to study, as the mechanism in most cases is glycosidic

O-protonation followed by ionization and subsequent quenching of the oxacarbenium

ion by water.230 The corresponding enthalpy of activation is on the order of

140 kJ mol�1 for many alkyl glycopyranosides,231 whereas the H-bonding effects
Scheme 15. SN2-like TS for 17 which involves (A) left, intramolecular H-bonding or (B) right,

intermolecular H-bonding. In (B) the H-bond is shown to the anionic leaving group, but it could be to

solvent molecules or other weakly basic species present in the reaction mixture.



Scheme 16. Revised schematic: energy versus reaction-coordinate model for progression from an

encounter complex to disaccharide taking into account H-bonds from the acceptor (compare Fig.1C, right

side). Species Y may be the anionic leaving-group X�, or some other electronegative reaction component.

Relative energies are arbitrarily chosen, and may vary from case to case.
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described here are on the order of 5–10 kJ mol�1. Proton transfer can be modulated by

additives and by judicious choice of protecting groups, both of which are under the

control of synthetic chemists. Indeed it seems probable that both the reactivity and the

stereochemical outcome of glycosylation reactions could be productively manipu-

lated by appropriate modulation of these parameters.
7. Differences in Ionization Between a- and b-Donors

Although ionization is the first step of SN1-like reaction mechanisms, it is not clear

how to study this step computationally. The origin of this dilemma is that ionization

starts from a neutral glycosyl donor and precedes to a charged oxacarbenium ion and

an anionic leaving group. Even under the computational conditions used, in which the

solvent is considered as a continuum dielectric that can help to stabilize charged

species, the absence of either specific solvation or some other charge neutralization
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mechanism leads to minimum-energy species that maximize charge neutralization.

In early LT studies, such as those in Fig. 7 (except that the leaving group was neutral)

led to species where the anionic leaving-group complexed to C–H bonds and, in

extreme cases, led to E2-like elimination reactions. It is not clear if in some cases this

type of interaction actually occurs, but if it is considered that most glycosylation

reactions require promoters, it is probable that charge neutralization occurs by other

mechanisms in most glycosylation reactions. Once a cycle of glycosylation starts, the

hydroxylic proton is available for charge neutralization.

Further complexities include the intermediate CIPs and SSIPs. Since such

species are only stable in solution, computational methods that include solvation are

necessary. This is a research area where both experimental and computational devel-

opments are to be encouraged. Some preliminary studies have been made in this area

by using an arbitrarily placed and fixed Liþ cation as promoter for studying the

ionization of a series of prototypic glycosyl donors. For these purposes there is no

differentiation between activation of the leaving group and ionization.232 Ionization is

achieved by lengthening the C-1–X bond in small increments, with full geometry

optimization of all other variables at each point.

The same computational experiment was performed for a/b 2-O-acetyl-3,4,6-tri-O-

methyl-D-galactopyranosyl triflates (18ab) and the results closely parallel the previ-

ous ones; see Fig. 19. That is, the a anomer smoothly and reversibly (not shown)

ionizes to a conformer near the B0 conformer of 17. In contrast, the b anomer

undergoes an abrupt conformational change at C-1–O bond length of 1.71 Å to a

conformation near BO,3, and then slowly moves in conformational space toward the

same B0 conformation of 17. The trajectory is not reversible, and a different, higher

energy, neutral species is formed at short C-1–O bond lengths. That is, the two

anomers ionize to the same conformation, but by different pathways. Plausibly if

a good nucleophile is present that reacts before ionization is complete then

different facial selectivity could be observed. Further, if only poor nucleophiles are

present, then the selectivity should be the same, as the same B0 ion should be the

reactive species.

Selected frames for the b anomer are shown in Fig. 20, along with some selected

geometric parameters. Besides the coefficients of the canonical vectors, the ring

change can be monitored by the value of t5 which changes by 87.4� after C-1–O

changes by 0.04 Å on going from frame 2 to frame 3. At this point O-5–C-1 has

shortened, but not to the point that it can be considered a double bond such that this

conformational change precedes ionization. Also of note is that the CH-2-C-2–O-2-C-7

dihedral angle hardly changes at all in any frame. Although not directly tested by

this computational procedure, it suggests that ionization can proceed directly in this
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case to a B0 conformation without anchimeric assistance. Nucleophilic attack

from the a face before dioxolenium ion formation would compromise the expected

b-stereoselectivity.
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Among the donors previously studied were neutral D-glycopyranosyl donors related

to 3 and 4, where X was fluoride, chloride, and triflate, as well as donors related to 14

where X ¼ triflate. In all cases the a-configured donors ionized smoothly and

reversibly from conformations near 4C1 to near 4H3. However in all examples the

b-configured isomers exhibited abrupt conformational changes when the C-1–X bond

length reached a value about 12–15% greater than its equilibrium value. Further, most

trajectories were not reversible, and the resulting conformation was different if the

maximally stretched bond was contracted back to its original value. The species

formed after the abrupt change were different in all cases and, among this small

selection of leaving groups, were leaving-group dependent. In the literature it has long

been postulated that b-D-glycopyranosyl donors should undergo a pre-ionization

conformational change to allow the C-1–X bond to become antiperiplanar to a lone

pair on O-5.233,234 The present computational results differ from this model in two

ways. First the conformational change does not occur until the C-1–X bond has

lengthened, and secondly the resulting conformation depends on the leaving group.

The ionization of anomeric triflates by lengthening the C-1–O bond may occur

spontaneously for example by thermal vibrational excitation. However, the necessity

to include the Liþ ion as a promoter to obtain reliable computational results and

experiments such as the following raise the possibility that a promoter is necessary;

see Scheme 17. In this case, attempted glycosylation of acceptor 33 under a variety of

standard conditions was not successful. However, when 2,6-di-tert-butyl-4-methylpyr-

idine (DTMP), a hindered base, was added the disaccharide 35 could be isolated in good

yield.235 A possible mechanism is shown in Scheme 17 in which the protonated DTMP

acts as a promoter for the anomeric triflate, which is in turn formed by anion exchange.

This could be especially true for such highly deactivated donors as the phthalimide

donor 34. Progress toward unraveling these complexities would be assisted by having a

reliable method to assess computationally the reactivity of donors, such as a much more

sophisticated approach to ionization studies than the prototypes presented in this section.
III. Conclusions and Future Directions
1. Summary of Glycosylation Reaction Mechanisms

Selected points from the vast glycosylation literature have been presented which

are intended to complement the results shown for galactopyranosyl oxacarbenium

ions related to 2 and 17. A number of little recognized parameters previously

described for other glycopyranosyl oxacarbenium ions have been identified for

2 and 17 that help to suggest their generality. A summary is made below:



Scheme 17. (A) Top: failed glycosylation reaction under many conventional conditions. (B) Middle:

experimental solution by use of the hindered base 2,6-di-tert-butyl-4-methylpyridine (DTMP); (C) possible

mechanism for this glycosylation invoking promotion of the anomeric triflate by the pyridinium ion.
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(1) The 5S1 conformation of glycopyranosyl oxacarbenium ions with O-2

equatorial and the remaining substituents quasi-axial is important, especially

for gluco, galacto, and related configurations.

(2) Facial selectivity of nucleophilic attack on glycopyranosyl oxacarbenium ions

is determined by ring conformation and H-bonding. The latter depends

especially on the lifetime of the oxacarbenium ions.

(3) The syn conformation about C-2–O-2 is an important feature of glycopyranosyl

oxacarbenium ions.

(4) Neighboring-group participation occurs by C-2–O-2 bond rotation in both the

forward B to C direction or in the reverse glycosylation reaction, except for

some rigid cases.

(5) The transition states for glycosylation reactions involve proton transfer in most

cases. The acidity of the alcoholic nucleophile increases as the degree of

ionization of the glycosyl donor increases (see Scheme 18).



Scheme 18. Schematic representation of the concept that, as the nucleophilic alcohol acceptor attacks a

progressively ionized glycosyl donor, the acidity (pKA) of the corresponding complex increases.
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(6) Ionization appears to precede ring closure to dioxolenium ions, and hence loss

of stereoselectivity can occur by at least two mechanisms: (i) Reactive

nucleophiles can react before ring closure or (ii) The barrier height of the TS

to ring closure becomes raised by steric or other factors, and the oxacarbenium

ion is therefore the reactive species under kinetic control.

(7) Ionization of b anomers occurs by an abrupt conformational change before total

ionization. This may also lead to altered stereoselectivity in the glycosylation

reaction.

(8a) Unreactive donors lead to long-lived oxacarbenium ions that can equilibrate

and hence have many routes of reactivity; and selectivity is therefore highly

dependent on reaction conditions.

(8b) Reactive donors can react before ionization is complete and therefore

selectivity is highly dependent on reaction conditions, but for different

reasons than stated in 8a.

(9) Stereoselectivity can be optimized by channeling reaction into one pathway by

appropriate combinations of protecting groups and leaving groups.

These combined results are summarized in Scheme 19 for such non-participating

glycosyl donors as 2, and in Scheme 20 for O-2 participating donors such as 17.



Scheme 19. Simplified mechanistic reaction scheme for non-participating glycosylation reactions of 2 not involving neighboring-group participation.
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Scheme 20. Simplified mechanistic scheme for glycosylation reactions of 17 involving neighboring-group participation.
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2. Further Calculations Based on Existing Methodology

These discussions have also led to ideas listed here for future studies, and these are

divided into computational and experimental. The computational studies have also

been further subdivided into those using existing methodologies and those that require

methodology development. Even those using existing methodologies may, of course,

benefit from improvements in hardware, software, algorithms, and the like.

(1) CBS calculations of important quantities, notably B0 versus B1, and B1 versus

B2, and so on, for a selection of glycopyranosyl oxacarbenium ions. Such studies

should give a more accurate number for the following effects: (i) O-2-equatorial

effect, (ii) O-2 syn versus anti. Experimental studies of such glycopyranosyl

oxacarbenium ions should also be encouraged.

(2) Further studies of O-2 substituent effects, including the TS barrier to neighboring-

group participation and the possibilities of using chiral protecting groups to take

advantage of the O-2 syn preference.

(3) Since encounter complexes of alcohol donors and glycopyranosyl oxacarbenium

ions were not found, nor were CIPs of partially ionized glycopyranosyl donors, it

is hypothesized that including solvent molecules in such studies is necessary.

Such studies may require methodology development, but are included here since

these are extrapolations of existing studies.

(4) The ionization of leaving groups other than protonated OMe, triflate, and halide

already studied. This includes thioglycosides and acetimidates. Such studies

require more attention to the method of activation and should include such

promoters as BF3 and AgOTf.
3. Future Calculations Requiring Methodology Development

The following suggestions for study areas are much more speculative since they

require, as a minimum, extensive model studies to arrive at a method. In many cases

this will require extensive modifications to the existing software.

(1) Protecting-group–protecting group interactions, such as the steric buttressing

effect. This requires a protocol for dealing with the problem of multiple

minima of flexible protecting groups. It also requires assessing the reliability of

computing through-space interactions, which probably require large basis sets

and accurate evaluation of correlation effects.

(2) Experimental and/or theoretical studies to assess the role of H-bonding and proton

transfer at or near the TS of glycosylation reactions. This not only requires reliable

models of TSs, but also good computational methods for H-bonding.
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(3) The study of CIPs and SSIPs and their reactivity with alcoholic nucleophiles. This

includes the specific inclusion of solvent as in Section III.2, point 3. It also entails

solving many body interactions such as in point (1).

(4) Related to (3) but still a separate issue is the inclusion of nucleophiles in

ionization studies. At present, ionization is modeled by increasing the C-1–X

bond length, but it is not clear if other degrees of freedom also contribute to

ionization. Notably, it is plausible that conformational changes of the

glycopyranosyl ring may in some cases initiate ionization rather than result

from it. It would thus be beneficial if ways to implement complex constraints

that include ring conformation, such as the canonical vector representation and

for example C-1–Onuc bond length in the same calculation.

(5) Develop ways to determine the relative reactivity of glycosyl donors by

calculation only and similarly to rank the reactivity of the hydroxyl groups of

glycosyl acceptors. The ultimate goal would be to find unreactive or misreactive

species without performing experiments.
4. Experimental Studies of Glycosylation

The overriding objective of these computational studies is to assist synthetic

chemists in developing better experimental methodology. Similarly, studies of glycosyl

processing enzymes are aimed at elucidating factors that industries using these enzymes

can utilize to improve their processes. Next are some suggestions for experimental work

derived from the computational studies presented in this chapter.

(1) To prepare glycopyranosyl donors having chiral protecting groups at O-2, to

assess if the O-2 syn preference can be used productively to either increase

reactivity or enhance stereoselectivity.

(2) To develop novel protecting groups or some other strategy to promote proton

transfer in the TS of glycosylation reactions. These should be particularly aimed

at activating unreactive hydroxyl groups.

(3) To further develop protecting-group strategies that would strongly bias the ring

conformation of the glycopyranosyl oxacarbenium ion, and permit nucleophilic

attack at one face to be strongly favored over the other.

(4) Experiments to determine what is the ‘‘real’’ leaving group in glycosylation

reactions, and to ascertain if these react spontaneously or require a promoter.

This relates particularly to anomeric triflates, as there is credible evidence for

their participation in glycosylation reactions. It is not apparent whether these

species react spontaneously or if they require some sort of promotion

(see Scheme 17). Such studies could lead to a suite of such leaving groups and

promoters that match most glycosylation reaction scenarios.
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(5) Assess the role of trace amounts of water or other possible proton-relay molecules

in glycosylation reactions. In the acyl-transfer model a relay molecule was found

to lower the barrier for proton transfer.
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33. D. M. M. Jaradat, S. Mebs, L. Chęcińska, and P. Luger, Experimental charge density of sucrose at 20

K: Bond topological, atomic, and intermolecular quantitative properties, Carbohydr. Res., 342 (2007)

1480–1489.



THE ROLE OF GLYCOPYRANOSYL OXACARBENIUM IONS 149
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DMTST, dimethyl(thiomethyl)sulfonium friflate; DTBMP, di(t-butyl)methylpyridine;

Fmoc, fluorenylmethoxycarbonyl; GDP, guanosine diphosphate; IDCP, iodonium(di-d-
collidine)perchlorate; Lev, levulinoyl; LG, leaving group; MBn, p-methylbenzyl; MBz,

p-methylbenzoyl; MPEG, methoxypolyethylene glycol; NBS, N-bromosuccininide;

NIS, N-iodosuccininide; PFBz, pentafluorobenzoyl; Pfp, pentafluorophenyl; Phth,

phthalimido; Piv, pivaloyl; RRV, relative reactivity value; SBox, S-benzoxazolyl;

STaz, S-thiazolinyl; TBDMS, t-butyldimethylsilyl (also TBS); TCA, trichloroacetyl;

TESOTf, triethylsilyl triflate; TFA, trifluoroacetic acid; TIPS, triisopropylsilyl; TMS,

trimethylsilyl; TMSOTf, trimethylsilyl trifluoromethanesulfonate (triflate); Tol, tolyl;

Tr, triphenylmethyl (trityl); Troc, 2,2,2-trichloroethyloxycarbonyl; TTBP, tris(tribro-

moneopentyl)phosphate; UDP, uridine diphosphate; Z, benzyloxycarbonyl.
I. Introduction

Complex carbohydrates are involved in a broad variety of biological phenomena,

and in particular their involvement in life-threatening processes, has associated this

class of natural compounds with tremendous diagnostic and therapeutic potential.

The main scientific effort in the past two decades has focused upon those carbohy-

drates associated with diseases that rank consistently among the leading causes of

death worldwide. These include in particular cardiovascular disease, cancer, and

septicemia, bacterial, viral, and parasitic infections. At the core of this tremendous

effort is the concept that, if a comprehensive knowledge of the structure, conforma-

tion, and properties of these carbohydrates were available, elucidation of the mechan-

isms for the pathogenesis of the associated disease could be facilitated. Consequently,

this could lead to the development of effective tools for the prevention, diagnosis,

treatment, and healing of these diseases.
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Over the years, glycoscientists have mastered techniques for the isolation of certain

classes of naturally occurring carbohydrates. The availability of pure natural isolates,

however, is still inadequate to address all of the challenges presented by modern

glycoscience. As a result, glycoscientists have turned to chemical synthesis as a

means for accessing complex carbohydrates. In principle, the efficient chemical

synthesis of carbohydrates should yield significant quantities of the pure natural

compounds and constitutes the only means for accessing their unnatural mimetics

that are often needed for screening purposes. Due to the enormous progress made in

the area of synthetic and analytical chemistry, many classes of organic compounds are

now relatively accessible by broadly applicable methods. However, carbohydrates of

even moderate complexity still represent a significant challenge. A few representative

examples are shown in Fig. 1.

The majority of biologically important and therapeutically active carbohydrates

exist as polysaccharides or as complex glycoconjugates in which oligosaccharides are

connected to peptides, proteins, or fatty acids. This account discusses only methods

and strategies for the synthesis of the oligosaccharide sequences. The first attempts to

address the challenges of oligosaccharide synthesis emerged in the mid-1980s and

1990s, and resulted in the development of a number of revolutionary approaches.

These innovative strategies significantly shortened oligosaccharide assembly by

minimizing the need for protecting-group manipulations between glycosylation

steps. Nicolaou’s selective activation,1 Fraser-Reid’s armed-disarmed approach,2

Danishefsky’s glycal assembly,3 Ogawa’s orthogonal technique,4,5 Roy’s6 and

Boons’7 active–latent concept, Wong’s and Ley’s programmable strategies8–11 are

just a few examples to mention.

The excellent innovations just surveyed have allowed scientists to synthesize

complex oligosaccharides and glycoconjugates that for decades were practically

inaccessible. For example, the total syntheses of tumor antigens of the Globo-

series–Globo-H by Danishefsky,12 Schmidt,13 Boons,14 Wong,15 and Seeberger16

have become modern classics of synthetic carbohydrate chemistry. Nevertheless,

these syntheses remain very complex: their successful accomplishment required

significant resources, and kept these targets accessible only to an elite circle of

glycoscientists. Moreover, it has become apparent that only certain selected

sequences can be accessed by these novel techniques. Furthermore, each target still

required careful selection of methods, conditions, and strategies. On many occasions,

the use of advanced oligosaccharide building blocks was required for successful

execution of these strategies.

These notable gaps have stimulated additional scientific efforts that have led to the

development of a new pool of methods for the stereoselective synthesis of challenging
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glycosidic linkages and strategies for expeditious oligosaccharide synthesis. Preacti-

vation-based sequential couplings by Huang’s17–19 and van der Marel’s groups,20

Crich’s synthesis, detailed elsewhere in this volume (p. 251), of b-mannosides,21
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Gin’s dehydrative method,22 Seeberger’s polymer-supported automated synthe-

sis,23,24 Lowary’s work on furanosides,25 Gervay’s glycosyl iodide approach,26,27

Hung’s work of one-pot protection of sugars,28,29 and Boons’ stereodirected synthesis

of a-glycosides30,31 are some key examples of significant recent breakthroughs. Most

of these studies have already been used in targeted oligosaccharide syntheses, which

are a clear indication of the demand for these improvements and the keen interest of

the broad chemical community drawn to this topic.

The current account is dedicated solely to strategies that have been developed for

the synthesis of oligosaccharides. This topic has been previously reviewed, and for a

comprehensive survey the reader is encouraged to refer to other articles discussing

this subject.32–38 Related topics, such as glycosylation39 and synthesis of glycoconju-

gates,40–46 are mentioned only briefly herein, whereas comprehensive contemporary

accounts should provide additional insight into these important subjects.
II. Chemical Glycosylation and Conventional

Oligosaccharide Synthesis

In spite of significant progress made in the area of glycoside synthesis,39 the

necessity of forming either a 1,2-cis or a 1,2-trans-glycosidic bond with high stereo-

control remains the main reason that chemical O-glycosylation is ranked among the

most challenging problems of modern synthetic chemistry. The achievement of high

yield and stereocontrol is difficult, because of the complexity of the glycosylation

process, which often proceeds together with a variety of side reactions. In oligosac-

charides containing multiple linkages, the stereocontrol of glycosylation becomes

particularly critical.
1. Principles of Chemical Glycosylation

A typical chemical glycosylation is based on the nucleophilic displacement of

a leaving group on the glycosyl donor by a hydroxyl moiety of the glycosyl acceptor.

The remaining hydroxyl groups of both components are temporarily masked with

protecting groups. Full details of the glycosylation mechanism have not yet been

elucidated, and the speculations and diagrams presented herein are the commonly

accepted prototype of the glycosylation mechanism. Upon promoter-assisted departure

of the leaving group, the flattened oxacarbenium ion (seeWhitfield’s account elsewhere

in this volume on glycopyranosyl ions) is formed (Scheme 1), and as a result,

the nucleophilic attack is almost equally possible from either the top (trans, b for the
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D-gluco series) or the bottom face (cis, a) of the ring. Even though the a product is

thermodynamically favored (anomeric effect),47 a substantial amount of the kinetic

b-linked product is often obtained, because the glycosylation of carbohydrate acceptors
is irreversible. Uncontrolled glycosylation reactions commonly result in the formation of

mixtures of diastereomers (cis/trans or a/b anomers).

Various factors such as temperature, pressure, structure, conformation, solvent,

promoter, steric hindrance, or leaving group can affect the stereoselectivity of glyco-

sylation. Some of these factors influence the stereoselectivity dramatically, others

only to certain extent; undoubtedly, the neighboring substituent at C-2 is one of the

major players. If the use of a base-labile ester-protecting groups is permitted, 1,2-

trans glycosides can be prepared with the assistance by a neighboring participating

group.48,49 These glycosylations proceed primarily via a bicyclic acyloxonium ion

intermediate that can only accept nucleophilic attack from the top face, resulting in

the stereoselective formation of a 1,2-trans glycoside (Scheme 1). Many traditional

glycosyl donors such as halides, thioglycosides, or O-imidates provide excellent

stereoselectivity and high yields.39

Another important factor affecting the outcome of glycosylations is the nature

of the leaving group at the anomeric position. As a result, a large number of glycosyl

donors have been developed.39,50 In addition to the traditionally used chlorides
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or bromides,51,52 more recent glycosyl donors such as Schmidt’s

O-trichloroacetimidates,53 Mukaiyama’s fluorides,1,54 alkyl/aryl thioglycosides pio-

neered by Ferrier, Nicolaou and Garegg,55,56 Fraser-Reid’s O-pentenyl glycosides,57,58

and Danishefsky’s glycal-epoxide system3 have become valuable alternatives.

The development of efficient coupling reactions is largely responsible for the

progress that has been made in the area of oligosaccharide synthesis. When the arsenal

of the glycosylation techniques was limited to Fischer and Koenigs–Knorr approaches

(or their variations), the assembly of oligosaccharides was limited to the linear

and block techniques. However, when such stable glycosyl donors as fluorides,

thioglycosides or O-alkenyl glycosides emerged, the question arose of selective or

chemoselective activation of one leaving group over another.
2. Traditional Linear Oligosaccharide Synthesis

A linear oligosaccharide synthesis consists of the glycosylation of a monosaccharide

donor with a monosaccharide acceptor, in the presence of a promoter (activator), to give

the desired disaccharide. There are two possible pathways that can then follow

(Scheme2).The first possible route involves the conversionof the intermediate disaccha-

ride into the second-generationglycosyl acceptorvia liberationa specifichydroxylgroup.

The acceptor is then allowed to react with a glycosyl donor, resulting in the formation of

trisaccharideA.Thedeprotection–glycosylationsequencecanbe then reiterated toyield a

tetrasaccharideandsoon.Alternatively, the temporaryanomericprotection(T,Scheme2)

of the disaccharide intermediate could be removed and a new leaving group installed,

resulting in the formation of the second-generation glycosyl donor. The latter is then

allowed to reactwith a newglycosyl acceptor, leading to the formation of trisaccharideB.

As in the first variation, the reprotection–glycosylation reaction sequence is then repeated

until an oligosaccharide of the desired chain length is obtained.

In spite of the need for additional synthetic manipulations between glycosylation

steps, which often results in an increased number of total steps that is inversely

correlated with the efficiency and overall yield, this strategy is still in use.59–62 A few

examples of this strategy for oligosaccharide synthesis have been selected to illustrate

the state of the art. The first example depicted in Scheme 3 is the synthesis of the

tetrasaccharide 9 corresponding to the repeating unit of pneumococcal oligosaccharide

serotype 6A.63 It makes use of both versions of the traditional approach, implying the

generation of the intermediate glycosyl donor and glycosyl acceptor. The thioglycoside

donor 1 was glycosidated with the rhamnose acceptor 2 in the presence of methyl

triflate (MeOTf) to form the disaccharide 3 in 61% yield. The resulting disaccharide
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was then deallylated over two steps in 93% yield to provide glycosyl acceptor 4. The

latter was glycosylated with the galactose donor 5 in the presence of MeOTf, producing

the trisaccharide 6 in 57% yield. The latter was then converted into the glycosyl donor 7

by sequential debenzylation, acetylation, liberation of the hemiacetal, and insertion of

the trichloroacetimidoyl anomeric moiety in 72% overall yield. Glycosyl donor 7 was

glycosidated with the ribitol acceptor 8 in the presence of trimethylsilyl triflate

(TMSOTf) to provide tetrasaccharide 9 in 90% yield (20% overall).

Another relevant example is the synthesis of the blood-group determinant H-type II

pentasaccharide 21 (Scheme 4).64 The assembly began with monosaccharide building

blocks: the glycosyl phosphate 10 and a pentenyl glycoside 11 obtained from glycal

precursors. The phosphate leaving-group in the glycosyl donor 10 was activated by

addition of t-butyldimethylsilyl (TBDMS) triflate. The resulting disaccharide 12 was

then converted into glycosyl acceptor 13 by removal of the levulinoyl (Lev) group,

and glycosylated with the trichloroacetimidoyl donor 14 in the presence of TMSOTf

to provide trisaccharide 15 in 87% yield. The trisaccharide was then deprotected to

provide glycosyl acceptor 16. The chain growth was continued by the glycosylation

with the glycosyl phosphate donor 17 in the presence of TMSOTf to provide tetra-

saccharide 18 in 92% yield. Selective removal of the 2-(azidomethyl)benzoyl (AMB)

group was accomplished with tributyl phosphine to provide glycosyl acceptor 19 in

92% yield. The latter was subsequently glycosylated with glycosyl donor 20 to afford

pentasaccharide 21 in 94% yield. As clearly illustrated by this example, the traditional

approach offers the benefit of its simplicity, as in principle the same anomeric and

protective groups can be used repeatedly.

Along with the long history of the traditional approach, numerous improvements

have been incorporated. Nevertheless, it has become apparent that stereoselective

synthesis of the glycosidic bond is only part of the challenge that synthetic chemists

confront during the synthesis of oligosaccharides. For the most part, the traditional

stepwise approach significantly decreases the overall efficiency of the oligosaccha-

ride assembly, and this is especially apparent when applied to the synthesis of large

oligosaccharides. As a result, the past two decades have witnessed a dramatic

improvement of the methods and strategies used for oligosaccharide synthesis.
3. Convergent Block Synthesis

The first attempt to address challenges associated with the linear stepwise approach

was the development of a convergent building-block approach. Pioneering studies by

Zen,65 Paulsen,66 and Ogawa67 should be acknowledged in particular. According
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to this strategy, oligosaccharide building blocks are obtained separately and then

coupled together (converged) by means of a glycosylation reaction (Variation A).

As highlighted in Scheme 5, this method employs the coupling of ‘‘clusters’’ of the
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sugar residues. Two disaccharides are constructed individually: the first disaccharide

is then converted into the glycosyl donor by the transformation of a stable temporary

anomeric substituent into a suitable leaving group. Meanwhile, the second disaccha-

ride is deprotected to expose a hydroxyl group to be used as the glycosyl acceptor for

the subsequent glycosylation, leading to the corresponding tetrasaccharide. A major

benefit of such block synthesis is the decreased number of steps required for the

overall assembly. Thus, in comparison to the linear approach, convergent block

synthesis allows formation of larger saccharides in the same number of synthetic

steps (compare Schemes 2 and 5). Another key feature of variation A of the conver-

gent approach is that it allows for the introduction of a ‘‘difficult’’ glycosidic linkage,

such as 1,2-cis, at an earlier stage of the saccharide assembly thus avoiding the

complicated separation of diastereomers at the later stage.66,67

A convergent synthesis of the pentasaccharide derivative 33 of the triterpeniod

saponin obtained from the plant Spergularia ramosa was achieved as outlined in

Scheme 6.68 The entire assembly relied on use of the trichloroacetimidate protocol

and was accomplished in a three plus two fashion. The assembly of the trisaccharide

was initiated by the glycosidation of glucosyl trichloroacetimidate donor 22 with

rhamnosyl diol acceptor 23 to provide disaccharide 24 in 63% yield. The latter could

be used directly as the glycosyl acceptor for the reaction with xylosyl donor 25, leading
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to trisaccharide 26 in 81% yield. The 1,2-ethylidene moiety of trisaccharide 26was then

cleaved with trifluoroacetic acid–water (TFA–H2O) and the resulting diol was acetyl-

ated with Ac2O in pyridine to give trisaccharide 27 in 88% yield. The anomeric acetate

in compound 27 was selectively removed by reaction with NH3/MeOH, and the

resulting hemiacetal was converted into a trichloroacetimidoyl derivative 28 by treat-

ment with CCl3CN in the presence of 1,8-diazabicyclo[5,4,0]undec-7-ene (DBU) in

84% yield. In the mean time, glycosyl donor 29 was coupled with glycosyl acceptor 30

to provide disaccharide 31 in 87% yield. The latter was then deacetylated with AcCl–

MeOH to provide glycosyl acceptor 32 in 94% yield. The oligosaccharide building

blocks, glycosyl donor 28 and glycosyl acceptor 32, were coupled in the presence of

TMSOTf to provide the target pentasaccharide 33 in 83% yield.

Another relevant example is the convergent assembly of a biantennary heptasac-

charide motif 39 of a human glycoprotein isolated from seminal plasma. It was

accomplished by Ley’s and Wong’s groups in a 2 þ 3 þ 2 fashion as depicted69
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in Scheme 7. The glycosyl bromide donor 34, obtained from lactosamine, was

glycosidically coupled to the trimannosyl acceptor 35 using buffered AgOTf as the

promoter, producing pentasaccharide 36 in 71% yield. The allyloxycarbonyl (Alloc)

group in compound 36was then removed with Pd(PPh3)4 to provide glycosyl acceptor

37 in 88% yield, which was then glycosylated with glycosyl donor 38 using the

buffered AgOTf to produce the target heptasaccharide 39 in 76% yield.

The convergent approach is particularly advantageous if the construction of one or

more challenging bonds is required. It is often used for the purpose of the introduction

of a ‘‘difficult’’ linkage, such as 1,2-cis, at an earlier stage of the saccharide assembly

to avoid complicated diastereomer separation at the later stage.66,67 A representative

example illustrating the introduction of a number of ‘‘difficult’’ linkages at the early

stage is the synthesis of the high mannose-type oligosaccharide 50 illustrated70 in

Scheme 8. For instance, building block 45, containing the challenging b-mannosyl
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residue was assembled using an intramolecular aglycone delivery approach to ensure

excellent b-stereoselectivity. Building block 49 contains multiple 1,2-cis glucosyl

residues, and so its synthesis alone represents a considerable challenge.

The final assembly was accomplished as follows: glycosyl acceptor diol 41was bis-

glycosylated with the bromide donor 40 in the presence of AgOTf to afford the

pentasaccharide derivative 42 in 72% yield. The latter was then converted into a
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glycosyl fluoride donor 43. The hexasaccharide acceptor 46 was assembled via

sequential coupling of building blocks 44 and 45 in the presence of MeOTf, followed

by acetal removal with TsOH. The liberated diol in the glycosyl acceptor 46 was then

regioselectively glycosylated with the fluoride donor 43 in the presence of a

Cp2HfCl2/AgOTf promoter system to afford oligosaccharide 47 in 87% yield.

The latter was then subjected to sequential acetylation of the remaining hydroxyl

group and removal of the temporary silyl protecting group, strategically placed on the

terminal mannose residue, to afford the glycosyl acceptor 48. The latter was then

glycosylated with the trisaccharide donor 49 in the presence of MeOTf to afford the

target oligosaccharide 50 in 57% yield.

A conceptually related convergent approach (Variation B, Scheme 9) has been

proven particularly advantageous if the synthesis of two or more sequential repeating

units is required. In this case, a single oligosaccharide corresponding to the repeating

unit is obtained, and divided into two portions. One portion is converted into a

glycosyl donor and another into a glycosyl acceptor. Subsequently, the two reactants

are converged to afford a dimer. This manipulation can be then repeated for the

synthesis of even larger structures.

An elegant synthesis of the Lewis X structure was reported that utilized an

efficient convergent approach.71 First, the azido-lactose acceptor 52, obtained via
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azidonitration of lactal, was glycosylated with the fucosyl trichloroacetimidate donor

51 in the presence of ZnCl2 to obtain the trisaccharide 53 in 89% yield (Scheme 10).

This trisaccharide was then split in two portions. The first portion was converted into

the corresponding glycosyl donor 54 by sequential removal of the anomeric silyl

protection, followed by the introduction of trichloroacetimidoyl anomeric leaving

group. The second portion of the key building block 53 was treated with TFA, leading

to the glycosyl acceptor 55. The glycosidation of trichloroacetimidate donor 54 with

glycosyl acceptor 55, using BF3�OEt2 as the promoter, provided hexasaccharide 56 in

78% yield.

The synthesis of pneumococcal oligosaccharides serotype 14 (consisting of multi-

ple repeat units) utilizing a block synthesis strategy was reported by Oscarson.72

In accordance with the strategy developed, galactosyl bromide donor 57 was
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glycosidated with the glucosamine acceptor 58 using AgOTf as the promoter to obtain

disaccharide 59 in 79% yield (Scheme 11). The TBDMS group was removed to

provide glycosyl acceptor 60 in 95% yield. The latter was glycosylated with glycosyl

donor 61 in the presence of AgOTf to give tetrasaccharide 62 in 88% yield. A portion

of the key intermediate 62 was converted into the spacer-containing glycosyl acceptor

63. This was accomplished by first installing the spacer by anN-iodosuccinimide–silver

triflate (NIS/AgOTf )-promoted reaction with 3-azidopropanol in 87% yield, followed

by acid hydrolysis in 84% yield of the bromoisopropylidene ketal. The remaining

tetrasaccharide 62 was converted into the glycosyl bromide by the addition of bromine,

and glycosidated directly with glycosyl acceptor 63 by the addition of AgOTf to provide

octasaccharide 64 in 81% yield. The latter was converted into glycosyl acceptor 65 by

hydrolysis of the bromoisopropylidene group in 59% yield. Finally, glycosyl acceptor 65

was glycosylated with the tetrasaccharide donor 62 via two-step activation of the

thioglycoside moiety through reaction with bromine followed by treatment with

AgOTf, providing the requisite dodecasaccharide 66 in 77% yield.

Despite the availability of more advanced techniques, the convergent block

synthesis is still widely employed, and the following is only a short list of recent

examples.73–90
III. Selective (Leaving-Group Based) Strategies

It has become apparent that the linear, and even the convergent approaches, is too

inefficient and lengthy because of the requirement to perform extensive protecting- or

leaving-group manipulations between the glycosylation steps. As a result, the past two

decades have witnessed a dramatic improvement of the methods and strategies used

for expeditious oligosaccharide synthesis. Scientists working in the area of oligosac-

charide synthesis have been persistently trying to raise (and answer) the key question:

can we synthesize oligosaccharides more expeditiously by eliminating unnecessary

synthetic steps?

1. Selective Activation

When the arsenal of the glycosylation techniques was limited to Fischer and

Koenigs–Knorr approaches (or their variations), the oligosaccharide assembly was

limited to the linear and block techniques. However, when such stable glycosyl

donors as thioglycosides or O-alkenyl glycosides emerged, a question of selective

activation of one leaving group over another arose. A schematic outline of this
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Scheme 11. Block synthesis72 of pneumococcal oligosaccharide serotype 14.
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approach is shown in Scheme 12; wherein, a glycosyl donor, bearing a reactive

leaving group (LGa) is coupled with a glycosyl acceptor, bearing a relatively stable

LGb at the anomeric center. The major requirement for this reaction to take place is

the use of a suitable activator that will selectively activate LGa but not LGb

(Activator A). Clearly, LGb has to withstand the reaction conditions associated with

the LGa activation. Pioneering research of Zen,65 Nicolaou,91,92 Lonn,93,94
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Garegg,95,96 and others97,98 involved the activation of alkyl halides over S-alkyl/aryl

glycosides. Subsequently, other examples of suitable LGa for selective activations

have become available: trichloroacetimidates,99,100 phosphite,101 phosphate,102 thioi-

midate,103–106 thiocyanate,107,108 hemiacetal,109,110 sulfoxide,111,112 selenoglyco-

side,113–116 orthoester,76,117–119 O-hetaryl,120–122 and others.123–129 Many of these

couplings were performed with the use of S-alkyl/aryl, fluoro, or O-alkenyl/hetaryl

moieties as LGb.

An example applying such selective-activation strategy is the synthesis of heparin-

like oligosaccharides reported by van der Marel and co-workers (Scheme 13).130 The

synthesis of pentasaccharide 76 began by utilizing the diphenyl sulfoxide–triflic

anhydride dehydrative activation of the 1-hydroxyl donor 67 developed by Gin131

over thioglycoside acceptor 68. The phenylthio moiety of the resulting disaccharide

69 was then directly activated with the benzenesulfinyl piperidine (BSP)–triflic

anhydride system developed by Crich132 for reaction with glycosyl acceptor 70 to

give the trisaccharide 71 in only two direct glycosylation steps. The latter was then

subjected to acetolysis of the 1,6-anhydride ring, followed by removal of the anomeric

acetyl group to afford the hemiacetal derivative 72. The latter was glycosidated with

thioglycoside acceptor 73 in the presence of diphenyl sulfoxide–triflic anhydride to

provide tetrasaccharide 74 in 51% yield, which was glycosidated with glycosyl

acceptor 75 in the presence of the BSP/Tf2O promoter system to furnish the target

pentasaccharide 76 in 53% yield.

In principle, the activation sequence can be continued providing that there is an

LGc that would withstand reaction conditions for the LGb activation (Activator B,

Scheme 12). However, these elongated multi-step sequences are not yet routinely

available.133,134 An example of such a synthesis is presented in Scheme 14

(synthesis of 81), in which bromine is used as LGa, phenylselenyl as LGb, and
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S-ethyl as LGc.114 First, the bromide donor 77 was activated over the phenylselenide

acceptor 78 in the presence of AgOTf/g-collidine to give the desired disaccharide 79

in 60% yield. The latter was then directly activated over the SEt acceptor 80 by the

addition of AgOTf/K2CO3 to produce the desired trisaccharide 81 in 81% yield.

Apparently, the trisaccharide 81 can be directly activated for subsequent glycosyl-

ations. A similar activation sequence was reported by Ley’s group.116

Another relevant example is the use of the S-benzoxazolyl (SBox) moiety as LGa,

S-ethyl as LGb, and O-pentenyl as LGc depicted in Scheme 15.104,135 The SBox
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glycosyl donor 82 was activated over the SEt acceptor 83 by the addition of AgOTf to

produce disaccharide 84 in 99% yield. This disaccharide was then glycosidated with

the O-pentenyl acceptor 85 by the addition of MeOTf to provide trisaccharide 86 in

90% yield. The leaving O-pentenyl moiety of the trisaccharide donor 86 was then

activated with NIS/TMSOTf for the coupling with glycosyl acceptor 87, resulting in

the formation of tetrasaccharide 88 in 73% yield. A similar example includes the

following three-step activation sequence performed in a one-pot fashion: SBox as

LGa, S-thiazolinyl (STaz) as LGb, and S-ethyl as LGc.106
2. Two-Step Activation and the In situ Preactivation

According to the two-stage activation approach, both glycosyl donor and glycosyl

acceptor initially bear the same type of a leaving group (LGa). However, to couple

these two reactants, the LGa of the potential glycosyl donor unit is first converted into

an LGb, which is then selectively activated over LGa of the glycosyl acceptor in the

presence of a selective activator (Activator B, Scheme 16). This two-step activation

sequence can be reiterated: for this purpose the leaving group LGa of the obtained

disaccharide is converted into LGb. This allows the coupling with the glycosyl

acceptor bearing LGa, and so on.

This concept was discovered by Zen for S-ethyl (LGa) and bromo (LGb) groups65

and further expanded by Nicolaou for S-phenyl (LGa) and fluoro (LGb) groups.91,136
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For a relevant example, see the synthesis of 95 depicted in Scheme 17.91 This

procedure is based on the fact that such thioglycosides, as 89, could be readily

converted into glycosyl fluorides (90) by treatment with NBS/DAST. The glycosyl
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fluoride donor 90 could be then coupled with a thioglycoside acceptor 91,

also generated from 89 by the treatment with tetrabutylammonium fluoride, in the

presence of SnCl2/AgClO4 to provide disaccharide 92 in 75% yield. This procedure

could then be repeated to furnish the desired fluoride donor 93 and thioglycoside

acceptor 94, followed by glycosylation to provide tetrasaccharide 95. This approach

combines advantages offered by the two-step activation and convergent strategies.

A number of other pathways have been developed, which include in situ conversion

of O-pentenyl glycosides117 or selenoglycosides.137 The same principle was applied by

Danishefsky and coworkers in their reiterative glycal-assembly approach.138–140 The

latter technique involves the transformation of glycals into 1,2-anhydro sugars, which

can be readily glycosidated with partially protected glycal-based glycosyl acceptors.

See for example the synthesis138 of 101 depicted in Scheme 18. This strategy utilizes

the epoxidation of glycals by treatment with dimethyldioxirane (DMDO, Murray’s

reagent).141 The resulting 1,2-anhydro derivatives can then be employed as very potent

glycosyl donors for 1,2-trans glycosylations. Thus, the glycosyl donor 97, obtained

from the glycal precursor 96, was coupled to the acceptor glycal 98 in the presence of an

electrophilic promoter (ZnCl2) to afford the disaccharide 99 in 71% yield over two

steps. The reaction sequence can be then reiterated: the disaccharide 99 is converted
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into the epoxide 100, which is then reacted with glycosyl acceptor 98 to produce a

trisaccharide derivative 101 in 57% yield. Very efficient solid-phase syntheses based on

this methodology have been also performed.142

In situ preactivation of thioglycosides with BSP/Tf2O, initially developed by Crich

for the synthesis of b-mannosides,21 was applied to expeditious oligosaccharide

synthesis by van der Marel and co-workers.20 For a representative example, see the

synthesis110 of 106 depicted in Scheme 19. The thiogalactosyl donor 102 was

preactivated with BSP/Tf2O and then allowed to react with thiomannoside 103 to

yield disaccharide 104 in 73% yield. The latter then reacted with glycosyl acceptor

105 in the presence of the Ph2SO/Tf2O promoter system to furnish the trisaccharide

106 in 64% yield. Overall, this approach combines expeditious synthesis of the

oligosaccharide sequence while also providing excellent stereocontrol in two chal-

lenging 1,2-cis glycosylation steps.
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Scheme 19. Two-step activation–preactivation of thioglycosides.110
A number of other pathways have been developed, which include in situ utilization

of O-pentenyl glycosides117,143 and selenoglycosides.137 The versatility of the two-

step preactivation concept was further expanded by development of a one-pot proce-

dure based on the preactivation of tolyl thioglycosides. This strategy is discussed18,137

in Section VI.1.

3. Active–Latent Strategy

According to this concept, an active leaving-group LGa can be selectively activated

over a latent (unreactive) LGb in the presence of a suitable activator A (Scheme 20).

Subsequently, the latent LGb of the disaccharide is converted into the LGa: this is
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achieved by modifying the leaving group rather than by replacing it with another

leaving group. Thus, the conversion between LGb and LGa in the active–latent

approach does not involve substitution at the anomeric center as in the two-step

activation–preactivation strategy just discussed. Instead, a simple modification of

the leaving group, usually at a remote reactive center, is executed.

The active–latent strategy was invented by Roy for active p-acetamidophenylthio

(LGa) and latent p-nitrophenylthio (LGb) glycosides.6 The conversion LGb ! LGa is

achieved by a simple reduction of the nitro group followed by acetylation of the

resulting amine. Initially developed for the synthesis of sialosides,6 the scope of this

approach has been broadened.144 Fraser-Reid has demonstrated that a similar outcome

can be achieved with the use of active pentenyl glycosides and latent 4,5-dibromo-

pentyl glycosides.117 The latent 4,5-dibromopentyl moiety can be then converted into

the active O-pentenyl leaving group under reductive conditions. Thus, it was demon-

strated that the reactive double bond of O-pentenyl glycosides may be temporary

protected as the dibromo derivative by the reaction with Br2/Et4NBr or CuBr2/LiBr.

The resulting anomeric moiety is unreactive as the leaving group, and therefore it

is able to act as the temporary anomeric protection of the glycosyl acceptor.

The backward conversion can be performed by reductive debromination through the

treatment with Zn/Bu4NI or NaI.
117,145

A representative example of this strategy is depicted146 in Scheme 21. The glycosyl

donor 107 was glycosylidated with glycosyl acceptor 108 in the presence of triethyl-

silyl (TES) triflate to produce disaccharide 109 in 89% yield. The acceptor 108 can be

also converted into a glycosyl donor by simple acylation, to afford pentenyl donor 110
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in 89% yield. This active glycosyl donor 110 is subsequently glycosylidated with the

building block 112 bearing a latent dibromopentyl anomeric moiety. The latent

moiety was obtained in one step from the pentenyl glycoside 111. The coupling

between the building blocks 110 and 112 was performed in the presence of
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NIS/TESOTf, leading to the disaccharide 113 in 56% yield. The latter was then

converted into a glycosyl acceptor 114 by a simple deacylation. Another active–

latent coupling was executed between glycosyl donor 109 and glycosyl acceptor 114.

The resulting tetrasaccharide derivative 115, bearing the latent dibromopentyl moiety,

was then converted into its active state by elimination with NaI in butanone. The

resulting O-pentenyl glycosyl donor 116 was then activated for the reaction with

serine acceptor 117 in the presence of NIS/TESOTf, leading to the formation of the

target compound 118 in 35% yield. This synthesis combines advantageous features of

both active–latent and convergent building-block strategies.

Boons has developed a conceptually similar approach with the use of the latent

substituted allyl glycosides (1-methyl-2-propenyl), which can be isomerized into the

corresponding active vinyl glycosides.7 An extension of this approach that utilizes the

anomeric allyl moiety as the latent group and the corresponding vinyl moiety as its

active counterpart has recently emerged.147 As is evident from the example depicted

in Scheme 22, the anomeric allyl moiety of compound 119 can be isomerized in situ to

the active vinyl moiety (120) by the addition of a catalytic amount of [Ir(COD)-

(PMePh2)2]PF6. The resulting active glycosyl donor 120 could be glycosidated with

allyl glycoside acceptor 121 in the presence of NIS to afford disaccharide 122.

Subsequently, the isomerization (122 ! 123)–glycosylation (123 þ 124) sequence

can be reiterated to afford trisaccharide 125 in 85% yield.

Kim discovered that 2-(benzyloxycarbonyl)benzyl glycosides (see 127, Scheme 23)

are perfectly stable (latent) compounds, whereas the corresponding 2-(hydroxycarbo-

nyl)benzyl analogues (for example 126) are active glycosyl donors. It was thus,

demonstrated that 2-(hydroxycarbonyl)benzyl glycoside 126 can be readily activated

over glycosyl acceptor 127 in the presence of di(t-butyl)methylpyridine (DTBMP)

and Tf2O to provide disaccharide 128 in 85% yield.148 The resulting disaccharide 128

bearing the 2-(benzyloxycarbonyl)benzyl aglycone could be converted by mild

hydrogenation into the active donor 129 in 92% yield. The glycosyl donor 129 was

then glycosidated with glycosyl acceptor 127 to provide trisaccharide 130 in 72%

yield. This and other conceptually similar recent discoveries17,149 open new exciting

perspectives for further development of the active–latent strategy.
4. Orthogonal and Semi-orthogonal Strategies

The combination of two chemically distinct glycosylation reactions, in which one

of the leaving groups is activated while the other one remains intact, and vice versa,

has led to the discovery of the orthogonal strategy for oligosaccharide synthesis.4
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This unique, and virtually one of the most conceptually attractive techniques for

expeditious oligosaccharide synthesis, requires the use of two orthogonal classes of

glycosyl donors.33,150 As with the selective activation strategy, at the first step the

glycosyl donor bearing LGa is activated over the glycosyl acceptor bearing LGb.

Uniquely to the orthogonal strategy, however, the LGb is then activated over LGa

of the new glycosyl acceptor (Scheme 24). This activation sequence can then be

reiterated to give straightforward access to larger oligosaccharides.

The classic variation of the orthogonal activation route involves building blocks

bearing S-phenyl and fluoro leaving groups. These reactions have been performed

both in solution4,151 and on the polymer support.5,152 Thus, Ogawa and co-workers

illustrated that the phenyl thioglycoside 131 can be selectively activated over glycosyl
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fluoride 132 in the presence of NIS/AgOTf to afford the disaccharide 133

(Scheme 25).4 The fluoro leaving group of the glycosyl donor 133 can then be

activated over the SPh moiety of the glycosyl acceptor 134 in the presence of

Cp2Hf2Cl2 and AgOTf to afford the trisaccharide 135 in 72% yield. This sequence

can be then reiterated, and to illustrate this, the phenylthio donor 135 was activated

over the fluoride acceptor 132 to provide tetrasaccharide 136 in 66% yield.

Recently, it was discovered that a combination of S-ethyl glycosides and S-thiazo-

linyl (STaz) glycosides also allow for efficient orthogonal activation. Thus, STaz

glycosides could be activated selectively over ethyl thioglycosides with AgOTf,

whereas the ethyl thioglycoside could be significantly activated over the STaz moiety

by using NIS in conjunction with catalytic TfOH.105 This finding was later verified by
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the synthesis of a pentasaccharide derivative 143, as depicted in Scheme 26.153

Thioglycoside donor 137 was activated over the STaz acceptor 138 by the addition

of NIS and catalytic TfOH to provide disaccharide 139 in 98% yield. The latter, in

turn, was activated over a thioglycoside acceptor 140 by the addition of AgOTf to

give trisaccharide 141 in 93% yield. This thioglycoside building block was then
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activated over the STaz acceptor 138 by NIS/TfOH to provide tetrasaccharide 142 in

77% yield. Finally, the tetrasaccharide 142 was activated over thioglycoside acceptor

140 by the addition of AgOTf to give the desired pentasaccharide 143 in 59% yield. A

related approach involving orthogonal activation of STaz and SBox glycosides has

also recently emerged.154
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Ideally, the orthogonal approach allows for an unlimited number of reiterations of

the two orthogonal leaving groups. In practice, however, the efficiency of glycosida-

tion is usually inversely correlated to the size of the glycosyl donor involved. As is

evident from the two examples quoted, the yields decrease dramatically for oligosac-

charide glycosyl donors as compared to their monosaccharide counterparts.

A conceptually related approach, whereby S-ethyl glycosides could be activated

over O-pentenyl glycosides and vice versa, has been developed.155 The drawback of

this technique is in its semi-orthogonality: while either armed or disarmed S-ethyl

glycosides can be activated over armed/disarmed O-pentenyl glycosides, only armed

O-pentenyl glycoside can be activated over disarmed S-ethyl glycoside. This semi-

orthogonal concept was recently extended to another suitable pair of leaving groups,

namely fluoro and O-pentenyl.143 The armed–disarmed concept is thoroughly dis-

cussed in Section IV.1.
5. Deactivation by Steric Hindrance

Boons and co-workers developed an interesting concept for oligosaccharide syn-

thesis (Scheme 27) by demonstrating that the increase of steric hindrance around the

active site of the leaving group has a dramatic effect on the leaving-group ability.156

Thus, it was shown that an S-ethyl glycoside 144 can be selectively activated with

NIS/TMSOTf at �70 �C over the dicyclohexylmethyl thioglycoside 145 to afford

trisaccharide derivative 146 in 50% yield. Presumably, the sulfur atom of the dicy-

clohexylmethylthio moiety is sterically hindered by two bulky cyclohexyl substitu-

ents and, evidently is significantly less accessible for the promoter activation than its

ethylthio counterpart.157 The less-reactive, bulky thioglycoside moiety can also be

activated by using the same reagents under similar reaction conditions. Thus, activa-

tion of the dicyclohexylmethyl trisaccharide 146 with NIS/TMSOTf could be accom-

plished at room temperature in a matter of minutes. This was illustrated by reacting

glycosyl donor 146 with trisaccharide acceptor 148 (also obtained from compound

146) that resulted in the formation of hexasaccharide 149.
6. Temporary Deactivation Concept

Demchenko and co-workers demonstrated that STaz glycosides can be engaged in

stable non-ionizing transition-metal complexes. This observation served as a basis for

the development of a temporary deactivation technique for oligosaccharide synthesis

(Scheme 28).158 The deactivation of the otherwise reactive building block was
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achieved by engaging its leaving group into a stable, non-ionizing metal complex with

PdBr2. This allowed selective activation of a ‘‘free’’ leaving group of the glycosyl

donor over the deactivated (capped) leaving group of the complexed acceptor. Since

the ‘‘leaving group’’ of the acceptor is deactivated, practically any type of leaving

group could be used in the glycosyl donor unit, as long as its activation does not

disrupt the complex. Another valuable outcome of this technique is the fact that even

electronically disarmed glycosyl donors can be activated over electronically armed,

but temporarily deactivated, acceptors.158 The armed–disarmed approach is described

in Section IV. Upon glycosylation, the disaccharide is released from the complex by

treatment with a ligand-exchange reagent to liberate ‘‘free’’ disaccharide, which can

be used in subsequent transformations.
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A relevant example illustrating the versatility of this approach is depicted in

Scheme 29.159 Specifically designed (2-pyridyl)thiazolyl glycosides were found to

be excellent bidentate ligands for the complexation with platinum group metals.

The pre-complexed stable glycosyl acceptor 151 was glycosylated with the STaz

glycosyl donor 150 in the presence of AgOTf. Subsequent removal of the temporary

TBDMS group led to disaccharide 152 in 79% yield. The latter was glycosylated with

the SBox disaccharide donor 153 in the presence of AgOTf to give tetrasaccharide

154 in 89% yield. The tetrasaccharide 154 represents the repeating unit of pneumo-

coccal polysaccharide serotype 14. To elongate the sequence, building block 154 was

split into two portions. The first portion was treated with NaCN to remove the Pd(II)

complex and provide tetrasaccharide donor 155 in 95% yield. The second portion was

treated with TFA to remove the isopropylidene protective group to provide tetrasac-

charide acceptor 156 in 89% yield. Coupling of the two tetrasaccharide building

blocks provided octasaccharide 157 in 73% yield. This synthetic approach combines

advantageous features of the temporary deactivation, convergent-block synthesis

(Section II.3) and bidirectional strategy (Section V.3). It is important to note that

the (2-pyridyl)thiazolyl glycoside-based platinum(II) complexes were found to be

very stable under a variety of reaction conditions, ranging from strong acids (TFA) to

strong bases (NaOMe).159
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IV. Chemoselective (Protecting-Group Based) Strategies

The chemoselective approach and its variations discussed in this section make use

of only one class of leaving group for both the glycosyl donor and glycosyl acceptor,

which is either activated (armed) or deactivated (disarmed), respectively, by the

influence of the protecting groups. Usually, protecting groups in both reaction com-

ponents have to be taken into consideration. This allows for direct coupling, according

to which the armed glycosyl donor is chemoselectively activated over the disarmed
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derivative bearing the same type of LG in the presence of a mild promoter

(Scheme 30). The disaccharide obtained can then be used for subsequent direct

glycosylation in the presence of a more-powerful promoter capable of activating the

disarmed leaving group. In some applications, the same promoter as for step 1 could

be used for step 2 performed at elevated temperature.

Experimentally, the chemoselective strategies are simpler than previously

described selective or orthogonal activations, because one needs to operate with

only one class of compounds (leaving groups); however the necessity for fine tuning

of the leaving-group reactivity and the reaction conditions for its activation comes to

the fore. Along with selective approaches, the chemoselective strategies have become

valuable techniques for expeditious oligosaccharide synthesis. The majority of stra-

tegies discussed in this subsection allows efficient oligosaccharide assembly without

the necessity to perform additional synthetic steps between the glycosylation steps.

The classic armed–disarmed approach, developed by Fraser-Reid, has created a

solid basis for extensive studies and applications, and all strategies discussed in this

section are related to (or derived from) this elegant concept. The key factor for the

armed–disarmed activation to take place is the availability of a suitable promoter that

differentiates between the armed and disarmed building blocks. While in most cases

the differentiation of the reactivity between armed and disarmed species is maintained

by the choice of promoter or temperature, the solvent effect observed by Oscarson

may become a useful technique for future assemblies.160 Thus, it was demonstrated

that highly reactive substrates could be activated in diethyl ether, whereas poorly

reactive disarmed derivatives had to be activated in CH2Cl2.
O
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1. Arming and Disarming with Neighboring Substituents

The effect of protecting groups on the leaving-group ability has been known for

long time, but it was Fraser-Reid and co-workers, who developed a new strategy for

chemoselective oligosaccharide synthesis.2,117,161–163 This concept utilizes the fact

that the protective groups present on the sugar molecule dictate its reactivity. It was

discovered that armed glycosides, sugar molecules that are protected with an ether

moiety at C-2, can be readily activated by mild promoters. On the other hand,

disarmed glycosides that are protected by an ester group at C-2 require stronger

promoters. This allows for direct coupling according to which a benzylated (electron-

ically activated, armed) glycosyl donor is chemoselectively activated over the

acylated (electronically deactivated, disarmed) derivative bearing the same type of

LG in the presence of a mild promoter (Scheme 31). For example, iodonium

(di-g-collidine) perchlorate (IDCP) was used as a mild electrophilic activator for

O-pentenyl glycosides.161 Since the anomeric configuration of the product is also

determined by the protective group at O-2, a 1,2-cis-linked disaccharide is preferen-

tially obtained at the first step, due to the use of the ether-type arming substituent, a

non-participating group (O-benzyl). The disaccharide obtained can then be used for

1,2-trans glycosylation directly in the presence of a more potent promoter (such as

NIS/ TfOH for O-pentenyl glycosides), capable of activating the disarmed leaving
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group. As discussed in Section II.1, this selectivity takes place because of formation

of the acyloxonium intermediate that coordinates the 1,2-cis face of the ring.

This concept was further explored for the chemoselective glycosidations of other

classes of compounds, including thioglycosides,164 selenoglycosides,116 fluorides,165

phosphoroamidates,166 substituted thioformimidates,167 glycals,168 and thioimi-

dates.169,170 For example, Hashimoto et al. reported the synthesis of a glycosphingo-

lipid 165 using phosphoroamidate building blocks (Scheme 32).166 The armed

galactosyl donor 158 was activated over the disarmed galactosyl acceptor 159 by

activation with TMSOTf at �46 �C to provide disaccharide 160 in 85% yield.

Glucosyl donor 161 was glycosidated with lipid 162 in the presence of TMSOTf at

0 �C to generate 163 in 74% yield. The latter was then converted into a glycosyl

acceptor 164 by removal of the chloroacetyl group with thiourea–lutidine. Glycosyl

donor 160 was then glycosidated with glycosyl acceptor 164 in the presence

of TMSOTf at 0 �C to provide the requisite glycosphingolipid 165 in 85% yield.

Overall, the armed–disarmed strategy offers an efficient tool for the synthesis

of oligosaccharides having a cis–trans glycosylation pattern.58,117 The synthesis of

cis–cis-linked derivatives is also possible, but additional reprotection at the
161
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disaccharide stage (OBz ! OBn) is required. A representative example of this

strategy is shown in Scheme 33.164 The armed glycosyl donor 166 was selectively

activated over the disarmed glycosyl acceptor 167 in the presence of IDCP to provide

disaccharide 168 in 91% yield. The latter was debenzoylated and then benzylated to

provide the armed disaccharide donor 169, which was then glycosidated with acceptor

167 to provide the cis–cis trisaccharide 170 in 72% yield. Because of the conversion

of the second-generation glycosyl donor into the armed state, the second-step

coupling could be also performed with the mild promoter IDCP.

A related concept was developed by the Demchenko group. Thus, it was demon-

strated that, with the use of a 2-O-picolyl substituent as a novel arming participating

group on glycosyl donor 171, upon coupling with the disarmed acceptor 172 by

the addition of Cu(OTf )2, the 1,2-trans-glycosidic linkage can be chemo- and stereo-

selectively introduced at the first glycosylation step (Scheme 34). The resulting

disaccharide 173 is isolated in 74% yield.170 Due to the reverse outcome of this

glycosylation in comparison that of classic armed–disarmed approach leading to the

formation of 1,2-cis glycosides, this approach is called the inverse armed–disarmed

strategy. Subsequent glycosidation of the disarmed disaccharide 173 with glycosyl

acceptor 174 could be achieved in the presence of the more-powerful activator

AgOTf, leading to the trans–trans-linked trisaccharide 175 in 88% yield.170
166
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2. Reactivity-Based Programmable Strategy

Significant progress in the area of chemoselective oligosaccharide synthesis

has emerged with the development of programmable oligosaccharide strategy, which

became a logic extension of studies pioneered in Fraser-Reid’s, vanBoom’s, Ley’s, and

Wong’s groups. Attempts to classify, and even predict the outcome of, a glycosylation

reaction (or a sequence) have led to the development of approaches to quantify the

reactivity of building blocks.8,9,171–173 Among these, a vast database of relative reac-

tivity values (RRVs) has been assembled; and the data collected have been compiled

into a predictive computer program called Optimer.9 The determination of RRVs was

performed with standard reaction conditions using tolyl thioglycoside donors in the

presence of NIS/TfOH as the promoter system. It was noted that optimal chemoselec-

tive couplings generally occurred when there was a large difference in the RRVs.

A particularly illustrative example is shown in Scheme 35 (synthesis of 179). Thus,

selective activation of glycosyl donor 176 (RRV ¼ 17,000) over building block 177

(RRV ¼ 28.9) in the presence of NIS/TfOH resulted in formation of the disaccharide

derivative. The latter was not isolated; instead, glycosyl acceptor 178 and additional

NIS were added to the reaction mixture. As a result of this two-step sequential activa-

tion, trisaccharide 179 was isolated in 58% overall yield.9 This approach combining

two (or more) glycosylation steps, based on the in situ activation of one donor over

another, is termed the one-pot technique. One-pot strategies offer the shortest pathway

to oligosaccharides, as the sequential glycosylation reactions are performed in a single

flask (pot) and do not require isolation and purification of the intermediates. A more

extensive discussion of this technique is detailed in Section VI.3.
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3. Disarming by the Remote Substituents

Madsen’s group observed that a single electron-withdrawing moiety at the remote

C-6 position was sufficient to disarm a glycosyl acceptor by comparison with

the peralkylated glycosyl donor.174 This effect was especially pronounced with the

use of a potent electron-withdrawing functionality, such as the pentafluorobenzoyl

(PFBz) ester.175 For example, benzylated thioglycoside 180 could be chemoselec-

tively activated over the 6-O-pentafluorobenzoyl acceptor 181 in the presence of

NIS/TESOTf to provide disaccharide 182 (Scheme 36). The latter could then be

glycosidated with glycosyl acceptor 183 the presence of NIS/TESOTf to give

trisaccharide 184 in 61% yield.

Further insight to the armed–disarmed approach came with the observation of the

unusual reactivity pattern of the SBox glycosides. Thus, it was demonstrated that

glycosyl donors having the 2-O-benzyl-3,4,6-O-triacyl pattern of protecting groups

are even more deactivated than the corresponding ‘‘disarmed’’ peracylated deriva-

tives.169 Although the exact nature of this interesting effect, termed the O-2/O-5

cooperative effect, is not yet understood, it has been postulated that the intermediate

carbocation stabilization via the acyloxonium ion of the peracylated donor is favored

over the oxacarbenium ion stabilization of the 2-benzyl-3,4,6-triacylated donors (see
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the synthesis of 189, Scheme 37). This effect is especially profound with glycosyl

donors having the 1,2-trans anomeric configuration, which is known to greatly

facilitate anchimeric assistance by the neighboring substituent.176 This stabilization

presumably takes place with concerted displacement of the leaving group, resulting in

the formation of the acyloxonium intermediate. Armed glycosyl donor 185 was

activated over the disarmed SBox acceptor 186 by the addition of Cu(OTf)2 to provide

disaccharide 187 in 64% yield. The disarmed disaccharide 187 was then chemoselec-

tively activated over glycosyl acceptor 188 by the addition of Cu(OTf)2/TfOH

to produce the trisaccharide 184 in 70% yield. To differentiate the two levels of

the disarmed building blocks, the ‘‘disarmed’’ acceptor 186 was termed ‘‘moderately

disarmed’’.169
4. Disarming by Torsional Effects

Fraser-Reid171 and Ley177 found that the anomeric deactivation can be also

achieved by the torsional effect of cyclic acetal and dispiroketal protecting groups.

The acetal and ketal groups impart rigidity into the structure. This rigidity hinders the

flattening of the ring during formation of the oxacarbenium ion, thereby increasing

the activation energy for formation of the intermediate. Ley and co-workers reported

the synthesis of a GPI anchor utilizing the disarming effects of the cyclic dispiroketal
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protecting moieties (Scheme 38).116,178 Thus, the armed mannosyl donor 190 was

activated over the torsionally disarmed mannosyl acceptor 191, bearing the same

leaving group (SePh), in the presence of NIS/ TMSOTf. The resulting disaccharide

192 was obtained in 98% yield. In similar fashion, the armed galactosyl donor 193

was activated over the torsionally disarmed galactosyl acceptor 194 to provide

disaccharide 195 in 71% yield. Selective activation of glycosyl donor 195 over

thioglycoside acceptor 196 in the presence of MeOTf and subsequent desilylation

with HF, led to trisaccharide 197 in 67% yield over two steps. It should be noted that,

although MeOTf can in principle also activate the SEt group, in this instance it was

found too weak an activator to activate the strongly electronically disarmed SEt group

in compound 196 and also in 197. The latter was glycosylated with the disaccharide

donor 192 in the presence of MeOTf to provide pentasaccharide 198 in 75% yield.

Finally, the pentasaccharide donor 198 was glycosidated with disaccharide acceptor

199 in the presence of NIS/TfOH to provide the corresponding heptasaccharide 200

in 50% yield.

More recently, Boons demonstrated that thioglycosides protected with the cyclic 2,3-

carbonate group are even less reactive than traditional disarmed acylated derivatives.179
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The ester/acetal groups are disarmed by different mechanisms: while esters disarm

electronically, benzylidene and isopropylidene acetals were considered to be disarmed

by torsional strain. This deactivation was extensively studied by Bols,180 who used the
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acid hydrolysis of methyl glycosides and the spontaneous hydrolysis of 2,4-dinitrophe-

nyl glycosides as their models to study the source of this deactivation. This study

concluded that there is roughly equal deactivation from both torsional and electronic

effects.
5. Super-Armed Glycosyl Donors

Bols and co-workers discovered a new phenomenon, according to which confor-

mationally modified glycosyl donors are exceptionally reactive (super-armed).181,182

Glycosyl donors protected with bulky TBDMS groups at 2, 3, and 4 positions were

found to have superior reactivity by comparison with the classic armed perbenzylated

glycosyl donors. The enhanced reactivity was explained by favorable stereoelectronic

effects associated with conformational change (as in compound 201, Scheme 39)

induced by the bulky silyl protecting groups. Apparently, structurally modified

glycosyl donors having axial OR protecting groups provide a more-favorable

charge–dipole geometry in comparison to the conventional glycosyl donors that

adopt the 4C1 chair conformation. This concept was clearly illustrated by performing

the one-pot coupling with all three reaction components (thioglycosides 201–203)

mixed from the very beginning (Scheme 39).182 This type of one-pot technique
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required differentiation between the reactivity levels of both glycosyl donors (201 and

202) and glycosyl acceptors (202 and 203)—all bear the same anomeric leaving group

(phenylthio). The first reaction took place between the super-armed glycosyl donor

201 and the more reactive primary (and also more electron rich due to the neighboring

benzyl substituents) glycosyl acceptor 202. The resulting disaccharide derivative then

reacted with the remaining glycosyl acceptor 203. As a result of this one-pot coupling

in the presence of NIS/TfOH, trisaccharide 204 was obtained in 64% yield.

Mydock and Demchenko have expanded the scope of this approach by determining

that the strategic placement of common protecting groups opens up a new method for

‘‘super-arming’’ the glycosyl donors.183,184 Thus, it was observed that S-benzoxazo-

lyl (SBox) glycosyl donors possessing both a participating moiety at C-2 (benzoyl)

and an electronically armed lone pair at O-5, achieved with the 3,4,6-tri-O-benzyl

protection pattern, were super-armed. To illustrate this, super-armed glycosyl donor

205 was activated over ‘‘armed’’ acceptor 206 by the addition of DMTST to provide

disaccharide 207 in 70% yield (Scheme 40). This disaccharide was then glycosidated

with acceptor 208 to provide trisaccharide 209 in 85% yield.
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V. Regioselectivity-Based Strategies
1. Hydroxyl Reactivity

Many common chemical reactions such as oxidation, acylation, or alkylation

allow for the differentiation between various hydroxyl groups. Most commonly, the

reactivity difference between primary and secondary alcohols has been explored.

It should be noted that syntheses via these strategies are so numerous that only

representative recent citations could be included in this subsection. Although the

first regioselective glycosylations of primary hydroxyl groups over the secondary

ones were performed decades ago, this approach is still among the most common

techniques to obtain branched oligosaccharides (Scheme 41).86,185–190

A representative example, in which a tetrasaccharide was synthesized in a one-pot

fashion, is depicted in Scheme 42.191 Glycosyl acceptor diol 210 was selectively

glycosylated at the primary hydroxyl group with glycosyl donor 211 in the presence of

AgOTf to provide disaccharide 212. The latter was used as a glycosyl donor for

glycosidation with glycosyl acceptor 213 in the presence of MeOTf to provide

trisaccharide 214. The remaining hydroxyl group on compound 214 was then glyco-

sylated with glycosyl donor 215 to provide tetrasaccharide 216 in 48% overall yield.

This approach combines advantageous features of the regioselective glycosylation

and bidirectional approach discussed next.

Occasionally, it is possible to glycosylate one secondary alcohol over another, and

the most common examples include preferential glycosylation of equatorial

hydroxyl groups over their axial counterparts.119,187,192–196 Among many

applications, acceptor polyols are commonly used for the introduction of bulky
O
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Scheme 41. Reactivity-based regioselective glycosylation of polyols.
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N-acetylneuraminic acid residues.197 For instance, the synthesis of fucosyl GM1

analogue 221, a representative example of versatility of this approach, is depicted

in Scheme 43.198 The equatorial C-30 hydroxyl of the lactosyl acceptor 217 was

regioselectively glycosylated over the C-40 hydroxyl by the glycosyl donor 218 in

the presence of TMSOTf to provide trisaccharide 219 in 75% yield. The 40-hydroxyl
group of compound 219 was then glycosylated with the trisaccharide glycosyl donor

220 in the presence of MeOTf to produce the hexasaccharide 221 in 70% yield.

Evidently, the versatility of this approach in this particular case has been additionally

enhanced by applying the convergent strategic approach.

Glycosylation of acceptor polyols has also been used for the concomitant introduc-

tion of multiple copies of the same residue,81,85,86,89 and for generating combinatorial

libraries of oligosaccharides.199–202 In a number of cases, the regioselectivity could be
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improved by the use of special techniques, such as regioselective (de)activation by

tin-based reagents203 or via boronic acid intermediates.204

Occasionally, unexpected (reverse) regioselectivity in glycosylations of polyols has

been observed,81,188,205 however, systematic studies that would explain these

phenomena are yet to emerge.
2. Triphenylmethyl Reactivity

Kochetkov demonstrated that the reactivity of hydroxyl groups protected as triphe-

nylmethyl (trityl) ethers is reversed in comparison to that of free alcohols.206,207 Thus,

it was shown that the secondary trityl can be regioselectively glycosylated in the

presence of its primary counterpart. If the glycosyl donor used in excess, both positions

are glycosylated.76 This approach is especially useful for the synthesis of 4,6-branched

oligosaccharides when the use of a 4,6-diol was less practical, as the bulky sugar unit at

C-6 would further decrease the reactivity of 4-OH, if introduced at the earlier stage.

For a relevant example, see the synthesis of 228 shown in Scheme 44.119 Glycosyl

acceptor 223 was regioselectively glycosylated at C-4 by the glycosyl donor 223 in



O
OAcAcO

SMeO

AcO

AcO O

OAc

Ac2N

COOMeOAc OAc

Ac2N

COOMeOAc
AcO

O
OAcAcO

O
OAc

O
OTr

O
BnO

PhthN
O

O

OAc

OAc

OTr
TrO
BnO

PhthN
O

O

O

OAc

Ac2N
AcO

COOMeOAc
AcO

O
OAcAcO

O
OAc O

O

O
BnO

PhthN

O
OAcAcO

AcO
OAc

O
OAc

O
AcO

OAc

O

O
OAcAcO

AcO
OAc

O
OAc

O
AcO

O O
CN

MeOTf

HO
O

OBnHO

OBn
O

OBn
O

BnO
OBn

O N3

O

OAc

Ac2N
AcO

COOMeOAc
AcO

O
OAcAcO

O
OAc

O

O

O
BnO

PhthN

O
OAcAcO

AcO
OAc

O
OAc

O
AcO

OAc

O
O

OBnHO

OBn
O

OBn
O

BnO
OBn

O N3

82%TrClO4

96%
223

224
225

226

222

227

62%NIS/TMSOTf

228

Scheme 44. Inverse regioselectivity of the ditritylated acceptors in the synthesis119 of Group B type III

pneumococcal oligosaccharide 228.

OLIGOSACCHARIDE SYNTHESIS 211
the presence of MeOTf to produce trisaccharide 224 in 96% yield. The primary trityl

group in the trisaccharide 224 was subsequently glycosylated with disaccharide donor

225 in the presence of TrClO4 to provide the pentasaccharide 226 in 82% yield. This

pentasaccharide was then used as a glycosyl donor for the regioselective glycosylation

of the lactose acceptor 227, providing the target heptasaccharide 228 in 62% yield. In

addition to the two regioselective glycosylation steps, this synthesis features selective

activation and convergent assembly strategies.

3. Bidirectional Approaches

In a series of publications, Boons developed a bidirectional strategy for oligosac-

charide synthesis. As highlighted in Scheme 45, the key building block bearing a

leaving group and a deactivated hydroxyl group can first react as a glycosyl donor
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with a reactive glycosyl acceptor. Next, the same unit acts as the glycosyl acceptor

that is glycosylated directly at the deactivated hydroxyl group. Hydroxyl deactivation

can be achieved by employing electron-withdrawing protecting groups at surrounding

positions.208 Alternatively, either the silyl or trityl group can be used as the temporary

masking functionality, which is then either glycosylated directly or removed during

the next glycosylation step.

An example of this strategy is the synthesis of the Galili pentasaccharide 233

involved in tissue rejection in xenotransplantation, as shown in Scheme 46.209 The

key building block 229 bears both a leaving group and a hydroxyl group that would

under certain reaction conditions allow for its use as either a glycosyl donor or

glycosyl acceptor. In the synthesis described, compound 229 is glycosidated with

the reactive glycosyl acceptor 230 by the addition of NIS/TMSOTf at �40 �C to

provide trisaccharide 231 in 77% yield. At this stage it should be noted that the poorly

nucleophilic hydroxyl groups in 229, and in turn in 231, remain unreactive. However

at the elevated temperature (NIS/TMSOTf, 0 �C), compound 231 could be glycosy-

lated at the deactivated position with the lactosyl donor 232 to provide pentasacchar-

ide 233 in 61% yield. The use of convergent assembly allowed the authors to

efficiently introduce the challenging 1,2-cis glycosidic linkage by pre-synthesizing

the building block 232, using the armed–disarmed approach.

Since the protecting-group dependence was an apparent limitation for this concept,

the use of such temporary protecting groups (T, Scheme 45) as silyl.111,210 or trityl,211

has become a logical extension for this technique. It was anticipated that, under the

initial mild reaction conditions (step 1) the temporary substituent would simply acts as

a protecting group, while at the second step it can be glycosylated directly. A relevant
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example is depicted in Scheme 47,211 according to which the key building block 232

was glycosidated with glycosyl acceptor 235 by the addition of NIS/TfOH to provide

disaccharide 236 in 62% yield. The latter was then concomitantly deprotected and

glycosylated with thioglycoside donor 237 by the addition of NIS and a stoichiometric

amount of TMSOTf, providing trisaccharide 238 in 70% yield. The use of the glycosyl

donor/acceptor building on the solid support is another useful way to ‘‘deactivate’’ the

hydroxyl group.212 Apparently the polymer-supported glycosyl acceptor would be

significantly less reactive in comparison to the solution-based acceptor.
VI. Novel Technologies for the Rapid and High-Throughput

Oligosaccharide Synthesis

Excellent innovations already surveyed here have allowed scientists to synthesize

complex oligosaccharides and glycoconjugates that were practically inaccessible for

decades. Nevertheless, these syntheses are still very far from simple: their successful
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accomplishment requires significant resources, keeping these targets accessible only

to an elite circle of glycoscientists. Moreover, it has become apparent that only

selected sequences can be accessed by these novel techniques. Furthermore, each

target still requires careful selection of methods, conditions, and strategies.

These notable gaps have stimulated additional scientific efforts that have recently

resulted in the development of a new pool of methods for the stereoselective synthesis

of challenging glycosidic linkages, and strategies for expeditious oligosaccharide

synthesis. Programmable synthesis, one-pot strategies including preactivation-based

sequential couplings, polymer-supported and automated synthesis, as well as fluorous

tag-assisted glycosylations in a microreactor are just a few examples of recent

significant breakthroughs that are surveyed in this section.
1. One-Pot Strategies

One-pot techniques combining two or more (chemo)selective glycosylation steps

have been developed. One-pot strategies offer the shortest pathway to oligosacchar-

ides, as the sequential glycosylation reactions are performed in a single flask (pot) and
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do not require isolation and purification of the intermediates. Many variations of the

one-pot strategy have been developed,38 however, all of these protocols are based on

four major concepts (Scheme 48) or combinations thereof. Approach A is based

on selective activation of one leaving group over another. Since this is the leaving

group-based concept, flexibility needs to be exercised with the protecting groups.

Unfortunately, the number of leaving groups suitable for multi-step, sequential

selective activation is still limited to too few examples. Approach B relies on the

chemoselectivity principle, according to which the reactivity difference between the

glycosyl donor and the glycosyl acceptor is achieved by varying the electronic

properties of protecting groups in one or in both of the reaction components.

Approach C is independent of the building-block reactivity, since the leaving group

of the glycosyl donor is first converted into a highly reactive species (preactivation),

and then the acceptor is added. Although this approach involves a number of addi-

tional steps, as the glycosylation is virtually a two-step reaction, it offers more

flexibility with the leaving and/or protecting groups. Approach D, is performed

in the pure one-pot fashion with all reaction components present from the very

beginning. It requires fine tuning of all reaction components, according to which

the most reactive leaving-group reacts with the most reactive hydroxyl group.
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Subsequent reaction takes place between the most reactive LG and the hydroxyl group

remaining after the first step has been completed. These concepts are illustrated by the

relevant examples that follow.

Included are two examples of the two- and three-step sequential oligosaccharide

assembly to illustrate Approach A. The first synthesis makes use of trichloroacetimidate

239, which is selectively activated over the thioglycoside acceptor 240 with TMSOTf

(Scheme 49). The SPh moiety of the resulting tetrasaccharide is then activated over the

added glycosyl acceptor 241 by addition of NIS and TfOH to provide hexasaccharide

242 in 50% yield over two steps.100 This approach combines advantages of the selective

activation, convergent block strategy, and one-pot synthesis.

Another example involves an efficient synthesis of a linear tetrasaccharide deriva-

tive 247 in 73% yield over three sequential glycosylation steps (Scheme 50).106

This was achieved by the stepwise activation of the SBox glycoside 243 over the

S-ethyl glycoside 244 by addition of AgOTf. The ethylthio group of the resulting

disaccharide intermediate is then activated over the added STaz glycoside 245 by the

addition of NIS and catalytic TfOH. Finally, the STaz moiety of the trisaccharide

intermediate is allowed to react with freshly added glycosyl acceptor 246. This is

achieved by addition of AgOTf; as a result, the tetrasaccharide 247 was obtained in

73% yield over three steps.

Approach B in its conventional mode requires a set of building blocks having the

same type of leaving group, the reactivity of which is differentiated by the protecting-

group pattern. Progress in this area has been possible through the development

of armed–disarmed strategy by Fraser-Reid and the consequent programmable oligo-

saccharide strategies developed by Ley’s and Wong’s groups.8,9,173,213 A relevant
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example is shown in Scheme 51 (synthesis of 252),9 which follows a programmable

approach based on a predictive computer program Optimer, discussed in Section IV.2.

Also in this case, the selection of building blocks 248, 249, and 250was based on their

RRVs, which were found to be 17,000, 162.8, and 13.1, respectively. Indeed, glycosyl

donor 248 was efficiently activated over glycosyl acceptor 249 in the presence of NIS

and TfOH. The resulting disaccharide intermediate then reacted with the freshly

added glycosyl acceptor 250 and NIS. The trisaccharide intermediate was then
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glycosidated with added acceptor 251 to provide tetrasaccharide 252 in 39% yield

overall. Generally, the reactivity difference between similarly protected sugars of

different series has also to be taken into consideration. For example, the reactivity

ratio between perbenzylated tolyl thioglycosides of the 6-deoxy-L-galacto, D-galacto,

and D-gluco series was found to be 27.1/6.4/1 respectively.9 Further exploration of

this approach by Wong’s group has resulted in a well-rounded and extremely useful

technology for one-pot oligosaccharide synthesis.10,15,214–218

A relevant example illustrating Approach C is shown in Scheme 52 (synthesis of

tetrasaccharide 257).18 Glycosyl donor 253 was cooled to �60 �C and the promoter

system AgOTf and p-toluenesulfenyl chloride was added. After 5 min, glycosyl

acceptor 254 was added and the reaction mixture was warmed to room temperature

(rt) for 15 min to generate a disaccharide intermediate. The mixture was then cooled

to �60 �C and another portion of the promoter was added. After 5 min, glycosyl

acceptor 255 was added, and the reaction mixture was warmed to rt. Upon formation

of the trisaccharide intermediate, the preactivation–glycosylation sequence was

repeated once again with the glycosyl acceptor 256 to produce tetrasaccharide 257

in 55% overall yield in only 2 h.

Approach D can be illustrated by Kahne’s synthesis depicted in Scheme 53.111

The strategy takes advantage of the difference in reactivities of phenyl sulfoxide

donors 258 and 259, as well as glycosyl acceptors 259 (masked as the TMS ether)
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and 260. Since the building block 259 can act as both glycosyl donor and glycosyl

acceptor, this synthesis can serve as an illustrative example for the bidirectional

strategy already discussed. In this instance, all three building blocks were mixed,

the reaction mixture was cooled to �78 �C, and the activator (TfOH) was added.

The less-reactive glycosyl donor 258 then slowly reacted with the TMS-protected

hydroxyl group of the disaccharide intermediate to provide trisaccharide 261 in 25%

yield. Another example of approach D was discussed previously (see Section IV.5).

A number of one-pot syntheses that rely on mixed conventions,191,219 for instance

selective and chemoselective activations, as well as acceptor-187,220 and bidirectional

strategy-based approaches221,222 have also been developed. These techniques offer

further advantages for the synthesis of longer or branched oligosaccharide sequences.
2. Polymer-Supported, Solid-Phase, and Automated Synthesis

Further breakthroughs in the area of synthetic chemistry emerged with the devel-

opment of organic synthesis on solid phase.223–226 As a consequence, the past decade

has witnessed dramatic improvements in the area of solid phase-supported oligosac-

charide synthesis.202,227–230 Polymer-supported synthesis is a very attractive techni-

ques as it allows for rapid synthesis of oligosaccharide sequences without the



220 J. T. SMOOT AND A. V. DEMCHENKO
necessity of purifying (and characterizing) the intermediates. Another important

advantage of oligosaccharide synthesis on solid-phase support is the ease of excess

reagent removal (by filtration).

Among multiple methods and approaches that have been developed to

date,23,26,36,231–245 two main strategies for solid-phase saccharide synthesis that differ

in the type of the attachment can be identified (Scheme 54).246 In strategy A, the

glycosyl acceptor unit is bound to the solid support, most commonly at the anomeric

position, however, attachments to other hydroxyl groups have also been used. In this

case, the excess of the glycosyl donor and promoter are present in the solution phase.

In the approach B, the glycosyl donor unit, linked to the solid support via a suitable

hydroxyl group, reacts with the solution-phase acceptor.

The reiteration for the repetitive glycosylation is usually performed in the conven-

tional linear fashion and involves removal of the temporary protecting groups or

anomeric substituents. Nevertheless, a number of improvements, allowing more-

expeditious oligosaccharide assembly, are also available, including convergent

synthesis,247 two-step,142 selective,248,249 and orthogonal activations,5,152,248 as well

as the bidirectional approach,14,212

An elegant synthesis that combined advantages of the polymer-supported technol-

ogy and convergent building-block strategy was applied to the synthesis of a hex-

asaccharide 274 (Scheme 55).247 The key feature of this assembly is the use of an

anomerically connected spacer-linker that can be removed under unique reaction

conditions. This approach also allows flexible manipulation with the remaining
O
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protecting groups. For example, the fluorenylmethoxycarbonyl (Fmoc) and diethyl-

isopropylsilyl (DEIPS) groups could be removed without affecting the linker. Thus,

the scheme involved the use of thioglycoside 262 as glycosyl donor for the anomeric

attachment to the resin 263. This was accomplished in the presence of NIS/TMSOTf

and resulted in the formation of the polymer-bound acceptor 264. The latter was

then glycosylated with the solution-based glycosyl donor 265, and the resulting
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polymer-bound disaccharide 266was converted into a glycosyl acceptor 267 by remov-

ing the Fmoc protection with triethylamine. The resulting disaccharide acceptor 267

was then glycosylatedwith fucose donor 268 in the presence ofNIS andTMSOTf to give

the trisaccharide 269. The yield of all steps up to the trisaccharide 273 was determined

to be 35% (based of loading of the polymer). The trisaccharide common pool was then

split into two portions: the first was treated with Bu4NF to afford the polymer-bound

glycosyl acceptor 270. The second portion was cleaved from the polymer support with

DDQ, and the resulting hemiacetal 271 was then converted into trichloroacetimidate

donor 272. The solution-phase donor 272 was then glycosidated with the polymer-

bound acceptor 270 to generate the hexasaccharide 273. Upon cleavage from resin,

hexasaccharide 274 was obtained in 20% overall yield (based on loading).

Danishefsky reported the solid-phase synthesis of oligosaccharide 281, based on

the glycosyl donor-bound approach (Scheme 56).142 First, glycal 275 was attached to

a divinylbenzene–styrene copolymer resin via a silyl linkage that was formed in the

presence of diisopropylethylamine (DIPEA) to provide polymer-bound 276.

The glucal was then epoxidized with DMDO and the resulting 1,2-anhydro sugar

was glycosidated with 275 in the presence of ZnCl2 to provide the attached disaccha-

ride intermediate 277. The latter was then epoxidized and glycosidated with 275 in the

presence of ZnCl2 to provide the attached trisaccharide 278. Once again, epoxidation

with DMDO was executed and the resulting 1,2-anhydride was glycosidated with

disaccharide acceptor 279 in the presence of ZnCl2 to provide the attached pentasac-

charide 280. The latter was then cleaved from the resin by the treatment with Bu4NF/-

AcOH to provide the pentasaccharide 281 in 58% overall yield.

Schmidt reported the synthesis of a branched N-glycan hexasaccharide 290 using the

acceptor-bound strategy (Scheme 57).250 The glucosamine derivative 282 was attached

glycosidically to the Merrifield resin support in the presence of TMSOTf, and the Fmoc

protective group was removed by treatment with Et3N, providing glycosyl acceptor

283. Glycosyl donor 284 was then reacted with the polymer-bound acceptor 283 in the

presence of TMSOTf to give a trisaccharide, which was then treated with Et3N to

remove the Fmoc group. The resulting glycosyl acceptor 285 was glycosylated with

mannosyl donor 286 in the presence of TMSOTf to produce the tetrasaccharide, which

was treated with Et3N to remove the Fmoc group. The tetrasaccharide acceptor 287was

glycosylated with glycosyl donor 288 to provide the pentasaccharide, which was

debenzoylated by treatment with NaOMe in CH2Cl2/MeOH. The resulting glycosyl

acceptor 289 was then glycosylated with glycosyl donor 286 in the presence of

TMSOTf to give the requisite hexasaccharide. Upon cleavage from the resin, achieved

by treatment with NaOMe/MeOH, and subsequent acetylation with Ac2O/pyridine the

hexasaccharide 290 was obtained in 19% overall yield.
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To expedite and simplify oligosaccharide synthesis even further, Seeberger

and coworkers developed a method for the automated synthesis of oligosac-

charides.23,251–253 Automation was accomplished by using a peptide synthesizer

that had been modified to be compatible with oligosaccharide assembly using the

trichloroacetimidate or phosphate glycosyl donors that normally require low temper-

ature. Although a relatively new technique, this approach has already been applied to

the synthesis of a variety of oligosaccharide sequences.
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For example, the synthesis of a tetrasaccharide derivative 296, a fragment of the GPI

malarial toxin, was achieved in a highly efficient, automated fashion (Scheme 58).254

High conversion was achieved by repeating the key reaction steps, of glycosylation

and deprotection, and the use of reagents in excess. The resin 291 was glycosylated

with glycosyl donor 292 (five equiv) in the presence of TMSOTf, followed by washing

the resin with CH2Cl2. The glycosylation was repeated to maximize the conversion.

The bound monosaccharide was then deacetylated with NaOMe (10 equiv) to liberate

the hydroxyl group and the resin was washed successively with AcOH/MeOH/THF

solution, THF, and CH2Cl2. The resulting polymer-bound acceptor was then glycosyl-

ated with glycosyl donor 293, and the process repeated for glycosylations with

glycosyl donors 294 and 295. The resulting tetrasaccharide was cleaved from the

resin by Grubbs’ catalyst to provide the tetrasaccharide 296.

A later example of an automated solid-phase synthesis is the synthesis of Globo-H

hexasaccharide 304 (Scheme 59).255 This synthesis is particularly significant because

of the fact that the introduction of 1,2-cis-linked glycosidic residues is not yet

routinely available in polymer-supported reactions in general, and in automated
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syntheses in particular. Glycosyl donor 298 was bound to the resin 297 via glycosyl-

ation using TMSOTf (repeated once) as the promoter, followed by deprotection of the

Fmoc substituent with piperidine (repeated twice) to provide polymer-bound accep-

tor. Subsequent application of glycosyl donors 299–303, followed by removal from

the resin by cross-metathesis completed of the synthesis of oligosaccharide 304 in

30% overall yield.

3. Fluorous Tag-Supported and Microreactor Synthesis

During the long history of oligosaccharide synthesis, numerous improvements have

been incorporated. Among these, fluorous protecting groups (groups incorporating a

long perfluorinated alkyl chain) allow the simple separation of fluorinated species
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(glycosyl acceptor) from non-fluorinated (glycosyl donor) by simple partitioning

between perfluorohexanes and methanol (or toluene). For a representative example,

refer to the synthesis256 of a linear oligosaccharide 315 shown in Scheme 60.

Triol 305 was protected at the O-2,O-3, and O-4 positions with fluorous protecting

groups, using DCC/DMAP mediated coupling with the fluorous acid 306, and the

resulting ‘‘tagged’’ compound was detritylated with camphorsulfonic acid/lithium

chloride (CSA/LiCl) to provide glycosyl acceptor 307. The latter was glycosylated

with glycosyl donor 308 in the presence of TMSOTf in EtOC4F9–diethyl ether to

provide disaccharide 309. Desilylation of disaccharide 309 with HF–pyridine led to
O
RO

RO

OHRO

OBn

N
C8F17

C8F17

O

O

O

O
OTBDPSAcO

AcO
AcO CCl3

NH

Conditions: a: DCC, DMAP then CSA, LiCl;
b:TMSOTf, Mol sieves 4 A, EtOC4F9, Et2O, 0�C;
c: HF-Py, THF

O
RO

RO

O

RO

OBn

O
OR'AcO

AcO
AcO

O
RO

RO

O
RO

OBn

O

O

AcO

AcO
AcO

O
OR'AcO

AcO
AcO

O
HO

HO

OTrHO

OBn
N

C8F17

C8F17

O

O

HO

O
RO

RO

O
RO

OBn

O

O

AcO

AcO
AcO

O

O

AcO

AcO
AcO

O
OR'AcO

AcO
AcO

O
RO

RO

O

RO

OBn

O

O

AcO

AcO
AcO

O

O

AcO

AcO
AcO

O

O

AcO

AcO
AcO

O
OTBDPSAcO

AcO
AcO

b

308

307

R =

308

309: R' = TBDMS

310: R' = H

b

c

a

311: R' = TBDMS

312: R' = H
c

b

308
313: R' = TBDMS

314: R = H
c

b

308

29 % overall

315

305 306

Scheme 60. Fluorous tag-assisted synthesis256 of a linear oligosaccharide 315.



228 J. T. SMOOT AND A. V. DEMCHENKO
glycosyl acceptor 310, which was then glycosylated with glycosyl donor 308 to afford

trisaccharide 311. The sequence was then reiterated until the desired pentasaccharide

315 had been assembled, with a 29% yield overall.

The chemistry of solution-based microreactors, developed in the late 1990s, has

now been applied to carbohydrate chemistry. Seeberger utilized a five-port silicon

microfluidic microreactor to investigate whether such a complex reaction as glyco-

sylation can be performed in a microreactor.257 The benefits of using a microreactor

include: safety, a much greater control of reaction temperature, the capability of

integration of analytical techniques, applicability to automation, ease of scale up

(by simply increasing the number of reactors), and the ability to readily optimize

and study/optimize reactions by varying the flow rate and amounts of reagent in the

process. The drawbacks include: possible longer times if a low flow-rate is required,

along with lack of compatibility with solids.

Recently, the microreactor setup was utilized for the synthesis of a homotetramer

322 (Scheme 61).258 Glycosyl donor 316 was first glycosidated to a fluorous linker

317 in the presence of TMSOTf. This was followed by the removal of the Fmoc group

with piperidine and TBAF to afford fluorous glycosyl acceptor 318. Tetrabutylam-

monium fluoride proved necessary for removal of the 6-O-TMS by-products.

The fluorous acceptor 318 was then glycosylated with glycosyl donor 316 and the

deprotection–glycosylation sequence was repeated until the desired tetrasaccharide

321 has been assembled. The tetrasaccharide was then cleaved from the fluorous

support by treatment with Grubbs’ second-generation catalyst to provide tetrasacchar-

ide 322. The reaction times for the glycosylations were 20 s for the formation of

the disaccharide, and 60 s each for the tri- and tetra-saccharides. The yields for

the reactions after purification were 97, 90, and 95% for the di-, tri-, and

tetra-saccharides, respectively.

A promising technique for the tagged oligosaccharide synthesis that makes use of

an ionic-liquid support has recently emerged.259 As with the polymer-supported

and fluorous tag-supported syntheses, ionic liquid-supported assembly expedites

oligosaccharide synthesis by eliminating the need for chromatographic purification

of the intermediates.
VII. Enzymatic Approach

The need for increasingly efficient methods for organic synthesis has stimulated

the development of enzymatic approaches.260–262 These techniques help in solving

various challenges of carbohydrate chemistry in general34,263 and the synthesis
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of oligosaccharides in particular.264,265 Enzymatic approaches are often used to

overcome the difficulties associated with chemical glycosylations, and the related

multi-step protecting-group manipulations, especially when the introduction of ‘‘dif-

ficult’’ glycosidic linkages is required. The enzymatic reactions offer an important

advantage for ‘‘green’’ chemists because these reactions can often be performed in

the absence of organic solvents. Two fundamentally different approaches for enzy-

matic oligosaccharide synthesis are outlined here: the use of glycosyltransferases and

the application of glycosyl hydrolases. The drawbacks of using enzymatic synthesis

include: lack of availability of a wide choice of enzymes, the high cost of some

enzymes (especially transferases), as well as low reaction yields and the occasional

lack of specificity (especially with hydrolases).
1. Oligosaccharide Synthesis with Glycosyltransferases

Glycosyltransferases are essential enzymes for oligosaccharide biosynthesis.

They are classified as enzymes of the Leloir and those of the non-Leloir path-

way.266–269 The glycosyltransferases of the Leloir pathway are involved in the

biosynthesis of most glycoconjugates and oligosaccharides in mammalians and utilize

sugar nucleotide mono- or diphosphates as glycosyl donors. Several glycosyltrans-

ferases have been used for oligosaccharide synthesis, however thus far only few of

them are commercially available. These enzymes transfer the sugar moiety of

activated sugar nucleotides such uridine 50-(a-D-galactopyranosyl diphosphate)

(UDP-Gal, Fig. 2) and its D-glucose analogue (UDP-Gly), the guanosine L-fucose
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and D-mannose analogues (GDP-Fuc and GDP-Man), and cytidine 50-(neuraminyl

phosphate) (CMP-Neu5Ac) to a specific hydroxyl group of the glycosyl acceptor.

These enzymes are highly substrate-specific and, therefore, the ‘‘one enzyme–one

linkage’’ concept is widely accepted. Nevertheless, some minor modifications of

acceptor or donor are typically tolerated, widening therefore the applicability of a

particular enzyme.270–272

Depending on the structure of the nucleotide donor, there are two main catalytic

mechanisms for glycosyltransferases of the Leloir pathway: inversion and retention of

the anomeric configuration. Retention of the anomeric configuration corresponds to a

two-step mechanism involving first the formation of a glycosyl–enzyme intermediate

and the release of the nucleotide (di)phosphate, followed by attack by the glycosyl

acceptor (Scheme 62). Conversely, inversion of the anomeric configuration most

probably follows a single displacement mechanism wherein the acceptor affects a

nucleophilic attack at C-1 of the glycosyl donor.

Sugar nucleotides have been obtained by both chemical and enzymatic

approaches, 273 however, a very attractive approach to enzymatic synthesis of oligo-

saccharides involves the in situ formation and/or regeneration of sugar nucleotides.274

For example, the synthesis of the GM3 trisaccharide 325 was accomplished with the

use of a three-enzyme system via in situ generation of CMP-Neu5Ac from

N-acetylmannosamine (323), followed by coupling with the lactose acceptor 324

(Scheme 63).275 The sialyltransferase from Pasteurella multocida (tPm0188Ph)
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proved to be very efficient and allowed trisaccharide 325 to be obtained in 91% yield.

In addition, it was shown to be applicable to a broad range of substrates in tolerating

significant modifications of both donor and acceptor components.

Multiple current studies have demonstrated that microbial glycosyltransferases can

serve as alternative enzymes, with the advantage of ready expression in active form

without the necessity for the complicated gene manipulation required for mammalian

enzymes. For example, Wang and co-workers discovered that the sequence of enzyme

reactions to synthesize blood-group antigens in bacteria is essentially the same as that

in humans.276 This discovery was applied to the enzymatic synthesis of blood-group B

antigen 329 using cloned, over-expressed, and purified bacterial glycosyltransferases

(Scheme 64). Starting with the glycosyl acceptor 326, galactosylation was performed

with the use of b-1,3-galactosyltransferase (WbnJ) to afford the disaccharide 327 in

85% yield. The latter, in turn, was fucosylated with a-1,2-fucosyltransferase (WbnK)

to afford trisaccharide 328 in 75% yield. The sequence was completed by galactosy-

lation in the presence of a-1,3-galactosyltransferase (WbnI) to afford blood-group

B antigen tetrasaccharide 329 in 93% yield.

A variety of linear oligo- and polysaccharides can be also prepared using

glycosyltransferases of the non-Leloir pathway, which utilize sugar a-phosphates as
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glycosyl donors.264,266 Another group of non-Leloir glycosyltransferases, cyclodex-

trin glucanotransferases, catalyze the synthesis of cyclodextrins. These enzymes are

typically characterized by broad acceptor specificity.277
2. Oligosaccharide Synthesis with Glycosidases (Hydrolases)

In the natural environment, these enzymes hydrolyze glycosidic bonds and there-

fore are responsible for degradation of oligosaccharides. However, the reverse hydro-

lytic activity of hydrolases can also be exploited for the glycosidic bond-formation

process.278,279 Glycosyl hydrolases are much more readily available than glycosyl-

transferases, but also are typically less regioselective, and the transformation yields

are lower. By analogy with glycosyltransferases, there are two main catalytic mechan-

isms for hydrolases: one leading to inversion of the anomeric configuration and the

other leading to retention.264,280 The easiest way to employ this approach is to

perform the glycosylation under thermodynamically controlled conditions, where

reverse hydrolysis is achieved at equilibrium (Scheme 65A). In spite of considerable

progress made in this area, the major limitations of this approach are the low isolated

yields, which rarely exceed 10–20%.281 A significantly improved outcome (yields are

typically ranging from 20 to 40%) can be achieved under kinetically controlled

glycosylation conditions. In this case, activated glycosyl donors are employed, such
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as glycosyl fluorides, aryl glycosides, disaccharides, oxazolines, and so on

(Scheme 65B). Kinetically controlled glycosylation employing glycosidases (often

called ‘‘transglycosylation’’ reactions) have been employed for the synthesis of a

variety of oligosaccharides.279

A major drawback of the hydrolase-catalyzed enzymatic approach in general is the

‘‘relaxed’’ and often unpredictable regioselectivity, which occasionally can be

improved by varying the reaction conditions, as by the use of organic co-solvents,

by acceptor modification, and others.282–284 The discovery and application of other,

more-selective enzymes is another efficient approach to achieve improved regio-

selectivity.278,285 For example, application of glycosynthase, a synthetic enzyme

derived from a retaining glycosidase, allowed irreversible glycosidation of glycosyl

fluoride donor 330 with the dixyloside acceptor 331 (Scheme 66).286 The enzyme

modification was achieved by mutation of the catalytic nucleophile into a

glycine moiety. Application of the glycosynthase derived from the b-1,4-xylanase
of Cellulomonas fimi resulted in a very efficient and high-yielding synthesis of xylans.

The (1!4)-linked xylooligosaccharides 332, ranging from tetra- to dodecasaccharides,

were obtained regio- and stereoselectively in excess of 60% combined yield.
VIII. Outlook

It is critical to make complex carbohydrates more accessible to the general

chemical, biochemical, and industrial audience to keep pace with the exploding

area of glycobiology. This can be only achieved by the development of methods
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and strategies for efficient oligosaccharide synthesis that would be applicable for both

laboratory and industrial preparation. A number of excellent strategies that offer

a reasonably efficient route to oligosaccharide assembly have already emerged.

Important discoveries surveyed in this chapter have already allowed scientists to

synthesize complex oligosaccharides and glycoconjugates for structural, biological,

and medical studies. Nevertheless, carbohydrates of even moderate complexity still

present a considerable challenge, even to experts. No expeditious strategy developed

to date can offer an easy and reliable access to all full range of compounds of interest.

Some strategies offer a very efficient approach to certain sequences, but in general

each target still requires careful selection of methods, conditions, and strategies.

The development of efficient and general methods for the expeditious synthesis

of complex carbohydrates will undoubtedly remain an important and active arena

for scientific endeavors during the twenty-first century. In the coming years, glyco-

scientists are expected to have developed simple, efficient, and flexible approaches to

oligosaccharide assembly that will complement existing methodologies and bring

our ability to obtain complex oligosaccharides up to a significantly higher level.

The recent innovations surveyed herein make contemporary glycoscientists well

positioned to undertake further studies. Future developments may be expected to

incorporate existing methodologies, and combinations thereof, while blending in new

concepts and technologies.
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I. Introduction

The mannans and rhamnans, glycans composed of multiple mannopyranosyl and

rhamnopyranosyl monomers, are widespread in Nature and present a very diverse set

of biological properties. As with most oligosaccharides and glycoconjugates, the

study of these properties is often hindered by the heterogeneity of natural isolates

and the small quantities in which they are available. The chemical synthesis of

homogeneous mannans and rhamnans is therefore an area of both considerable

interest and importance. The a-mannans and rhamnans contain multiple 1,2-trans-

axial glycosidic units and might be considered some of the more facile glycans

accessible by synthesis. This is evident from the considerable amount of work in

this area, and it is for this reason that this chapter opens with this subgroup. Never-

theless two approaches, those avoiding the use of neighboring-group participation and
ts reserved.
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those relying on it for the stereocontrolled formation of the 1,2-trans-axial glycosidic

bonds, are discernible, along with considerable ingenuity directed toward the devel-

opment of ever more efficient strategies. The b-mannans and rhamnans on the other

hand are examples of glycans based on the 1,2-cis-equatorial class of glycosidic bond,

which, until recently, was considered to be one of the more difficult linkages to

prepare. Less work has therefore been directed at the synthesis of the b-mannans and

rhamnans, but the existing syntheses testify to the creativity and adaptability of

organic synthesis in the service of carbohydrate chemistry.

To contain the chapter within manageable limits, for both authors and readers, the

material has been arbitrarily limited, with occasional exceptions, to pure mannans and

pure rhamnans. Consequently the synthesis of theGPI anchors,which has been reviewed

recently1,2 and which feature a trimannan at the center of a longer glycan chain, is not

covered. The minimum chain length considered is three monosaccharide units, and, for

the most part, final deprotections have been omitted from the reaction schemes.
II. The a-Mannans and a-Rhamnans
1. a-Mannan Synthesis in the Absence of Neighboring-Group Participation

The seemingly straightforward task of a-mannan synthesis in the absence of

neighboring-group participation has been the subject of considerable creativity.

This is illustrated through the labors of Ley and co-workers who, setting the stage

for their groundbreaking work on one-pot oligosaccharide synthesis,3 constructed a

high mannose-type nonasaccharide in a highly efficient manner.4 A series of five

mannosyl donors (Fig. 1) was constructed whose relative reactivities were determined

by the nature of the anomeric substitutent, pheynlseleno or alkylthio glycosides, and

by the protecting-group array.
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Scheme 1. Tetrasaccharide assembly.
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Activation of the perbenzylated selenoglycoside 1 by NIS (N-iodosuccinimide)* and

triflicacid in thepresenceof themonohydroxybisacetal-protectedselenoglycoside2 took

advantage of the greater reactivity of the perbenzyl system and afforded a disaccharide.

This disaccharide was not isolated, but was activated with further NIS and triflic acid in

the presence of the bisacetal-protectedmonohydroxy thioglycoside 5 to give a trisaccha-

ride in 67% isolated yield (Scheme 1). The lower reactivity of the thioglycoside was

reflected in the fact that the trisaccharide 6 could not be activated by the NIS/TfOH

combination for coupling to the acceptor 7, meaning that recourse had to be made to the

more powerful combination of silver triflate and bromine,when the tetrasaccharide 8was

obtained in 60%yield. Removal of the single silyl ether protecting group cleared theway

for introduction of the second arm of the biantennary nonsaccharide target (Scheme 1).4

A second disaccharide was assembled similarly to the first, again taking advantage

of the lower reactivity of the bisacetal protecting group over the perbenzylated

system, before coupling to 3,6-dihydroxy thioglycoside 4 to give a pentasaccharide

11 in the form of a thioglycoside (Scheme 2).4

Activation of this pentasaccharide with the NIS/TfOH combination in the presence

of the tetrasaccharide acceptor 9 gave the target nonasaccharide in 89% yield

(Scheme 3). The subtle influence of protecting groups on glycoside reactivity is
*For a list of many abbreviations commonly used in glycoside synthesis, see page 162 of the article by

Smoot and Demchenko in the current volume.
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Scheme 3. Completion of the synthesis.
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underlined by the comparison of the two donors, trisaccharide 6 and pentasaccharide

11, with the first requiring the more powerful bromine/AgOTf activating system,

while the second succumbed to NIS/TfOH. The careful design of the entire reaction

scheme leading to the protected nonasaccharide is emphasized by the need for only a

single protecting-group manipulation after the preparation of the monosaccharide

building blocks. The final deprotection of the entire nonasaccharide (not shown)

required only four steps, but was hampered by complications in the hydrogenolysis

of certain benzyl ethers with competing reduction to cyclohexylmethyl ethers.4

Ito and coworkers assembled a series of a-mannans working under frozen solvent

conditions, and observed striking rate accelerations when compared to the same

reactions in fluid media.5 For example, the trisaccharide thioglycoside 14was coupled

to the hexasaccharide 13 at 4 �C with activation by methyl triflate to give the

nonasaccharide15 (Scheme 4). When toluene was employed as solvent, after 22 h at

4 �C only 6% of the product was obtained, whereas in frozen xylene under the same
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conditions of temperature and time the yield increased dramatically to 61%. The

results were rationalized by invoking concentration of the reactants in the small

volume of the liquid phase that exists in equilibrium with the solid phase below the

freezing point, but above the eutectic temperature of the reaction mixture.5 Unfortu-

nately, in some examples, the acceleration in rate was accompanied by an unex-

plained loss of stereoselectivity for the a anomer that we speculate may be due to

reduced mobility of the reactants within the small volume of the liquid phase. This

would have the effect of hindering solvation of the key oxacarbenium ion/leaving

group ion-pairs and/or of positioning the acceptor ideally for attack on the b face.

Several other syntheses of a-mannans have been reported that concentrate for the

most part on glycosidic bond formation in the absence of neighboring-group partici-

pation but which, nevertheless, fall back on this concept for one or more linkages.

Included in this class is the Ley synthesis of a series of high mannose-type neogly-

colipids prepared with the aim of targeting liposomes to macrophages for gene
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therapy.6 Thus, activation of the 2-O-acetyl selenoglycoside 16 with NIS/TfOH in the

presence of the thioglycoside mono-ol 17 gave disaccharide 18 in 75% yield, thereby

illustrating the superior reactivity of selenoglycosides over thioglycosides, even in the

presence of a disarming 2-O-acetyl group (Scheme 5).6

Coupling of disaccharide 18 with acceptor 7 gave a trisaccharide 19 which, after

removal of the distal acetate ester, was again coupled to the perbenzylated selenogly-

coside donor giving a tetrasaccharide 21 (Scheme 6). Finally, after removal of a silyl

ether, a further a-mannosidic linkage was crafted through the use of the 4,6-O-

benzylidene-protected selenomannoside 23 to give the hexasaccharide 24 (Scheme 6).

It is of some interest to note that this last coupling gave the a-mannosidic linkage,

despite the presence of the strongly disarming 4,6-O-benzylidene acetal in the donor,

a result that is presumably due to the premixing of the donor and acceptor and the use

of the mixed solvent containing 50% diethyl ether, which was known to be detrimen-

tal to acetal-directed b-mannoside synthesis.7,8
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Kong and coworkers developed an approach to a branched a-mannan from a

Saccharomyces cerevisiae strain employing the Schmidt trichloroacetimidate glyco-

sylation method in conjunction with the use of allyl glycoside-based acceptors.9

In this synthesis a disaccharide donor 25 benefiting from neighboring-group par-

ticipation was coupled to the allyl disaccharide 26 to give a tetrasaccharide 27

(Scheme 7). A two-step process was then required to convert the allyl glycoside

into the corresponding trichloroacetimidate 28 ready for coupling to the allyl mono-

saccharide 29. The single acetate ester present in the resulting pentasaccharide 30 was

then removed selectively in the presence of 15 benzoate esters with a combination of

acetyl chloride and methanol in dichloromethane. A final disaccharide was introduced

onto the alcohol released in this manner to give a heptasaccharide 32 (Scheme 7).9

The ability to achieve global deprotection of the heptasaccharide 32 in a single step is

a noteworthy feature of this synthesis, but the requirement for the two-step conversion

of the allyl ether into the trichloroacetimidate midway through the synthesis detracts

from the efficiency of the route as compared to those of the Ley group.
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In a synthesis of an a-mannan containing tetrasaccharide 38 comprising the binding

domain of an N-glycan recognized by the lectin calreticulin/calnexin, Oscarson and

coworkers first employed neighboring-group participation to affect coupling of the

very readily available mannosyl chloride 33 to acceptor 34 with mediation by silver

triflate (Scheme 8). Cleavage of the then redundant acetate provided a glycosyl

acceptor 36, which was coupled to the highly armed mannosyl thioglycoside 37 to

give the protected target 38 (Scheme 8), which on hydrogenolysis afforded the free

tetrasaccharide.10

Kishi and co-workers described an iterative synthesis of the 3-O-methyl-(1!4)-a-D-
mannan fromMycobacterium smegmatis in which an anomeric 2-carbomethoxybenzoate

served as glycosyl donor under activation conditions developed by Mukaiyama, using

silver perchlorate and tin(IV) chloride.11 In an exploratory model study it was found that

coupling of donor 40 (n¼ 1)with the trimethylsilyl ether 41 (n¼ 1) in the presence of the

AgClO4/SnCl4 promoter in diethyl ether at 0 �C afforded, after 1 h, an a:b mixture of

disaccharides 42 (n ¼ 1) with an anomeric ratio of 3:1 in favor of the desired a anomer.

However, over time, the ratio improved to the extent that after 30 h it had reached 22:1,

leading to the conclusion that under the reaction conditions the undesired b anomer

was undergoing slow epimerization to its a counterpart. Submission of the isolated

b-disaccharide to the coupling conditions confirmed this hypothesis, but also revealed

that cleavage of the glycosidic bond was a competing reaction, albeit a minor one. With

these and other model experiments in hand, conditions were optimized for the
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Scheme 9. Iterative synthesis of an a-(1!4)-mannan.
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epimerization-assisted a-selective glycosidic bond-forming reaction and applied to a

block synthesis, as set out in Scheme 9. In this synthesis a standard type of oligomeric

allyl 4-O-benzoyl mannoside 39 served as building block and was converted into the

donor by isomerization of the allyl glycosidewithWilkinson’s catalyst, subsequent acidic

hydrolysis and carbodimide-mediated esterification with monomethyl phthalate. The

same building block was saponified and then silylated to give the 4-O-trimethylsilyl

ether employed as acceptor. Coupling of the two species thus obtained gave a disaccharide

to which the same two protocols could be applied, to access a disaccharide donor and

acceptor for preparation of a tetrasaccharide. Two further iterations of this process

eventually lead to the formation of a hexadecasaccharide (Scheme 9).11

Iadonisi and coworkers developed a clever block-synthesis approach to the

antitumor a-(1!3)-pentamannan known as PI-88, illustrating the selective activation

of a trichloroacetimidate 43 in the presence of a N-phenyl trifluoroacetimidate 44

(Scheme 10).12 This useful selectivity enabled assembly of the complete pentasaccharide

with the adjustment of only a single protecting group in the course of the entire sequence.
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O’Doherty and coworkers, shadowed by the groups of Feringa and Lee,13,14

developed a de novo approach to glycosidic-bond formation that is ideally suited to

the synthesis of a-mannans and which, of essence, completely avoids the issue of the

use of neighboring-group participation.15 In this chemistry, the Achmatowicz rear-

rangement of a 2-[2-(t-butyldimethylsiloxy)-1-hydroxyalkyl]furan, available in either

enantiomeric modification by asymmetric dihydroxylation of 2-vinylfuran, gives,

after protection as a t-butyloxycarbonyl derivative, the allylic carbonate 50. Reaction

of this derivative with benzyl alcohol in the presence of a palladium(0) catalyst

affords the corresponding benzyl glycoside 51 with excellent yield, regio-, and

stereo-selectivity (Scheme 11). Removal of the silyl ether then provides an alcohol

52 to be employed as nucleophile in a second palladium-catalyzed allylic substitution

with the allylic carbonate 50. Iteration of the desilylation, palladium-catalyzed cou-

pling sequence then gave a trisaccharide 55, sodium borohydride reduction of which

took place with excellent stereoselectivity to give the equatorial triol 56. Finally,

osmium tetraoxide-mediated dihydroxylation took place with excellent selectivity on

the opposite to the glycosidic bonds, giving the (1!6)-a-L-mannan 57 in excellent

yield (Scheme 11).
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a-(1!4)-L-Mannans were obtained by a modification in this protocol whereby the

initial allyic carbonate 50 was reduced with sodium borohydride to afford an equato-

rial alcohol 58 ready for use as nucleophile in a subsequent palladium-catalyzed

glycosylation reaction (Scheme 12). Iteration of the process gave a (1!4)-linked

trisaccharide 62 that, when subjected to catalytic dihydroxylation, provided the target

a-(1!4)-L-mannan 63.15
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2. Neighboring Group-Directed a-Mannan Synthesis

Somewhat predictably, in view of the ease with which a-mannopyranosides are

formed with the aid of a participating 2-ester, most syntheses of a-mannans make use

of the concept of neighboring-group participation. This being the case, the efficiency

of any given synthesis is determined by the orchestration of the protecting-group

strategy with the need generate glycosyl donors at the apposite moment.

The early synthesis of a branchedmannohexoside described byOgawa andNukada16

began with a tri-O-benzoyl allyl orthoaceate 64 that underwent stereospecific rear-

rangement to the allyl 2-O-acetyl a-mannoside 65 in the presence of TMSOTf

(Scheme 11). Replacement of the acetyl group by the more-labile trichloroacetate

was followed by liberation of the allyl glycoside with catalytic PdCl2 and conversion

of the resulting hemiacetal 68 into the anomeric chloride 69. Coupling of this chloride

with disaccharide 70 gave a branched tetrasaccharide 71 in 69% yield. Removal of the

chloroacetate groups by treatment with thiourea was followed by a second coupling

with the mannosyl chloride 69 to give the branched hexasaccharide 73 (Scheme 13).16

This is to be contrasted with a more convergent approach employed by the same

group, but which necessarily eschews the use of neighboring-group participation.

Here, the mannobiosyl chloride was coupled with the diol 70 with promotion by

mercuric cyanide in the presence of 4 Å molecular sieves in 1,2-dichloroethane to

give a 91% yield of a mixture of tetrasaccharides (not shown) and two hexasacchar-

ides, one of which was the required all a-system. The second hexasaccharide, which
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was obtained in a comparable amount, was determined to contain a b-mannopyranosyl

linkage 75 (Scheme 14), thereby illustrating the failings of the classical Helferich-type

glycosylation in the absence of neighboring-group participation.

In each of Ogawa and Nukada’s syntheses, the glycosyl chlorides required for the

coupling steps were obtained by a two-step protocol from the corresponding allyl

glycosides, involving treatment with palladium chloride and sodium acetate to yield

the hemiacetal, followed by reaction with the Vilsmeier combination of thionyl

chloride and DMF originally introduced to carbohydrate chemistry by Hanessian.17

A variation on the general Ogawa strategy of the employment of allyl mannosides

as glycosyl acceptors, with subsequent conversion to a mannosyl donor for applica-

tion in a further coupling, has been widely adopted by the Kong group.18–21 In the

numerous mannan syntheses from this group the allyl glycoside is released in the

standard manner with palladium chloride, and the resulting hemiacetal converted

into the corresponding glycosyl trichloroacetimdate for use in the next iteration. One

example of this kind began with the regioselective tritylation and silylation of allyl

a-D-mannopyranoside leading, after benzoylation, to the glycoside 76 in high

yield.22 This monotritylation followed by a regioselective monsilylation is a useful

variant on the 3,6-di-O-tritylation employed by Ogawa and Nukada in their a-mannan

synthesis. Treatment of 76 with trifluoroacetic acid gave the 3,6-diol 77, while

exposure to tetrabutylammonium fluoride selectively afforded the 3-ol 81 (Scheme 15).

Coupling of diol 77 with perbenzoyl mannopyranosyl trichloroacetimidate in the

presence of TMSOTf gave the trimannan 79 in 85% yield, while application of the

same donor to 3-ol 81 followed by removal of the trityl ether with an excess of

TMSOTf afforded disaccharide 82 in 80% yield. Conversion of the allyl trisaccharide

79 to the corresponding trichloroacetimidate 80 was achieved in 80% yield for the

two steps, and was followed by a final coupling with the allyl disaccharide 82 to



OBzO
BzO

BzO OBz

O
OBzO

O

OBz

ORBzO
O

OBz
BzO

BzO

OBzO
TBDMSO

TrO OBz

OAll

HO
OBzO

O

OBz

OAllBzO
O

OBz
BzO
BzO

OBzO
HO

HO OBz

OAll

OBzO
HO

TrO OBz

OAll

OBzO
BzO

BzO OBz

O
OBzO

O

OBz

BzO
O

OBz
BzO

BzO

O
OBzO

O

OBz

OAllBzO
O

OBz

BzO
BzO

79: R = All

80: R = C(NH)CCl3

TFA, 91%

TBAF, THF, 66%

OBzO
BzO

BzO
OBz

OC(NH)CCl378

78, TMSOTf

CH2Cl2, 85%

 TMSOTf

CH2Cl2, 85%

78, TMSOTf, CH2Cl2,

then TFA, 80%

i) PdCl2, AcONa,
   AcOH,
ii) DBU, Cl3CCN
    80%76

77

81 82 83

Scheme 15. Block synthesis by means of allyl glycosides.

264 F. CAI, B. WU, AND D. CRICH
afford the doubly branched pentasaccharide 83 in 85% yield (Scheme 15). A number

of other a-mannans were synthesized by the same group with subtle adaptation of the

protecting-group strategy to the particular target.22 Yet further variations on the theme

of allyl glycoside to trichloroacetimidates have been employed by the Seeberger

group in their synthesis of a phosphatidylinosityl mannan from Mycobacterium

tuberculosis.23

The antiangiogenic a-(1!3)-pentamannan PI-88 has been assembled twice

through the aegis of trichloroacetimidate donors bearing stereodirecting carboxylate

esters at the 2-position. The synthesis of Ferro and coworkers proceeded in a linear

fashion from the reducing terminus, employing 3-O-allyl-2,4,6-tri-O-benzoyl-a-D-
mannopyranosyl trichloroacetimidate 84 as the key building block in a two-step

iterative sequence of coupling and deallylation (Scheme 16).24 Du and coworkers,

on the other hand, used a block-synthesis approach, but had to fall back on the

conversion of allyl glycosides to trichloroacetimidates in order to do so, thereby

increasing the number of steps.25

A Fraser-Reid synthesis of biantennary mannans 26,27 exemplifies the protection of

pentenyl glycosides as the corresponding vicinal dibromides, at which point they may

be carried through a coupling reaction. Thus, the pentenyl 3,6-diol 93 was brominated

and selectively chloroacetylated to give the acceptor 94 (Scheme 17) that was

subsequently coupled with the 2-O-acetyl pentenyl glycoside 95 under activation

with NIS/Et3SiOTf to give the a-disaccharide 96 in 96% yield. Removal of the



O
O

OBn

BnO

BnO

BnO
O

O

BnO

BnO

OBn

AllO
O

OBz

BzO

BzO

n

AllO
O

OBz

BzO

BzO

O CCl3

NH

O
O

OBn

BnO

BnO

BnO
O

O

BnO
BnO

OBn

HO
O

OBz

BzO

BzO

n

85: n = 0
86: n = 1
87: n = 2

88: n = 0
89: n = 1
90: n = 2

84

TMSOTf,

1, 2-dichloroethane,
0 �C, 10 min

PdCl2,

1, 2-dichloroethane,
70 �C, 40 min

Acceptor

Glycosylation

(% Yield)

Deallylation

(% Yield)

Benzyl 3,4,6-tri-O-benzyl-

a-D-mannopyranoside

85 (84) 88 (91)

88 86 (90) 89 (84)

89 87 (94) 90 (64)

AcO

O
OAc

AcO

AcO

O CCl3

NH
TMSOTf,

1, 2-dichloroethane,
0 �C, 10 min, 87%

91

O
O

OBn

BnO

BnO

BnO
O

O
BnO

BnO

OBn

HO
O

OBz

BzO

BzO

2
O

O
OBn

BnO

BnO

BnO
O

O

BnO
BnO

OBn

O
O

OBz

BzO

BzO

2

AcO
O

OAc

AcO

AcO

90 92

Scheme 16. Iterative synthesis of an a-(1!3)-D-mannan.

STEREOCONTROLLED SYNTHESIS OF MANNANS AND RHAMNANS 265
chloroacetate group and a second coupling with 95 then gave the trisaccharide 98

from which the two acetates were cleaved to yield diol 99. Caution had to be exercised

in the deacetylation stage to avoid elimination of HBr from the vicinal dibromide

functionality, giving rise to the corresponding bromovinyl derivative. Double glyco-

sylation of 99 with pentenyl glycoside 95 gave the pentasaccharide 100. Treatment of

this pentasaccharide with zinc and tetrabutylammonium bromide finally liberated the

pentenyl pentasaccharide 101 (Scheme 17).

In a closely analogous manner a trisaccharide 102 was assembled and then coupled

to pentenyl glycoside 95 to give the tetrasaccharide 103 in 72% yield (Scheme 18).

Removal of the chloroacetate from this tetrasaccharide was followed by glycosylation

with the pentenyl pentasaccharide 101 to give the branched nonasaccharide 105 in

57% yield (Scheme 18).
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1,2-Orthoesters have featured prominently in the neighboring-group participation-

directed synthesis of a-mannans, including the work of Ogawa and Nukada, as they

afford a ready means of selective preparation of 2-O-acyl mannopyranosyl donors.

This is illustrated by the work of the Fraser-Reid group toward a series of glycolipids

suitable for multivalent presentation.28 In this example the pentenyl orthoester 106

was converted into the 3,4,6-tri-O-benzyl derivative 107 in the usual manner or was

selectively silylated at the primary position followed by benzylation to give 110

(Scheme 19). Exposure of the tribenzyl orthoester to TBDMSOTf bought about

rearrangement to the corresponding pentenyl 2-O-benzoate derivative 108 from

which the ester was removed to provide a glycosyl acceptor 109. The pentenyl

orthoester 110 was directly coupled to this alcohol in 81% yield on activation by

NIS in the presence of ytterbium triflate, thereby displaying the dual possibility of

employing the orthoester as a precursor to a pentenyl glycoside by rearrangement, and

as a glycosyl donor for an a-selective coupling depending on the Lewis acid and the

presence or absence of an external alcohol. Removal of the benzoate ester from 111 set

the stage for a second orthoester-type glycosylation to give the trisaccharide 113

(Scheme 19), which was ultimately manipulated into a number of phospholipid analo-

gues by osmylation and derivatization, or metathesis followed by osmylation and

derivatization.28
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Cyanoethylidene orthoesters were employed in a-mannan synthesis by Backi-

nowsky and coworkers, in the first instance as a protecting group for a glycosyl

donor, and subsequently as donor in a coupling reaction, resulting in a very

efficient reaction scheme.29 Thus, coupling of the cyanoethylidene derivative 114

with tetraacetyl a-D-mannopyranosyl bromide in the presence of mercuric cyanide

and mercuric bromide in acetonitrile at room temperature directly afforded the

branched trisaccharide 117 in 62% yield, whose remaining alcohol was acetylated to

give 118 (Scheme 20).

Activation of trisaccharide cyanoethylidene derivative 118 with catalytic trityl

perchlorate in the presence of a stiochiometric amount of the 3,6-di-O-trityl ether

119 afforded the tetrasaccharide 120 in 55% yield, whereas carrying out the same

reaction with a half-molar equivalent of the bis trityl ether gave the heptasaccharide

121 in 60% yield (Scheme 21).
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An interesting twist on the orthoester approach was uncovered by Fraser-Reid and

coworkers in which it was revealed that a 4-pentenyl orthobenzoate 123, on activation

with ytterbium triflate in dichloromethane, was able to selectively glycosylate the

primary hydroxyl group in a mannopyranosyl 2,6-diol 122. Treatment with a 2-O-

benzoyl mannosyl trichloroacetimidate 126 in diethyl ether with the same promoter

then introduced a second a-mannosidic linkage to the remaining secondary hydroxyl

group (Scheme 22).30 This selectivity pattern was central to the development of a very

efficient synthesis of a branched pentadecamannan 129.

In another synthesis of a nonamannan, Seeberger and coworkers preferred the use

of trichloroacetimidates as glycosyl donors.31 This opus began with the pentenyl

b-mannoside 131, which was constructed in 10 steps from D-glucal via a route

involving b-glucosylation, oxidation, and reduction typical of classical routes to the

b-mannosides. Neighboring group-directed coupling with the trichloroacetimidate

130 and removal of the triisopropylsilyl ether provided the alcohol 133, ready to
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accept a second donor (Scheme 23). The second coupling was again conducted by the

trichloroacetimidate method, but without neighboring-group participation and

afforded the trisaccharide 135. Saponification then enabled removal of the three

carboxylate esters and gave a triol 136, which was subjected to treatment with an

excess of donor 130 and TBSOTf in ether, leading to the formation of the hexasac-

charide 137 in 94% yield. Further treatment with sodium methoxide removed the

three newly introduced acetate esters and final exposure to trichloroacetimidate 130

and TBSOTf gave the target nonasaccharide 139 in 80% yield (Scheme 23).31

Lam and Gervay-Hague obtained a selectively protected 2,4-di-O-benzyl manno-

pyranoside acceptor 144 in several steps, beginning with the borane-THF reduction of

methyl 2,3;4,6-di-O-benzylidene-a-D-mannopyranoside (Scheme 24).32 With the

endo-phenyl isomer illustrated the 2,4-di-benzyl ether is obtained in good yield and

selectivity. It must be noted, however, that borane reduction of the exo-phenyl isomer

gives exclusively the 3,4-di-benzyl ether, thereby somewhat diminishing the utility of

this method, as the endo- and exo-isomers are invariably formed together. This

regioselective opening of the 1,2-O-benzylidene acetal is thus related to the partial

hydrolysis of mannopyranosyl 1,2;4,6-di-orthobenzoates reported by Oscarson,

which gives the 2,6-dibenzoate ester preferentially with moderate selectivity over

the corresponding 2,4-dibenzoate.33
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Continuing on with their synthesis of biantennary mannans, Lam and Gervay-

Hague treated diol 144 with the mannosyl iodide 145, obtained in quantitative yield

from the corresponding 1,2-(ethoxyethylidene) orthoester with trimethylsilyl iodide,

and silver triflate in dichloromethane at�40 �C to gain access to the a,a-trisaccharide
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146 in 91% yield (Scheme 25).32 According to the authors, silver-mediated couplings

conducted in this manner proceed significantly faster than analogous reactions with

the corresponding glycosyl chlorides. Zemplén deesterification of the two acetates
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gave the diol 147, to which a further two a-mannosides were appended with mannosyl

iodide 145 in the same manner to give the pentasaccharide 148 in 91% yield.32

Preliminary to a second-generation synthesis of the 3-O-methyl-a-(1!4)-mannans,

Kishi and co-workers screened a series of mannosyl phosphates for the influence of the

O-2 protecting group and the anomeric stereochemistry of the donor on the outcome of

the glycosylation reaction. As may be seen from Scheme 26, the use of benzyl ether

protection under these homogeneous solution-phase conditions gave selectivities that

were insufficient, whereas the 2-benzoates gave exquisite a-selectivity.34

Armed with this knowledge, an allyl 2-O-benzoyl 4-O-triisopropylsilyl mannoside

149 (n ¼ 1) was constructed as a single building block for employment in the

a-(1!4)-mannan synthesis. Treatment of this building block with Wilkinson’s cata-

lyst and DABCO in a mixture of ethanol and toluene at reflux brought about

isomerization of the allyl ether to the corresponding enol ether, which was then

cleaved with iodine in wet THF (Scheme 27). Reaction of the thus-formed hemiacetal

with dibenzyl N,N-diethylphosphoramidite followed by oxidative workup with hydro-

gen peroxide afforded the glycosyl donor 150 (n ¼ 1). Desilylation of building block

149 (n ¼ 1) with Bu4NF afforded the glycosyl acceptor 151 (n ¼ 1) that was then

coupled with the phosphate 150 (n ¼ 1) by exposure to TBSOTf leading to the

formation of the disaccharide 152 (n þ m ¼ 2) with greater than 20:1 a:b selectivity.

This disaccharide building block could then be converted into either a glycosyl

phosphate or a glycosyl acceptor in a similar manner to the monosaccharide 149,

thereby affording access to an efficient block-synthesis approach to the a-(1!4)-

mannan, marred only by the cumbersome multistep transformation of the allyl

glycoside to the glycosyl phosphate (Scheme 27). Iterations of this process enabled

preparation of an eicosaccharide with impressive yields and >20:1 a:b selectivity at

each of the coupling steps.34
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The compatibility of thioglycosides with the conditions for the trichloroacetimidate

glycosylation protocol was exploited by Mallet and co-workers in their block synthe-

sis of a potential tetramannan marker for Crohn’s disease.35 Thus, activation of

trichloroacetimidate 130 in the presence of the monohydroxy thioglycoside 153

gave the a disaccharide 154 in 89% yield (Scheme 28). A second disaccharide 157

was constructed from the thioglycoside 155 and acceptor 156 on activation with

N-iodosuccinimide and triflic acid (Scheme 28). Following cleavage of the benzoate

from this latter species, it was coupled with the thiodisaccharide 154, also with

activation by NIS/TfOH to give the tetrasaccharide 159 in 80% yield.

Exploiting their observation that in an otherwise identical thioglycoside, a free

2-OH group confers greater reactivity than an ether-protected O-2 on activation with

N-iodosuccinimide, Wong and co-workers investigated the autocondensation of the

2-hydroxythioglycoside 160 over a range of temperature and reaction times.

Operating at�50 �C and with 0.7 equivalents of NIS, the reaction could be optimized

to give 70% of the disaccharide 161 along with only 5% of the trisaccharide 162.

On the other hand, at �40 �C and with the shorter reaction time of 1 h, as much as

30% of the trisaccharide could be obtained, albeit accompanied by 38% of the

disaccharide (Scheme 29). The use of higher temperatures resulted in diminished

yield of either product owing to the onset of polymerization.36

After adjustment of the protecting groups, the thiotrisaccharide 163 was coupled to

a series of further acceptors, with N-iodosuccinimide and triflic acid, to yield, for

example, the heptasaccharide 165 in 63% yield (Scheme 30).36
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The concept of preactivation of a thioglycoside with a sulfenyl triflate or related

reagent leading to the formation of a highly reactive glycosyl triflate,37 as introduced

originally by Kahne for glycosyl sulfoxides38 and adapted to thioglycosides by

Crich,39 permits an even simpler strategy using a single type of thioglycoside. This

approach has been productively applied by Huang and coworkers to a branched



276 F. CAI, B. WU, AND D. CRICH
pentamannan. Thus, reaction of the S-tolyl thioglycoside 166 with toluene sulfenyl

triflate, preformed from the sulfenyl chloride and silver triflate, in ether at �78 �C
followed by the addition of the diol 167 gave the a,a-trisaccharide 168. After removal

of the two acetates, a second glycosylation reaction under the same conditions gave

the pentasaccharide 170 in good overall yield (Scheme 31).40

This is to be contrasted with a block-synthesis approach to the same target in which

Huang and his co-workers noted a highly unusual b-selective coupling in the key step.

The synthesis began uneventfullywith the preactivation of donor 166 and coupling to the

monohydroxy thioglycoside 171 in 63% yield and the anticipated a-selectivity. How-
ever, combination of the thiodisaccharide 172with diol 167 gave twomajor products, the

anticipated all a-pentasaccharide 170 and the somewhat unexpected isomer 173 with

two b-mannoside linkages. Curiously, this last product predominated and no mention

was made the two intermediate isomers containing a single b-mannoside (Scheme 32).

Jiang and Chan employed a monomethylpolyethylene glycol-supported (MPEG)

glycoside in the synthesis of a branched mannan, taking advantage of the ability of the

MPEG chain to retain its conjugates at the baseline on silica gel chromatography

while less-polar impurities are eluted.41 Elution with methanol–dichloromethane

mixtures then permits isolation of the MPEG glycosides. Thus, activation of thiogly-

coside 178 with NIS and TMSOTf in dichloromethane at 0 �C in the presence of the

MPEG glycoside 177 gave the trisaccharide 179 (Scheme 33) after filtration on silica

gel. Saponification was followed by further glycosylation under the same conditions

leading to the pentasaccharide 181.41

Furneaux and coworkers carried out a comparative study of the synthesis of an

a-(1!6)-mannan, using both a phenyl glycoside 183 and an MPEG glycoside 184 as

acceptor, by the trichloroacetimidate method (Scheme 34). It was generally found that
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Scheme 31. Thioglycoside activation with a sulfenyl chloride/silver triflate combination.
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Scheme 33. MPEG-Supported pentamannan synthesis.
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Scheme 34. Comparison of MPEG-supported and solution-phase syntheses for the preparation of an

a-(1!6)-mannan.
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Scheme 35. Comparison of MPEG-supported and solution-phase syntheses for the preparation of an

a-(1!2)-mannan.
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both syntheses proceeded with comparable ease, but that the MPEG-supported

method facilitated purification, both chromatographically and by crystallization

(Scheme 34).42

A similar comparison was conducted for the synthesis of an a-(1!2)-mannan, but

using a different, thioglycoside-derived MPEG derivative as acceptor (Scheme 35).

Interestingly, while no problems were reported with the standard solution-phase

approach, it was noted that appreciable amounts of an a-mannoside (190, n ¼ 3)

were formed at the level of the disaccharide in the MPEG-supported approach.42

A further variation on the PEG-supported approach to the a-(1!2)-mannan has also
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been described by Wu and Guo, who used a 2-levulinate-protected trichloroacetimi-

date as the mannosyl donor.43

An approach to the a-(1!6)-mannan employing an ‘‘ionic liquid’’ tag to facilitate

purification has been described recently. In this chemistry44 imidazolium-labeled

glycosyl fluoride 191 was coupled with the monohydroxy thioglycoside 192 under

activation with dicyclopentadienylhafnium dichloride in dichloromethane at room

temperature to afford the disaccharide 193 in 92% yield (Scheme 36). Somewhat

analogously to the MPEG-supported approach, purification of the imidazolium-

labeled product was achieved by washing with diethyl ether. After removal of the

imidazolium-labeled ester, an alcohol 194 was obtained that was employed as accep-

tor in a subsequent coupling to give a trisaccharide 195. A further iteration of the same

protocol eventually gave a thiotetrasaccharide 198.

a-Mannans have also been prepared on the solid phase. Thus, Rademann and

Schmidt prepared a polystyrene-supported thiol 199 and coupled it to the a-mannosyl
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Scheme 36. Use of an ionic tag to facilitate purification.
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Scheme 37. a-(1!2)-mannan synthesis with a polymer-supported acceptor.
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trichloroacetimidate 130 under neighboring-group participation conditions with

TMSOTf as promoter, followed by deacetylation with sodium methoxide in dichlor-

omethane to liberate an acceptor 201 (n¼ 1). Three iterations of the protocol lead to a

polymer-bound a-(1!2)-mannotetraose 200 (n ¼ 4) that was cleaved from the

support with N-bromosuccinimide in methanolic tetrahydrofuran or wet acetone

(Scheme 37).45

A (1!2)-a-mannopentaosyl lipid, closely related to 202, was constructed by

Whitfield and coworkers by a pathway analogous to that of Scheme 37 but under

more traditional solution-phase conditions, using the trichloroacetimidate donor 130

and 1,2-di-O-(geranylgeranyl)glycerol (achaeol) as the first acceptor.46

In later work, Grathwohl and Schmidt prepared an a-(1!2)-mannohexaoside 208

by a related protocol in which the initiating acceptor 204 was tethered to the support

by means of an ester at O-6 (Scheme 38). A trichloroacetimidate-based donor 205was

again used in this iterative protocol, but the O-2 protecting group employed, some-

what unusually,47 was the 9-fluorenylmethylcarbonate.48 It is not clear whether

the 9-fluorenylmethyl group directs the a-mannosylation reaction actively by

neighboring-group participation or not.

In another variation on the same theme Seeberger and coworkers employed 2-O-

acetyl-3,4,6-tri-O-benzyl-a-D-mannopyranosyl trichloroacetimidate 130 to construct

the a-(1!2)-mannoheptaose 209 bound to the support by means of a cis-4-octenyl

linker.49 Cleavage from the resin was achieved with the first-generation Grubb’s

metathesis catalyst in the presence of ethylene, ultimately leading to the isolation of

the heptasaccharide 210 in the form of a pentenyl glycoside ready for further

transformations (Scheme 39).
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Scheme 39. Conversion of a 4-octenyl linker to a pentenyl glycoside.
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3. Synthesis of a-Rhamnans

The a-rhamnans, both D- and L-, have been accessed by many of the methods

employed to synthesize the a-mannans, with and without the aid of neighboring-group

participation. Accordingly, the various syntheses of the a-rhamnans described in the

literature have been collated in Tables I and II.

In addition to the foregoing syntheses employing classical glycosylation strategies,

ingenious approaches have also been devised to the a-rhamnans by O’Doherty96,97

using palladium-mediated allylation reactions followed by osmylation corresponding

to his a-mannan syntheses described in Schemes 11 and 12. As with the a-mannan

syntheses, the a-rhamnan assembly begins by Achmatowicz rearrangement of a

substituted furan. Thus, exposure of 2-(1-hydroxyethyl)furan to N-bromosuccinimide



Table I

a-Rhamnan Synthesis in the Absence of Neighboring-Group Participation

a-Rhamnan

Coupling Method and

Activating Agent References

[L-Rhap-(1→4)-a]5
TCAa, BF3�OEt2; Thiorhamnoside, DMTSTb 50

[L-Rhap-(1→4)-a]6 Rhamnosyl chloride, a-methylstyrene;

Thiorhamnoside, PhSeOTf

51

2,3-O-CMe2–4-O-Ac-L-Rhap-

[(1!4)-a-2,3-O-CMe2-L-Rhap]3

Rhamnosyl hemiacetal, Ph2SO
c, Tf2O 52

b-Antd-(1!3)-a-L-Rhap-(1!3)-a-L-
Rhap-(1!2)-a-L-Rhap-OPente

Thiorhamnoside, Ph2SO, Tf2O, TTBP
f;

Thioanthroside, NIS, TfOH

53

b-Antd-(1!3)-a-L-Rhap-(1!3)-a-L-
Rhap-(1!2)-a-L-Rhap

Rhamnosyl hemiacetal, Bu2SnO, ROTf, CsF
g;

Thiorhamnoside, NIS, AgOTf; rhamnosyl

chloride, AgOTf; thioanthroside, NIS, AgOTf

54–56

L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-
L-Rhap

Thiorhamnoside, IDCPh 57

a Trichloroacetimidate.
b Dimethyl(methylthio)sulfonium triflate.
c Diphenyl sulfoxide.
d Anthrose (2-O-methyl-4-(3-hydroxy-3-methylbutylamino)-4,6-dideoxy-D-glucopyranose).
e 1-Pent-4-enyl.
f 2,4,6-tri-tert-butylpyrimidine.
g Alkylation with dibutyltin acetal.
h Iodonium dicollidine perchlorate.

Table II

Neighboring Group-Directed a-Rhamnan Synthesis

a-Rhamnan

CouplingMethod

andActivating

Agent

Directing

Group References

L-Rhap-(1!4)-a-L-Rhap-(1!4)-a-L-Rhap-
(1!2)-a-D-Fucp-b-(11S)-(þ)-jalapinolic acid

TCAa, BF3.Et2O Acetate 58

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-Rhap Rhamnosyl acetate,

TMSOTf

Acetate 59

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-a-L-Rhap-OAll

TCAa, or Orthoester,

TMSOTf

Acetate,

orthoester

60

a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-a-L-Rhap-(1!3)-a-L-Rhap-(1!3)-a-L-
Rhap-(1!2)-a-L-Rhap-OPr

TCAa, BF3.Et2O Benzoate 61

a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-(D-Fucp3NAc-(1!3))-a-L-Rhap-OMe

TCAa, BF3.Et2O Benzoate 62

a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-(b-D-GlcpNAc-(1!3))-a-L-Rhap-OBn

TCAa, BF3.Et2O;

Thiorhamnoside,

NIS, TfOH

Benzoate 63

(continued)
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Table II (continued)

a-Rhamnan

CouplingMethod

andActivating

Agent

Directing

Group References

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-
Rhap-OPr

Glycosyl phosphate,

TMSOTf

Acetate,

orthoester

64

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-a-L-Rhap-(1!2)-a-L-Rhap

TCAa, TMSOTf Phenoxyacetyl

group

65

a-L-Rhap-(1!2)-[b-D-GlcpNAc-(1!3)]-a-L-
Rhap-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!2)- a-L-Rhap-(1!2)-[b-D-GlcpNAc-
(1!3)]-a-L-Rhap-(1!3)-a-L-Rhap-(1!3)-a-L-
Rhap-OMe

TCAa, TMSOTf; Benzoate 66

a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!2)-a-L-Rhap-O-Octb

TCAa, TMSOTf; Benzoate,

acetate

67

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-
Rhap-(1!1)-D-Glucitol

Thiorhamnoside,

NOBF4

Benzoate,

acetate,

68

a-L-Rhap-(1!2)-a-L-Rhap-(1!2)-a-L-Rhap-
OPentc

TCAa, TMSOTf;

Solid phase, Auto-

mated synthesis

Acetate 69

4-O-Ac-a-L-Rhap-(1!3)-4-O-Ac-a-L-Rhap-
(1!3)-4-O-Ac-a-L-Rhap-(1!4)-a-L-Rhap-
OC12H25

Thiorhamnoside,

NIS,AgOTf or

TfOH, TCAa,

TMSOTf

Levulinate 70

a-L-Rhap-(1!2)-a-L-Rhap-(1!3)-[b-D-
GlcpNAc-(1!2)]-a-L-Rhap-(1!3)-a-L-
Rhap-OPr

TCAa, TMSOTf Benzoate 71

a-L-Rhap-(1!3)-[b-L-Xylp(1!2)][b-L-Xylp
(1!4)]-a-L-Rhap-(1!3)-a-L-Rhap-OMe

TCAa, TMSOTf Benzoate,

acetate,

72

a-L-Rhap-(1!3)-[b-L-Xylp(1!2)]-a-L-Rhap-
(1!3)-[b-L-Xylp(1!4)]-a-L-Rhap

TCAa, TMSOTf Benzoate,

acetate,

73

3-MHB-NH-3,6-dideoxy-b-D-Glcp-(1!3)-a-L-
Rhap-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!2)-a-L-Fucp-OPNPd

Thioglycoside, NIS,

TfOH; TCAa,

TMSOTf

Benzoate, 74

a-L-Rhap-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!3)-a-L-Rhap-(1!4)-b-D-Glcp-O-saponin

Thiorhamnoside,

NIS, TfOH; TCAa,

TMSOTf

Benzoate,

acetate,

75

Ante-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-

a-L-Rhap-O-linkers-BSAf
Glycosyl Chloride,

AgOTf, DBMP;

thiorhamnoside,

NIS, AgOTf.

Benzoate,

acetate,

76

b-Ante-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-O-
C3H6NH2

Thiorhamnoside,

NIS, TfOH

Benzoate 77

b-Ante-(1!3)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!2)-a-L-Rhap-(1!3)-D-GlapNAc-OC5H9

TCAa, TMSOTf Benzoate,

acetate,

78,79

a-L-Rhap-(1!3)-[b-D-Glcp-(1!2)]-a-L-Rhap-
(1!2)-[b-D-Glcp-(1!2)]-a-L-Rhap-(1!3)-a-L-
Rhap-OAll

TCAa, TMSOTf Benzoate,

acetate

80

(continued)
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Table II (continued)

a-Rhamnan

CouplingMethod

andActivating

Agent

Directing

Group References

b-D-Glcp-(1!2)-[b-D-Ribf -(1!3)]-a-L-Rhap-
(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-OAll

TCAa, TMSOTf Benzoate, 81

a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!3)-[b-L-Xylp(1!2)][b-L-Xylp(1!4)]-a-L-
Rhap-(1!3)-a-L-Rhap-OMe

TCAa, TMSOTf Benzoate 82

a-L-Rhap-(1!2)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!2)-[b-D-GlapNAc-(1!3)]-a-L-Rhap-OAll

TCAa, TESOTf Benzoate,

acetate

83

[a-L-Rhap-(1!2)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!3)-[a-D-Glcp-(1!3)]-a-L-Rhap-(1!3)-b-d-
GlcpNAc-(1!2))]n-C2H4NHCOCH2SAc(n ¼ 3)

or PADREg-Lys-(thiomethyl)carbonylami-

noethyl (n ¼ 1)

TCAa, TfOH or

TMSOTf

Benzoate,

acetate

84–87

b-D-GlcpNAc-(1!3)-a-L-Rhap-(1!2)-[b-L-
Xylp(1!4)]-a-L-Rhap-(1!3)-a-L-Rhap

TCAa, TMSOTf Benzoate,

acetate

88

[3-a-L-Rhap-(1!3)-a-L-Rhap-(1!2)-a-L-
Rhap]3

TCAa, TMSOTf Benzoate 89

a-L-Rhap-(1!2)-a-L-Rhap-(1!3)-a-L-Rhap-
(1!3)-b-D-GlcpNAc-(1!2)-a-L-Rhap-(1!2)-

a-L-Rhap-OPr

Glycosyl Chloride,

AgOTf, TMU; Gly-

cosyl Bromide,

AgOTf, collidine;

Benzoate 90,91

[3-b-D-Glcp-(1!2)-a-L-Rhap-(1!2)-a-L-Rhap-
(1!3)-a-L-Rhap]10

Glycosyl Bromide,

Hg(CN)2 and HgBr2

Acetate 92

a-L-Rhap-(1!2)-[a-D-Glcp-(1!3)]-a-L-Rhap-
(1!3)-a-L-Rhap-(1!3)-b-d-GlcpNAc

TCAa, TMSOTf, Benzoate 93

b-d-GlcpNAc-(1!2)-a-L-Rhap-(1!2)-a-L-
Rhap-(1!3)-[a-D-Glcp-(1!3)]-a-L-Rhap-OMe

TCAa, TMSOTf Benzoate,

acetate

94

b-d-GlcpNAc-(1!2)-a-L-Rhap-(1!2)-[a-D-
Glcp-(1!3)]-a-L-Rhap-(1!3)-a-L-Rhap-OMe

Glycosyl fluoride,

TiF4; TCA
a,

TMSOTf

Benzoate 95

a Trichloroacetimidate.
b Octyl.
c 1-pent-4-enyl.
d C6H4NH-TFA.
e Anthrose (2-O-methyl-4-(3-hydroxy-3-methylbutylamino)-4,6-dideoxy-D-glucopyranose).
f Bovine serum albumin.
g Pan HLA DR-binding epitope.
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followed capping with a t-butyloxycarbonyl group affords the key dihydropyranone

building block 211. As the initial substituted furan is available in either enantiomeric

series by asymmetric synthesis, this approach provides a convenient access to both

the D- and the L-a-rhamnans. The method is illustrated in Scheme 40 for the synthesis

of the Bacillus anthracis tetrasaccharide 225, which has also been accessed by more

conventional means by the Seeberger,78,79 Boons,77 Kováč,55,76 and Crich groups.53
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Scheme 40. De novo synthesis of the rhamnan from Bacillus anthracis.
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III. The b-Mannans and b-Rhamnans

1. Introduction

With the need to overcome the kinetic anomeric effect and the additional steric

hindrance presented by the protected axial O-2 group, while avoiding neighboring-

group participation completely, the synthesis of b-mannopyranosides was long recog-

nized as one of the more challenging aspects of carbohydrate chemistry. Consistent

with this line of thinking, the b-mannans, in which the difficulties are multiplied

many fold, can be considered to be an extremely challenging class of glycan to

synthesize. Numerous ingenious methods were devised for the indirect synthesis of

b-mannopyranosides avoiding the difficulties considered inherent in the direct

approach, as summarized in several review articles and book chapters,98–102 and

most of these have been applied to the indirect synthesis of b-mannans. More recently,

however, a very efficient direct approach to the b-mannopyranosides was developed

in Chicago, rendering the synthesis of this class of glycosidic bond as simple as that of

the b-glucopyranosides.8,103 This method has also been applied to the preparation of

b-mannans. In the following discussion, b-mannan syntheses by ‘‘classical’’ indirect

methods are presented first, before consideration of those obtained more directly.
2. b-Mannan Synthesis by Indirect Methods

Nikolaev and coworkers prepared a b-(1!4)-linked mannobiose and triose adopt-

ing a classical approach104 in which b-glucosidic linkages, prepared by neighboring-

group participation,105–107 are converted into the corresponding b-mannosides by

subsequent nucleophilic displacement at C-2. Thus, cellobiose was converted through

a number of steps into the protected form 226, which was selectively tribenzoylated to

give 227. Reaction with trifluoromethanesulfonic anhydride then gave the ditriflate,

which was subjected to tetrabutylammonium benzoate in toluene at reflux to give the

mannobiose derivative 228 in 76% yield (Scheme 41).104 Hydrolysis of the benzyli-

dene acetal was followed by selective benzoylation of the primary alcohol with

benzoyl cyanide, affording the glycosyl acceptor 230 in 92% yield. Neighboring

group-directed b-glucosylation by the trichloroacetimidate method then gave the

trisaccharide 233, which was subjected to several reaction steps to give the triflate

235. Finally, a second SN2 displacement with tetrabutylammonium benzoate gave

access to the b-(1!4)-linked mannotriose 236 in 88% yield (Scheme 41).

Lichtenthaler and coworkers developed a method for b-mannoside synthesis based

upon the b-selective coupling reactions of an a-2-glyculosyl bromide with catalysis



O
HO
O

OPh

OH

O
HO
O

OH

OH

OBn
O

BzO
O

OPh

OH

O
BzO
O

OH

OBz

OBn

O
BzO
O

OPh
O

BzO
O OBn

OBz BzO OBz
O

BzO
R2O
R1O

O
BzO
O OBn

OBz BzO OBz

O
BzO

BzO
O

BzO
O OBn

OBz BzO OBzO
AcO

AcO

OAc

OAc

O
O

BzO

BzO
O

BzO
O OBn

OBz BzO OBz
O

R1O
OR2

O
O

O
Ph

O
BzO

BzO

O
BzO
O OBn

OBz BzO OBz
O

BzO O
O

O
Ph OBz

BzCN, Et3N

MeCN, 33%

i) Tf2O, Py
   CH2Cl2,

ii) Bu4NOBz,
    toluene, 76%

80% AcOH,

229 R1, R2= H
230 R1= Bz, R2= H

BzCN, Et3N
CH3CN, 92%

O
AcO

AcO

AcO

OAc

OC(NH)CCl3

231

231, TMSOTf

4 Å MS, CH2Cl2
47%

76%

i) HCl, MeOH

ii) PhCH(OMe)2,
    TsOH, MeCN
        61% 233 R1, R2= H

234 R1= Bz, R2= H
235 R1= Bz, R2= Tf

BzCN, Et3N,
MeCN, 65%
Tf2O, Py
CH2Cl2,

Bu4NOBz, toluene,

88% (from 235)

226 227

228

232

236

Scheme 41. Synthesis of a b-(1!4)-mannotriose by a glucosylation/oxidation/reduction route.
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with silver ions. This chemistry is based on the assumptions that the ketone function-

ality at C-2 (i) eliminates the problem of steric hindrance to b-face attack, (ii) acce-

lerates SN2 attack on the anomeric bromide, and (iii) retards selectivity-diminishing

solvolysis of the anomeric bromide.108–110 This method was applied in the Bundle

group’s first synthesis of the b-(1!2)-linked mannan from Candida albicans. The

synthesis began with the coupling of the Lichtenthaler donor 238 to acceptor 237 with

silver zeolite, followed by reduction with L-selectride to give the b-mannobiose 239

in 78% yield (Scheme 42). Adaptation of the protocol to the b-mannotriose required

modification of Lichtenthaler’s donor to avoid competing formation of a 1,6-anhydro

sugar. This was achieved through replacement of the benzyl ethers with p-chlorobenzyl

ethers, as in donor 240. The conditions were also modified at this stage to incorporate

the use of the soluble silver triflate promoter and the use of acetonitrile as solvent, in

the expectation that participation by the solvent111–117 would enhance the b-selectiv-
ity of the reaction. When the synthesis was taken forward to the level of the

tetrasaccharide, the intermediate nitrilium ion arising from participation by

acetonitrile was quenched in part by attack of the acceptor on the sp-carbon in

competition with the desired displacement at the anomeric center. This problem

was overcome by the use of pivalonitrile. Two further iterations of the sequence

eventually provided a b-(1!2)-linked mannohexaose 244 (Scheme 42).118,119
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Detailed studies on the reduction of the b-glyculosides to b-mannopyranosides have

been reported by the Lichtenthaler group. Bundle and his coworkers noted in the

course of their studies that the application of sodium borohydride as reducing agent

gave less than perfect manno/gluco selectivity, but that the bulky reducing agent

L-selectride performed ideally.

Seeking to introduce a hydrolytically stable thio-b-mannoside linkage into their

b-(1!2)-linked mannans, Nitz and Bundle introduced119 a modification of the

nucleophilic glucose-to-mannose inversion protocol.105–107 In this chemistry, the

mannobiose 239 was subjected to neighboring group-directed b-glucosylation to

give the trisaccharide 246. Cleavage of the acetate and triflation was followed by

nucleophilic displacement with potassium thioacetate to give 249 in good overall

yield (Scheme 43). After removal of the labile thioacetate, application of the

Lichtenthaler protocol108–110 gave the monothio b-(1!2)-mannotetraose in modest

yield, along with a certain amount of the corresponding 1-thio-a-epimer, thereby

revealing a limitation of the glyculosyl bromide approach.119 In subsequent work

toward further b-(1!2)-linked mannans containing thioglycoside linkages, Bundle

and his coworkers employed the b-glucosylation, selective 2-acetate deprotection,
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oxidation, reduction protocol to achieve the b-mannosidic linkage.120 Although not

yet applied to b-mannan synthesis, it is noted here that a number of thio b-mannosides

have been obtained in excellent yields and selectivity by the 4,6-O-benzylidene-

controlled direct b-mannosylation protocol.121

Sinaÿ and coworkers were the first to prepare a b-(1!2)-mannotetraose,122

which they did by adapting the classical approach123,124 to b-mannosides

in which a b-glucoside is selectively oxidized at C-2 to the glyculoside and then

selectively reduced to the manno-isomer. Thus, NIS/triflic acid-mediated coup-

ling of the thioglucoside 254 with acceptor 253 gave disaccharide 255, from

which the stereodirecting benzoate ester was removed under Zemplén conditions

(Scheme 44). Swern oxidation was followed by L-selectride reduction to give the

corresponding b-mannobiose 257. Two iterations of the protocol finally gave

the b-(1!2)-mannotetraose 259.

Fraser-Reid and coworkers took a very similar tack using, however, the orthoester

approach to prepare the b-glucosidic bond. The Swern oxidation/L-selectride

reduction approach to inversion subsequently applied was identical to that of the

Sinaÿ laboratory, but further iterations of the process were applied until a b-(1!2)-

mannooctaose 270 was obtained (Scheme 45).125 Yet another variation on the theme
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was advanced by Wu and Bundle in the preparation of a b-(1!2)-mannotetraose,

with the main difference being the use of the neighboring group-directed trichloroa-

cetimidate protocol to access the b-glucoside.120

3. b-Rhamnan Synthesis by Indirect Methods

As with the b-mannans, and for the same reasons, the stereocontrolled synthesis of

the b-rhamnans is one of the more challenging goals in oligosaccharide synthesis.

Rather less attention has been devoted to the b-rhamnans than to the b-mannans,

perhaps because of their lower incidence in Nature, and the range of methods applied

is correspondingly shorter even if most approaches documented for the mannans have

been applied to the preparation of single b-rhamnosidic units.126–132 A rhamnotriose

277 containing a single b-L-rhamnopyranosidic linkage has been assembled by the

Lichtenthaler group, employing a modification of their glycos-2-ulosyl bromide

approach to access the key linkage (Scheme 46).133

4. b-Mannan Synthesis by Direct Methods

The direct synthesis of a b-(1!2)-mannooctaose was achieved by a two-step

iterative protocol from the key sulfoxide donor 275. After an initial coupling to

cyclohexanol to cap the reducing end of the chain, the 2-O-(4-methoxybenzyl) ether
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was removed with DDQ, thereby revealing an acceptor 279 (n ¼ 0) primed for the

first repetition of the sequence. Several iterations afforded the octaose 279 (n ¼ 7),

with the only impediment to the process being the drop off in yield and selectivity

between the introduction of the third and fourth sugar units (Scheme 47). The X-ray

crystal structure of the tetrasaccharide revealed a collapsed helical structure in which

the fourth sugar sits obliquely above the first, hinting at an explanation for the fall off

in selectivity at that stage of the synthesis.134,135 A related structure was determined

by NMR methods by Bundle and Nitz136 for the b-(1!2)-mannhexaose obtained by

the indirect methods and in whose synthesis the difficulties also became apparent at

the level of the tetrasaccharide.

b-(1!2)-Mannans of various lengths were subsequently accessed by several

groups, all using variations on the method introduced by Crich and co-workers and

relying on the use of the 4,6-O-benzylidene acetal to control the anomeric stereo-

chemistry. Thus, Mallet and coworkers adopted a block-synthesis approach in which a

sulfoxide donor 282 was activated and coupled to a monohydroxy thioglycoside 281

(Scheme 48).137 The moderate yield observed in the coupling of the two disaccharides

is presumably due to the benzenesulfenyl triflate byproduct from activation of the

sulfoxide reacting in part with the thioglycoside, as had been determined by Crich and

Sun in their studies on the mechanism of this reaction, and which lead them to develop

the arenesulfenyl triflates for thioglycoside activation.37,39
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The synthesis of a b-(1!4)-mannan by the 4,6-O-benzylidene-directed b-manno-

sylation is not quite so straightforward as that of the 1!2 isomers as it requires the

conversion of the 4,6-benzylidene acetal at the nonreducing end of the growing chain

into an acceptor in which the 6-hydroxy group has been selectively protected.

The obvious approach here is the application of one the several sets of reducing

conditions described in the literature138–144 for the regioselective cleavage of a

benzylidene acetal into a monobenzylated diol. This approach was investigated by

Crich and coworkers employing sodium cyanoborohydride as reducing agent in the

presence of hydrogen chloride.135 While the reaction functioned according to plan at

level of the monosaccharide, large excesses of both reagents and unexpectedly long

reaction times were required in application of this protocol in a disaccharide, resulting

in the onset of competing decomposition processes. It was reasoned that the dimin-

ished reactivity observed was due to the presence of 10 ether oxygens of similar

basicity in the disaccharide, as opposed to the six in the monosaccharide, which

decreased the overall level of protonation at the acetal required for reduction. A

two-step process was therefore developed involving cleavage of the benzylidene

acetal with neopentyl glycol and camphorsulfonic acid, followed by selective mono-

pivaloylation of the resulting diol 291. The chain was then extended by coupling to a

standard thioglycoside donor 287, with preactivation using the 1-benzenesulfinyl

piperidine/trifluoromethanesulfonic acid conditions leading to the preparation of the

b-(1!4)-mannohexaose (Scheme 49).135
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Scheme 49. Direct synthesis of a b-(1!4)-mannan.
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Kim and co-workers carried out a closely related synthesis of a b-(1!4)-mannote-

traose 300, using their method for the in situ conversion of hemiacetals to glycosyl

triflates by means of reaction with phthalic anhydride (‘‘phthalan’’) followed by

trifluoromethanesulfonic anhydride. In this instance cleavage of the benzylidene

acetal was effected with trifluoroacetic acid, and regioselective reprotection of the

diol employed benzoyl chloride (Scheme 50).145

The synthesis of an alternating antigenic b-(1!3)-b-(1!4)-mannan common to

Rhodotorula glutinis, Rhodotorula mucilaginosa, and Leptospira biflexa provided the

occasion for the comparison of linear and block approaches. A linear synthesis was

first undertaken and provided a relatively straightforward access to the hexaose 313

(Scheme 51).134,146 The most noteworthy feature of this synthesis was the protection

of the b-donor 305 destined to become the!4)-D-mannopyranosyl-b-(1! unit in the

polymer as the 4-methoxybenzylidene acetal rather than as the simple benzylidene

acetal employed in the b-donor 301 precursor to the ultimate !3)-D-mannopyrano-

syl-b-(1! moiety. This protecting-group adjustment enabled selective cleavage of
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Scheme 50. Direct synthesis of a b-(1!2)-mannan employing a hemiacetal donor.
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the 4-methoxybenzylidene acetal with acetic acid in the presence of one or more

benzylidene acetals. The ensuing diol was selectively benzylated at the primary site

with benzyl bromide and dibutyltin oxide.

The subsequent 3þ 3 block synthesis of the same mannohexaose, while successful

and more efficient than the linear approach in terms of number of steps and overall

yield, highlighted a limitation in the 4,6-O-benzylidene directed b-mannosylation

reaction; namely the deleterious effect of large groups at O-3 in the donor. Activation

of the 4-methoxybenzylidene-protected thiomannoside 314 with 1-benzenesulfinyl

piperidine and trifluoromethanesulfonic anhydride, followed by coupling to the

monohydroxy thioglycoside 315 gave disaccharide 316 in 62% yield and excellent

selectivity. After protecting-group adjustment, alcohol 318 served as acceptor in a

coupling with the 4,6-O-benzylidene-protected donor 287 to give the trisaccharide

donor 319 in good yield and selectivity (Scheme 53).146 The effect of the bulky group

at O-3 became apparent when disaccharide 316was coupled to acceptor 302 under the

BSP/Tf2O conditions, giving trisaccharide 320 in excellent yield but only 1:1 b:a
selectivity. Nevertheless, the 4-methoxybenzylidene acetal was converted to the

corresponding 6-O-benzyl-4-ol 321 ready for application as the acceptor in the final

step of the block synthesis (Scheme 52).

The coupling of the two trisaccharides 319 and 321, conducted under the BSP/Tf2O

conditions, proceeded in 88% overall yield but with poor selectivity (b:a ¼ 1:1.5)

(Scheme 53),146 leaving no doubt of the negative impact of a bulky substitutent on

O-3 of the donor in these 4,6-O-benzylidene-directed b-mannosylation reactions.
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Scheme 51. Direct synthesis of an alternating b-(1!4)-b-(1!3)-mannan.

296 F. CAI, B. WU, AND D. CRICH
In spite of the poor selectivity in two of the coupling reactions, the overall yield of the

mannohexaose 321 from the block synthesis was higher than that achieved previously

in the linear synthesis, thereby clearly highlighting the well-known advantages of

convergent syntheses.

In view of this limitation, the ultimate challenge in the field of b-mannan synthesis is

necessarily that of ab-(1!3)-mannan such aswas subsequently undertakenbyCrich and

his coworkers. Consideration of the poor selectivities outlined in Scheme 52, and of

similarly poor selectivities noted with 4,6-O-benzylidene-protected mannosyl doors

carrying the large tert-butyldimethylsilyl ether group at O-3147,148 led to the hypothe-

sis of steric buttressing between the bulky O-3 group and the protecting group on O-2,

resulting in the latter hindering the b-face of the donor to an unusually large extent.
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This in turn resulted in the introduction of the sterically minimal 2-propargyl ether

group to compensate for the presence of a bulky group at O-3, with positive results in

a number of systems.149 Unfortunately even this innovation was not sufficient for the

b-(1!3)-mannan synthesis, as is clear from the contrast in the selectivities of the

di- and trisaccharide preparations presented in Scheme 53.150

The problem was reduced to a minimum in a redesigned approach for which the

only coupling employing a 3-O-glycosylated donor was the final block assembly of

two trisaccharides to afford a hexamannan. This solution also made use of the novel

3-naphthylpropargyl ether for protection of the 3-position at a number of reaction

stages. This system151 enjoys the minimal steric bulk of the propargyl ether, but is

more easily removed in a single step by exposure to DDQ under conditions akin to
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those employed for cleavage of 4-methoxybenzyl ethers and naphthylmethyl ethers.

The trisaccharide donor 335 and the acceptor 336 were assembled uneventfully in

linear fashion and excellent selectivity (Scheme 54), with 1-octene deployed as a

sacrifical alkene to trap the benzenesulfinyl triflate byproduct of the sulfoxide activa-

tion reaction and prevent its addition to either the electron-rich propargyl system or

the thioglycoside present in one of the acceptors.

Finally, the two trisaccharides were combined to yield the mannohexaose 337 in

61% yield and the somewhat modest selectivity by now expected, of 1:1 for the two

anomers (Scheme 55).150
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5. b-Rhamnan Synthesis by Direct Methods

Paulsen and Kutschker employed the classical insoluble silver salt method to

prepare the b-(1!4)-b-(1!2)-rhamnotriose characteristic of the lipopolysaccharide

from Shigella flexneri.152 Accordingly, the rhamnosyl bromide 340 dissolved in

toluene was added dropwise to a solution of acceptor 339 stirred in dichloromethane

in the presence of the insoluble silver silicate promoter (Scheme 56) to give exclu-

sively the b-rhamnoside 341 in 77% yield. Interestingly in view of subsequent claims

of the b-directing effects of 4-O-carboxyl esters in related glycosylation reactions,100

the arming 2-allyl and 3-benzyl ethers were considered to counteract the disarming
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effect of the 4-acetate group and to facilitate this particular coupling. After removal of

the acetate ester, a second silver silicate-promoted b-rhamnosylation was conducted

with donor 343, leading to the formation of the trisaccharide 344 in 70% yield

(Scheme 56).152

The application of the 4,6-benzylidene acetal-controlled b-mannoside synthesis to

the preparation of the b-rhamnans is rendered more complex by the 6-deoxy nature of

rhamnose. In the D series this problem was circumvented by Crich and Bowers, who

applied a novel free-radical fragmentation to convert a 4,6-acetal linkage directly to a

6-deoxy sugar subsequent to the glycosylation step. Thus, in the first step of an

iterative sequence, thioglycoside 345 was coupled first with cyclohexanol to cap the

reducing end of the target tetrasaccharide (Scheme 57). After oxidative removal of the
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naphthylmethyl ether, a further coupling with 345 gave a disaccharide which led, after

two more iterations of the deprotection/coupling sequence, to a b-mannotetraose 348.

Treatment with tributyltin hydride and azoisobutyronitrile in xylene at reflux then

afforded, after work-up with sodium borohydride and Zemplén deacylation, the

b-rhamnotetraose 349 in 22% yield (Scheme 57).153 Although the fragmentation

employed in this synthesis to convert the b-mannan into the b-rhamnan is reminiscent

of the well-known Hanessian–Hullar N-bromosuccinimide-mediated fragmentation

of 4,6-benzylidene acetals to their 4-O-benzoyl-6-bromo-6-deoxy congeners154–156 it

differs in so far as it is a purely radical fragmentation, as opposed to the radical ionic

crossover of the NBS process.157 The radical fragmentation employed by Crich and

Bowers follows the contrathermodynamic path to the less stable primary radical,

owing to the greater relief of strain in the fragmentation transition than that required

for the formation of the more-stable secondary radical at the 4-position.158–160
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55. R. Adamo, R. Saksena, and P. Kováč, Studies towards a conjugate vaccine for anthrax: Synthesis of

the tetrasaccharide side chain of the Bacillus anthracis exosporium, Helv. Chim. Acta, 89 (2006)

1075–1089.
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I. Introduction

Trypanosoma cruzi is the causative agent of Chagas’ disease, American trypano-

somiasis, endemic to many countries of South and Central America and affect-

ing millions of people.1 The parasite is transmitted to animals, including humans,

by insect vectors of the family Reduviidae. Following the acute phase of the disease

a chronic infection is usually established, and thus, the parasites may be transmitted

during pregnancy or by blood transfusions and organ transplants. With increasing

northbound immigration of people from Latin America, the disease is now of concern

for the northern countries, which do not screen donors for Chagas’ disease. Cardio-

myopathy is the most common of the manifestations of chronic Chagas’ disease.

The genome sequence of T. cruzi has been described,2 but no vaccines or effective

drugs are yet available to control the disease.

Studies on the cell-surface molecules of T. cruzi have revealed unique structures.

Knowledge of the glycobiology of T. cruzi has contributed significantly to the

identification of target enzymes responsible for the construction of these molecules.

Efforts are now underway in several laboratories to find specific inhibitors for these

enzymes. This task is complicated by the recognition of subpopulations of T. cruzi

strains having characteristic individual properties.

According to biological, genetic, biochemical, and immunological studies, these

strains have been classified into two major phylogenetic lineages.3–4 The T. cruzi 1

group is associated with the sylvatic transmission cycle and infection of such small

vertebrate animals as the opossum. Strains belonging to lineage 2 are associated with

the domestic transmission cycle and chronic human disease.

Controversial results have been reported on the relation between the genetic group

and the infectivity of an isolate.5–7 Most T. cruzi proteins are heavily glycosylated,

and the carbohydrate modification is strongly dependent on the life cycle and original

lineage of the parasite, as described in the following sections of this chapter.

II. Life Cycle of the Parasite

T. cruzi differentiates during its life cycle as it travels from insects to humans,

undergoing biochemical and morphological changes (Fig. 1).8



Epimastigote 
(midgut)

Metacyclic 
trypomastigote 

(hindgut)

Amastigote
(intracellular)

Trypomastigote 
(bloodstream)

Vertebrate

Insect

Fig. 1. Life cycle of Trypanosoma cruzi.
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Epimastigotes replicate in the midgut of a triatomine insect, commonly Triatoma

infestans (vinchuca) in Argentina and Rhodnius prolixus (barbeiro) in Brazil. In the

intestine, they transform into non-proliferative metacyclic trypomastigotes that pass

from the hindgut to the feces. The infective trypomastigotes enter the vertebrate host

through a skin wound or throughmucosal membranes. Inside the host, trypomastigotes

invade cells and differentiate into amastigotes which, after several cycles of binary

division, differentiate back into trypomastigotes. These non-replicative forms are

released into circulation upon host-cell rupture. Trypomastigotes may then infect

other cells or be taken by the blood-sucking insect vector. The ingested trypomastigotes

transform into epimastigotes, thereby, closing the cycle. The different forms of T. cruzi

differ not only in cellmorphology but also,more importantly, in themolecular structure

on the cell surface. In particular, specific carbohydrates characterize each stage.

III. Specific Cell-Surface Glycoconjugates

1. Glycoinositolphospholipids, Free and as Anchors of Proteins

a. Glycoinositolphospholipids.—The first glycoconjugate to be purified and

completely characterized from T. cruzi was a glycoinositolphospholipid (GIPL).

Earlier reviews on T. cruzi GIPLs have been published.9,10 The GIPLs are the most

abundant cell-surface molecules in the epimastigotes and metacyclic trypomastigotes.
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Around 107 GIPLs/cell form a dense glycocalyx covering the surface.11,12 The GIPL

isolated from epimastigotes, strain Y, was originally called a lipopeptidophosphogly-

can (LPPG),13–14 since amino acids (3–5%) were found in early preparations.13,15

It was later determined that an inositolphosphoceramide (IPC) was linked to the

glycan.14 After purification by hydrophobic chromatography, structural studies

showed the characteristic features of glycophosphatidylinositol (GPI) anchors of

glycoproteins (Fig. 2):16

1. Release of the lipid by bacterial phosphatidylinositol phospholipase C (PI-PLC)

2. Cross reacting determinant (CRD) activity in the phosphoinositolglycan liberated

by PI-PLC

3. Presence of non-N-acylated glucosamine (NaNO2/NaBH4)

In a later paper it was established that ceramide 1-phosphate was released from the

GIPLs by the PLD from rat blood plasma.17

The complete structure for the GIPLs11,18 showed the glycan core of GPI anchors of

proteins,19 aMan-(1!2)-aMan-(1!6)-aMan-(1!4)-aGlcN-(1!6)-D-myo-inositol-
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sites of chemical and enzymatic reactions of GPIs are shown. EtN, 2-aminoethanol (ethanolamine).
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1PO4-lipid, with one more mannose residue. The substitutions of this core, galacto-

furanose and aminoethylphosphonic acid (AEP), and the IPC moiety are xenobiotic to

mammalian cells and are thus good targets for drugs. Microheterogeneity with respect

to the glycan has been described, with three major oligosaccharide structures

(Fig. 3),11 and structural variations depending on the strain have been reported.20

GIPLs isolated from epimastigotes in the exponential phase of growth showed a

microheterogeneity in the lipid moiety, and 1-O-hexadecyl-2-O-hexadecanoylgly-

cerol or a ceramide, mainly N-hexadecanoyl and N-lignoceroylsphinganines were

identified.21 However, ceramides alone were found in GIPLs isolated from parasites

in the stationary phase of growth.

Decades after the first report on the LPPG,13 the mystery of the peptide found in

early preparations was solved by the work of Ferguson and coworkers.22 These

investigators purified a novel small glycopeptide termed NETNES, of low abundance

(approx. 30,000 molecules/cell), which was extracted with the GIPLs. Accordingly,

the amino acids analyzed in NETNES were the same as those previously found in

LPPG with the addition of an isoleucine residue. The GPI anchor in NETNES lacks

the Galf and the lipid is 1-O-hexadecyl-2-O-hexadecanoylglycerol. The fine structure

of NETNES is discussed later in this chapter.

The infective trypomastigotes have a lower content of GIPLs than the epimasti-

gotes.23,24 The structures of the trypomastigote free GIPLs were not described.

b. GIPL Anchors (GPIs) in T. cruzi Glycoproteins.—GIPLs perform the impor-

tant function of anchoring proteins to the cell membrane. To accomplish this, a

peptide linkage is formed, catalyzed by a transpeptidase, between the ethanolamine

substituent in the third Man of the glycan and a carboxyl-terminal amino acid.

The GIPLs attached to the protein are generally called GPIs because the first full
(15%) 

bGalf-(1→3)-aMan-(1→2)-aMan-(1→6)-aMan-(1→4)-aGlcN-(1→6)-myoIno-1-P-ceramide

AEP

bGalf -(1→3) 

bGalf-(1→3)-aMan-(1→2)-aMan-(1→2)-aMan-(1→6)-aMan-(1→4)-aGlcN-(1→6)-myoIno-1-P-ceramide

(65%) 

AEP

(20%) 

AEP

bGalf-(1→3)-aMan-(1→2)-aMan-(1→2)-aMan-(1→6)-aMan-(1→4)-aGlcN-(1→6)-myoIno-1-P-ceramide

Fig. 3. The three major oligosaccharide structures found in the LPPG from T. cruzi epimastigotes.
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assignment of a GPI structure was that of the T. brucei VSG containing a phospha-

tidylinositol (PI) with diacylglycerol as the glycerolipid.25 In mammals, a PI with an

alkylacylglycerol (AAG) is usually found in the anchor.26,27 An IPC, with sphinga-

nine or sphingosine, is found more often as the lipid moiety of the anchors in the

infective stages of T. cruzi (Fig. 4). Also, an IPC is commonly present in anchors of

Saccharomyces cerevisiae glycoproteins.28 Although the abbreviation GPI, would not

be correct in these instances, it was adopted for all GIPLs anchoring glycoproteins.

A method for the quantification of GPIs in biological samples has been described.12

(i) GPI in Mucins. The mucins from all stages of T. cruzi are anchored by GPIs.

Moreover, a recombinant mucin, obtained by transfection of a repetitive gene in

epimastigotes, is anchored by a GPI and shed into the medium by an endogenous

phospholipase C.29 Structural variations in the inositolphospholipid (IPL) of the
Anchors with PI Anchors with IPC

TcTS (trypo)34

NETNES (epi)22

Protein EtN G

NH OH 

P

C=O 

DHS
or SP

R3

O O

R2 R1

R3

Protein EtN G

I I

P

Alkyl (C16:0)

Alkyl (C16:0)

R1

Ssp-442Mucins (epi)30, 31, C16:0Alkyl (C16:0) Acyl (C16:0)

TcTS (metacyclic)351G741 C16:0, C18:0Alkyl (C16:0) Acyl (C16:0, C18:0)

LPPG16GIPLs21 C16:0, C24:0Alkyl (C16:0) Acyl (C16:0)

Mucins (metacyclic)31Tc8538,39 C16:0, C24:0Alkyl (C16:0) -

-

Acyl (C16:0)

R2

TcTS (trypo)34Mucins (trypo)33 C16:0Alkyl (C16:0) Acyl (C16:0, C18:2, C18:1)

Fig. 4. Structure of the lipid in the GPI anchors of the major glycoproteins of T. cruzi.
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anchor must be emphasized, since the lipid has been associated with the infectivity of

the parasite. Only the GPI anchors of the glycoproteins are discussed in this section.

The GPI in mucins of the epimastigote stage have the same mannose oligosaccha-

ride, but lack the Galf present in the free GIPLs.30,31 Interestingly, in the IPL,

1-O-hexadecyl-2-O-hexadecanoylglycerol is replaced by ceramide when the parasites

differentiate to metacyclic forms, whereas the glycan moiety remains unchanged.31

The ceramide species are the same as those characterized in the free GIPLs.21 Also, as

in the GIPLs, the glucosamine is substituted at O-6 by 2-aminoethylphosphonic acid

(AEP). The attachment to the protein is through an ethanolamine phosphate or another

molecule of AEP that is linked to the third mannose. The GPI anchor of trypomas-

tigote mucins is constituted by an AAG that contains mainly the unsaturated fatty

acids, oleic and linoleic acid. The glycan is based on the (Man)4 oligosaccharide,

commonly found in T. cruzi GIPLs, substituted with, on average, 2.5 galactose units.

The configuration and linkages of the galactoses were not established.32 The GPI

anchor of these mucins is responsible for their bioactivity. Treatment with nitrous

acid, which cleaves the IPL, or mild alkaline hydrolysis, which affects the GPI

structure, abolishes the cytokine-and nitric oxide-inducing activity of the mucins.33

(ii) GPI in Trans-Sialidases. The other family of surface glycoproteins, crucial for

infection by T. cruzi, is the trans-sialidase (TcTS) family. The GPI anchor of these

molecules enables their shedding by an endogenous PI-PLC into the bloodstream of

the host, where it exerts different biological effects. The presence of a GPI anchor has

been confirmed by incorporation of [3H]-hexadecanoic acid, immunoprecipitation

with a monoclonal antibody, and release of the radioactivity by the action of a

bacterial PI-PLC.34 The lipid was characterized in both mammalian cell-derived

and metacyclic trypomastigotes. While ceramide is the only constituent of the anchor

of the trans-sialidase from metacyclic forms,35 ceramide and alkylglycerol in 3:1 ratio

were detected in the trypomastigote trans-sialidase.34 The major ceramide was char-

acterized as N-hexadecanoyl-sphinganine. Analysis of the glycan constituent of the

GPI in the trans-sialidase of the metacyclic forms showed a major oligosaccharide

having the trimannosyl core backbone substituted by a-galactose. The oligosaccha-

ride in the trans-sialidase anchor of trypomastigote forms was not analyzed.

The gp85 glycoproteins are included in the trans-sialidase superfamily, although

somemembers are enzymatically inactive.36 The Tc-85 glycoprotein is specific for the

trypomastigote forms37 and is anchored by a GPI with 1-O-hexadecylglycerol.38,39

(iii) GPI in Minor Glycoproteins. 1G7 Antigen. The low-abundance cell-surface

glycoprotein 1G7 is expressed by the metacyclic forms and is also anchored by a

GPI.40 Studies on the anchor showed that the glycan had the Man4GlcN basic
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structure found in other T. cruzi anchors. Galf and aminoethylphosphonate, constitu-

ents of the glycan in free GIPLs, were not found in 1G7. The lipid component is

mainly sn-1-O-hexadecylglycerol, substituted with hexadecanoic or octadecanoic

acids. A minor proportion of ceramide was shown by use of electrospray mass

spectrometry.41

NETNES—The recently described unique glycopeptide NETNES is also anchored

by a GPI with the glycan structure:

aMan-(1→2)-aMan-(1→2)-aMan-(1→6)-aMan-(1→4)-aGlcN-(1→6)-myoIno

AEP

The AAG is sn-1-O-hexadecyl-2-O-hexadecanoylglycerol, as found in the free

GIPLs of epimastigotes.22

Ssp4–The intracellular amastigote forms express the specific Ssp4 antigen, which is

progressively shed by the action of an endogenous PI-PLC.42 The lipid moiety in the

GPI is the ceramide hexadecanoyl-sphinganine.

c. Biological and Immunological Properties of T. cruzi GIPLs.—It was shown

that GIPLs are involved in the attachment to the luminal midgut surface of the vector

R. prolixus.43 Moreover, administration of 0.5 mM epimastigote GIPLs to the infected

blood meal inhibited parasite infection in the insect by up to 90%. Apparently, the

terminal b-D-Galf groups present in the GIPLs are important for the interaction with

the insect intestine. Previous partial acid hydrolysis, under conditions that selectively

remove Galf, diminishes the inhibitory effect of the GIPLs. Since GIPLs are less

abundant in the metacyclic trypomastigotes, which are detached from the surface, a

developmental regulation mediated by GIPLs was suggested.

A decreased expression of surface proteins in T. cruzi was observed on induction of

GPI deficiency by heterologous expression of T. brucei GPI-PLC.44 A different

behavior was described for the different stages of the parasite. Whereas epimastigotes

and metacyclic trypomastigotes from stationary-phase cultures were not drastically

affected by GPI deficiency, the intracellular amastigote forms showed diminished

replication and differentiation into trypomastigotes.45 Accordingly, it was suggested

that GPI-anchored proteins or free GIPLs act as mediators for signals necessary for

amastigote development.46 Related to this, activation of GIPL biosynthesis upon

differentiation of trypomastigotes to amastigotes was demonstrated.47

Antibodies to the GIPLs were obtained in rabbits and were shown to be directed to

Galf epitopes.23

Studies have been made on the effect of T. cruzi GIPLs on the host immune system,

and it was shown that the GIPLs downregulate T cell activation in vivo and in vitro.

By controlling host cellular responses a chronic infection is maintained.48
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On the other hand, it has been demonstrated that GIPLs purified from T. cruzi

stimulate Ig production in vitro.49

A pro-apoptotic activity of the T. cruzi GIPLs was reported,50 and the lipid and

glycan moieties where shown to transmit different signals to the host.51

Purified GPIs, obtained by proteinase K digestion from the mucins of T. cruzi

trypomastigotes (tGPIs), are potent inducers of nitric oxide, tumor necrosis factor-a
and interleukin-12. The unsaturated fatty acid of the GPI alkylacyl-PI moiety is

essential for bioactivity, but other features of the intact GPI are also necessary since

the PI obtained by nitrous acid treatment was inactive.32 Correlation between GPI

structure and proinflammatory activity in macrophages has been reviewed.52

d. Biosynthesis of T. cruzi GIPLs.—Biosynthesis of the related GPI anchors has

been studied in several organisms. The GPI anchor is the most ubiquitous of the lipid

anchors for proteins, particularly favored by protozoal parasites, especially trypanoso-

matids.9 Definition of the successive steps for the complex biosynthesis of GIPL pre-

cursors startedwith thework on theGPI anchor of the variant surfaceglycoprotein (VSG)

of Trypanosoma brucei.19,53,54 The glycan core is assembled on a phosphatidylinositol

by initial addition of GlcNAc to give GlcNAc-PI, which is deacetylated to GlcN-PI, one

of the crucial steps in the biosynthesis. The threemannose residues for construction of the

core are donated by dolichol mannose phosphate. Ethanolamine phosphate, which is

the linkage to the protein, is next linked to the third mannose. This entire process for the

construction of the precursor glycolipid, EtNPMan3GlcNPI, takes place in the endoplas-

mic reticulum (ER). Addition of other sugars, such as another mannose in the GIPLs and

in some GPIs of T. cruzi, may take place also in the ER, as in yeast.

Most intriguing is the following lipid remodeling whereby the original fatty acids

of the diacylglycerol in the PI are replaced in both positions by tetradecanoic

(myristic) acid (C14:0). This lipid remodeling has been well characterized in

T. brucei.53,55 The glycolipid precursor, termed glycolipid A may undergo acylation

and deacylation of the inositol as a regulatory process.56 Acylation of inositol

precludes hydrolysis by PI-PLC,57 a reaction usually used for detection of GPI

anchors. The inositol deacylase gene has been characterized in T. brucei,58 but

inositol acylation in T. cruzi was not proved. The detailed enzymology of the

individual steps for the assembly of the GPI in trypanosomes is not as well defined

as that for mammals and Saccharomyces, for which genes encoding proteins involved

in most of the steps and in the transfer of GPI to protein have been identified.59

An important difference between the GPI anchor in T. brucei, and the free GIPLs or

those anchoring the proteins in T. cruzi, is the lipid linked to the glycan. IPC is

commonly found in T. cruzi.9 Ceramide is also the main lipid in the anchor of mature
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glycoproteins of yeast. Interestingly, this lipid is not found in mammals. In a series of

papers, Conzelmann and coworkers described the remodeling that takes place in GPI

anchors of yeast for introduction of the ceramide.28,60–63 Biosynthetic studies showed

that in T. cruzi, as in yeast, IPC is not a substrate for the first steps in the biosynthesis

of the GIPLs. These results proved that a remodeling step must be also operating in

T. cruzi to replace the glycerolipid by a ceramide, as found in the mature GIPLs.64

Accordingly it was shown that glycolipids biosynthesized by membranes of T. cruzi

showed only a PI with AAG as the lipid moiey.65 In S. cerevisiae ceramide replaces

the glycerolipid after its transfer to the protein in the ER.61 This would not be a

requisite for T. cruzi, since ceramide-containing GIPLs, not linked to protein, are

abundant in the membrane of epimastigote cells.11 Ceramide used for remodeling

GIPL anchors in S. cerevisiae is newly synthesized and not taken from IPC.28 The

authors used the antibiotic aureobasidin A to block IPC biosynthesis and showed that

it did not block remodeling of the GIPL. In T. cruzi amastigotes, the antibiotic

inhibited not only the synthesis of IPC, but also the incorporation of [3H]-hexadeca-

noic acid into GIPLs47 suggesting that IPC is a substrate in the remodeling step.

Moreover, as no lignoceric acid was found in free ceramides42 or in IPC66 and the

C24:0 is the major fatty acid in the LPPG, a remodeling step must be responsible for its

introduction in the ceramide. In this respect, a ceramide lipase activity and IPC-fatty

acid hydrolase and acyl transferase activities have been detected in a cell-free system

of T. cruzi.67 It is still not known what features of the GIPLs dictate remodeling of the

glycerolipid by ceramide. By analogy with yeast, where it was found that branching

with EtNP is important for remodeling,68 the introduction of AEP at the O-6 of GlcN

may play a similar role.

It was shown that the IPC synthase was induced upon differentiation,47 providing

an important target for antiprotozoal therapy, since no equivalent mammalian enzyme

is known. In this respect, biosynthesis of radioactive IPC by metabolic labeling of

T. cruzi epimastigotes,66 trypomastigotes,69 and amastigotes47 could be used to study

the action of potential inhibitors. Properties of the IPC synthase have been

described,70 but in contrast to earlier results,47 the authors report no inhibition of

the enzyme by aureobasidin. Elucidation of the structure of the T. cruzi enzyme would

clarify its analogy with the yeast enzyme.

(i) Transfer of GPIs to Proteins. The products of more than 20 genes are involved in

the assembly of GPI precursor and its transfer to protein and have been identified for

yeast and mammal proteins.59 Genes encoding GPI-anchored proteins can be identi-

fied by two signal sequences in the primary translation product, an N-terminal

sequence that directs the protein to the lumen of the ER and a C-terminal sequence

that directs attachment of a GPI anchor (GPIsp). Although there is no strict consensus
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sequence for the C-terminal signal, its general properties were originally determined

experimentally by site-directed mutagenesis studies with model proteins.71 Slight

variations have been noted in metazoan and protozoan signal sequences.72 Both signal

peptides are removed during processing in the ER. The N-terminal signal peptide is

removed by a peptidase. The removal of the C-terminal GPI signal peptide and its

replacement by GPI on the luminal face of the ER are catalyzed by a transamidase

(GPIT), a multisubunit membrane-bound enzyme. The GPI is covalently attached

through the amino group of EtNP to an internal residue (o site) of the pro-protein,

with the concomitant release of the C-terminal signal peptide. The GPIT in mammals

and yeast is a complex of five proteins (reviewed in Ref. 59). All five subunits are

needed for the nucleophilic attack on the o residue of the pro-protein. The GPIT of

T. brucei shares three subunits but have two novel subunits.73,74 They have not yet

been described for T. cruzi.

e. Chemical Synthesis of the T. cruzi GIPLs.—GIPLs of T. cruzi contain such

structural motifs as Galf and AEP, which make their synthesis a challenge. The

heptasaccharyl myo-inositol 1 (Fig. 5) is the sugar moiety of the major GIPL in

T. cruzi insect forms. Synthesis of 1 has been accomplished by a convergent assembly

of three building blocks (Fig. 5).75 In the following Schemes 1–3, synthesis of the

complete glycan is depicted. The deprotection steps to afford 1 were crucial and

included debenzylation with sodium in liquid ammonia, since the commonly used

catalytic hydrogenation was not successful in this instance.76 Removal of the acetal

groups as the final step avoided the formation of a mixture of products resulting from

phosphate migration. An earlier paper described the synthesis of the tetrasaccharide

2 and the pentasaccharide containing the two terminal Galf groups.77

A complete GPI anchor of T. cruzi trypomastigote glycoproteins, lacking Galf in

the glycan, was synthesized (13, 14, Scheme 4).78 The Man4GlcNmyo-Inos is linked

through phosphate to 1-O-hexadecyl-2-O-acyl-sn-glycerol, with oleoyl or linoleoyl as

the acyl group. In Scheme 4 the key building blocks are shown. The presence of the

unsaturated fatty acids was associated with the important biological activity of

purified GPI from trypomastigote mucins.32

2. Trypanosoma cruzi Mucins

The most abundant surface glycoproteins of T. cruzi are the GPI anchored, highly

glycosylated, mucin-like proteins.24,79,80 They were first described by Alves and Colli

in epimastigotes and termed glycoproteins A, B, and C.81 Their surface location and

the presence of Galp in the glycan were shown by labeling whole cells with galactose
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oxidase–NaB3H4.
82 They were later found in other life stages, as discussed in the

following sections.

a. Genetic Variability.—The mucin-gene repertoire in T. cruzi shows high com-

plexity and heterogeneity. In a first approach, mucins may be divided in two types

depending on the parasite host: those present in the insect stages and those identified

in the mammalian stages (Table I). Hundreds of genes have been identified and

arranged into two main families on the basis of sequence homology.83

The TcSMUG (T. cruzi small mucin gene) family is a homogeneous family of

70–80 genes encoding mucins in the insect stages. Members of this family were

classified in two groups, S (small) and L (large) according to the size of the mRNAs.

The group TcSMUG S products would correspond to the 35–50 kDa mucins that
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GLYCOBIOLOGY OF TRYPANOSOMA CRUZI 323



OBn

OBn

HO

O
O

O
N3

O
O

O

O O

O
OAc

OAc
OAcOAc

O

O O

OO

O

12
b

1

O

O

O

N3

O

O

O
O O

O
O

O P

O
P

O

O P

O
O

4

O

BnO NHCbz

NHCbz

OBn

OBn

OBn
OBn

OBnOBn

OBn

OBn

a
OBn

BnO

BnO

BnO

BnO
BnO

BnO

BnO

BnO

BnO
BnO

BnO

P

Scheme 3. Assembly of the fully protected IPG and subsequent deprotection to 1. Conditions:
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cover the surface of epimastigotes.84 In vivo expression of group L has not been

proved. The other gene family, named TcMUC, comprises 500–700 genes2 and

encodes mucins present in the mammal-dwelling stages.29,85–87 The TcMUC proteins

have conserved N- and C-termini corresponding to an ER signal and a GPI anchor

signal, respectively. They differ mainly in the central domain (Fig. 6).88 They were

divided in three groups according to their structure. The TcMUC I group is character-

ized by a central domain composed of tandem repeats, with the consensus sequence

T8KP2, providing suitable targets for O-glycosylation. TcMUC I products behave as

functional mucins in transfected parasites, being glycosylated and displaying an

antigenic hypervariable region in their mature N termini.29 The TcMUC II has

fewer repeats in the central region which, however, are rich in Thr, Ser, and Pro

residues. The TcMUC I products are predominant in amastigotes, whereas the

TcMUC II mucins are preponderant in bloodstream trypomastigotes, being less

expressed in amastigotes.88 The diversity in the length, sequence, and number of

putative glycosylation-acceptor sites of TcMUC II genes can explain some of the

molecular-mass heterogeneity observed for cell-derived trypomastigote mucins

(tGPI-mucins). tGPI-mucins run on SDS–PAGE as a smear, spanning a wide range

of molecular masses (60–200 kDa). They share the sialic acid-containing epitope Ssp-

3, which is crucial for attachment to and invasion of mammalian cells.89

A third group, termed TcMUC III, yielded a very small protein, called trypomas-

tigote small surface antigen (TSSA), because it is expressed on the surface of
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Table I

Classification of Mucin-Like Gene Families in Trypanosoma cruzi

Host Family Group

Parasite

Stage Structural Features

Mammal TcMUC TcMUC I A > T 60–200 kDa mucins. 2–10 tandem T8KP2
repeats for O-glycosylation

TcMUC II T > A 60–200 kDa mucins. 1–2 repeats, central Thr,

Ser and Pro-rich region

TSSA T 20 kDa. Without repeats or central Thr, Ser and

Pro-rich region

MASP T Highly variable central region, with repeats

Insect TcSMUG TcSMUG S E 35–50 kDa mucins. Thr runs, no repeats, no

variable regions

? TcSMUG L ? Presence of repeats, no variable regions

Stages: A, amastigotes; T, cell-derived trypomastigotes; E, epimastigotes. Groups: TcMUC, T. cruzi mucin
gene family; TcSMUG, T. cruzi small mucin-like gene family.

TcMUC I

TcMUC II

TcMUC III

TcSMUG S

TcSMUG L

HC

HC

HV

Central domain

Thr Run

Tandem repeats

Thr runs

DQT17−20 NAPAKDT5−7NAPAK

[KNT7ST3S(S/K)AP]1 −3
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S-/T-/P-rich
highly conserved
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Fig. 6. Schematic representation of T. cruzi TcMUC and TcSMUG families and groups. Arrows indicate

the putative trypsin-digestion site(s). HV, hypervariable N-terminus; HC, highly conserved N terminus;

TRR, Thr-rich region; C-T, C terminus. Ref. 88.
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cell-derived trypomastigotes.90 This group is actually constituted by a dimorphic

single-copy gene, with two alleles correlating with the two broad lineages postulated

for T. cruzi.91,92 These two alleles yield two different kinds of TSSA proteins, named

TSSA-I and TSSA-II, which differ mainly in the central region. These sequence

changes have major impact on TSSA antigenicity, leading to negligible cross-

reactivity between the two isoforms. Sera from animals infected with T. cruzi

2 isolates showed an exclusive recognition toward the TSSA-II molecule. On the

other hand, infection with T. cruzi 1 isolates displayed exclusive recognition toward

TSSA-I, although the signal is much weaker. This result has great epidemiological

value, as it allows for identification of the lineage of the infecting strain by

simple serological methods.90 On its C-terminus, TSSA-I and TSSA-II displayed a

hydrophobic region compatible with a GPI-anchoring signal.

The genoma of T. cruzi revealed another family linked to TcMUC II, termed

mucin-associated surface proteins (MASP),2 which is predominant in the trypomas-

tigote proteoma.93 The members of this family are characterized by conserved N- and

C-terminal domains that respectively encode a signal peptide and a GPI anchor

addition site, suggesting a surface location in the parasite. The central region of

these proteins is highly variable and often contains repeats. Only nine MASP gene

family proteins were identified, suggesting that they are not as abundantly expressed

or that they have extensive posttranslational modifications, which complicate their

proteomic detection. A glycoproteomic analysis showed N-glycosylation in members

of the MASP family.94 However, about 25% of the mucin genes in T. cruzi are

nonfunctional pseudogenes, with most disabling mutations being localized within

the TcMUC II central domain.86,95,96

In summary, the transition from insect-dwelling to mammal-dwelling stages leads

to the use of different, non-overlapping sets of mucin genes. As a consequence, when

the parasite moves from the insect into the mammal, it switches from a mucin coat of

rather homogeneous polypeptide composition to a highly heterogeneous one. One

possible explanation is that the variable TcMUC apo-mucins function as redundant

receptors that facilitate the attachment to, and/or invasion of, different cell types and

mammalian hosts infected by this parasite. Furthermore, it is possible that their

sequential expression might help the parasite to avoid host immune responses.83

b. Carbohydrate Structures in Mucins.—Mucins perform the crucial function of

being acceptors of sialic acid, mediated by a parasite trans-sialidase, which is dis-

cussed later in this chapter.

The structures of the O-linked oligosaccharides have been elucidated for the

mucins of the insect stages of the parasite. Both epimastigote and trypomastigote
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forms have about the same number of mucin molecules per cell (n 4 � 106).24

Galactose is present in all mucin oligosaccharides, although it was reported that the

surface hexose transporter expressed by T. cruzi is unable to transport galactose.97

The UDP-Glc 40-epimerase,98 together with the UDP-Galp mutase recently identified

in T. cruzi, 99,100 provides the necessary Galp and Galf for the construction of the

parasite glycoconjugates. The T. cruzi UDP-Glc 40-epimerase is encoded by the

Tc GALE gene. Null mutants could not be obtained, suggesting that the gene is

essential. Two single-allele knockout clones showed biochemical and morphological

aberrations.101 Under diminished supply of UDP-Galp, incorporation of Galp into the

mucins was more affected than biosynthesis of the Galf containing GIPLs, suggesting

that they play an important role for parasite survival in culture.

The striking feature of the O-linked chains is that they are linked to the protein by

a-GlcNAc instead of the GalNAc common in vertebrate mucins. Indeed, GalNAc was

not found in any of the T. cruzi glycoconjugates. The inability of the UDP-Glc

40-epimerase of T. cruzi to convert UDP-GlcNAc into UDP-GalNAc, in contrast to

the human epimerase, explains these findings.98 It is also unusual for surface glyco-

proteins in that, in some strains, a significant amount of non-substituted O-linked

GlcNAc was found.31,102 The enzyme that transfers the GlcNAc from UDP-GlcNAc

has been characterized.103

(i) Interstrain Variation of O-Linked Oligosaccharides in Mucins of the Insect

Stages. Interstrain variations in the carbohydrates linked to the protein have been

described, thus different patterns of the surface glycoproteins for the Y and Tulahuen

strains was demonstrated by labeling with galactose oxidase–NaB3H4. Moreover, the

mucins of two lines from the Tulahuen strain (T0 and T2), which differ in virulence,

also showed a different pattern when analyzed by SDS–polyacrylamide gel electro-

phoresis.104 By comparing structural data on the O-linked chains of the mucins from

different strains it followed that the O-linked oligosaccharides may be derived from

two cores, bGalp-(1!4)-GlcNAc or bGalf-(1!4)-GlcNAc. The cores are further

branched with various units of Galf and/or Galp. Thus far, galactofuranose was

found in the mucins of strains belonging to lineage 1 (Fig. 7),31,105–107 whereas in

the more infective Y30 and CL29,102,108 strains, galactose in the mucins is present only

as pyranose. The mechanism whereby the presence of Galf correlates with the parasite

inactivation was not fully elucidated. Galf is an antigenic epitope,109 and an immuno-

logical reaction could influence the infection. The metabolic pathways involved in the

transference of Galf in T. cruzi were not elucidated.

(ii) Chemical Synthesis of Oligosaccharides Containing Galf O-Linked in Mucins

of T. cruzi, Lineage 1. The structures of the oligosaccharides from the mucins (Fig. 7)
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were identified by spectroscopic methods. The disaccharide core 15, the trisaccharide

18, and the tetra and pentasaccharides 19 and 21 have been synthesized as follows.

Synthesis of b-D-Galf(1!4)GlcNAc (15). A simple synthesis of the core disaccharide

15 has been described (Scheme 5),110 using penta-O-benzoyl-a,b-D-galactofuranose
(27) as the galactofuranosyl donor. This furanosyl derivative has the advantage of being

accessible crystalline in one step from D-galactose (for details of its preparation see

Ref. 111). Although the yield of 27 is only moderate (35%), it crystallizes from ethanol

and a similar amount of the galactopyranosyl benzoate 34 is obtained crystalline from

the mother liquors. Compound 34was later used for the preparation of trisaccharide 18.

The partially protected derivative of GlcNAc 28 was also prepared in one step from

the benzyl glycoside, and the condensation of 27 with 28 to yield the disaccharide

derivative was promoted by tin(IV) chloride.

The other two isomeric disaccharides, b-D-Galf-(1!3)-D-GlcNAc and b-D-Galf-
(1!6)-D-GlcNAc were also prepared,112 providing all of the disaccharides of Galf

necessary for unequivocal identification of the component found in the mucins of

T. cruzi.

Synthesis of b-D-Galf (1!4)[b-D-Galp(1!6)]GlcNAc (18). For the preparation

of trisaccharide 18, the key glycosyl acceptor intermediate, benzyl 2-acetamido-3-

O-benzoyl-2-deoxy-a-D-glucopyranoside (33) was prepared in 81% yield according to

Scheme 6.111 Trisaccharide derivative 36 could be obtained in a one-pot reaction, taking

advantage of the lower reactivity of the galactopyranose benzoate with respect to

the galactofuranose derivative in the glycosidation reaction as promoted by tin(IV)
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chloride. The trisaccharide derivative 4,6-di-O-(b-D-Galf)-GlcNAc (37) was obtained

as byproduct.

Synthesis of b-D-Galp-(1!3)-b-D-Galp-(1!6)-[b-D-Galf-(1!4)]-D-GlcNAc (19).

For the preparation of the tetrasaccharide 19, a convergent route was employed,

condensing the derivative of b-D-Galf-(1!4)-D-GlcNAc with the b-D-Galp-(1!3)-

D-Galp donor (Scheme 7).113

Starting from 30, selective protection of OH-6 by treatment with tert-butylchloro-

diphenylsilane (TBDPC) followed by regioselective benzoylation of the 3-OH

group afforded the acceptor 40 in 65% overall yield. Glycosidation, to obtain the

b-galactofuranosyl disaccharide 41, gave better yields by using the trichloroacetimi-

date method. Removal of the silyl group was achieved with 5% HF (48%) in

acetonitrile affording compound 42 in 89% yield.

For the synthesis of the b-D-Galp-(1!3)-D-Galp fragment, the glycosyl aldonolac-

tone approach was used (Scheme 7). The 5,6-O-isopropylidene-2-O-pivaloyl-D-galac-

tono-1,4 lactone 43 was obtained crystalline from the galactono-1,4-lactone114 and

was glycosylated with the tetra-O-acetyl-a-D-galactopyranosyl trichloroacetimidate

44, affording the lactonic disaccharide 45 in 84% yield. Reduction with diisoamyl-

borane was followed by hydrolysis of the isopropylidene group, which led to equili-

bration. The mixture of pyranose and furanose derivatives 47 and 49 was obtained in

8:2 ratio upon acetylation. After separation by column chromatography the anomeric

acetate was hydrolyzed with ethylenediamine–acetic acid in THF, followed by

preparation of the imidate 50.

Glycosylation of acceptor 42 with 50 and deprotection afforded the tetrasaccharide

19 (Scheme 7).

Synthesis of b-D-Galp(1!3)[b-D-Galp(1!2)]-b-D-Galp(1!6)[b-D-Galf(1!4)]-

D-GlcNAc (21). Pentasaccharide 21 (Fig. 7) is the major oligosaccharide in the mucins

of the G strain.31 It was synthesized by a convergent approach, condensing acceptor

42, previously used for the synthesis of the tetrasaccharide 19, with the derivative of

the trisaccharide 2,3-di-O-(b-D-Galp)-D-Galp (Scheme 8).

The Galp trisaccharide was synthesized starting from benzyl 4,6-di-O-benzylidene-

b-D-Galp (53) which was glycosylated at both free positions by the trichloroacetimi-

date method. Further hydrolysis of the benzylidene group of 54, followed by

acetylation, and hydrogenolysis of the benzyl glycoside, afforded the anomeric free

trisaccharide 57.115

Because of the absence of a participating group at C-2 of donor 57, and in order

to obtain the b-(1!6) linkage, glycosylation was performed in a participating

solvent such as acetonitrile (nitrile effect).116 The condensation of benzyl (2,3,5,6-
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tetra-O-benzoyl-b-D-galactofuranosyl)-(1!4)-2-acetamido-3-O-benzoyl-2-deoxy-a-D-
glucopyranoside (42) with imidate 58 in the presence of TMSOTf as catalyst,

and employing acetonitrile as solvent at �40 �C, gave pentasaccharide 59 diastereose-

lectively in 57% yield. The a-glycosylation product was not detected, and unreacted

acceptor 42 was also recovered. Deprotection of 59 afforded the pentasaccharide 21.117

(iii) Chemical and Chemoenzymatic Synthesis of Glycosyl Amino Acids Related

to Mucins of Lineage 2. The synthesis of bGalp-(1!4)-GlcNAc-a-L-threonine
(LacNAc-a-threonine), which represents the core in mucins of the more infective

strains grouped in lineage 2, was recently described (Scheme 9).118 Solid-phase

synthesis of the glycopeptide Thr-Thr-[LacNAcThr]-Thr-Thr-Gly (66) was also

reported (Scheme 10). Although tandem repeats containing Thr5 were determined in

the TcMUC I products, this sequence was not proved in the mucins isolated from

epimastigotes or trypomastigotes.
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(iv) Analysis of the Alditol Oligosaccharides of T. cruzi Mucins by HPAEC-PAD.

Analysis of the O-chains released as oligosaccharitols from the mucins provides a

sensitive method for identifying the original lineage of a T. cruzi strain. The chemi-

cally synthesized oligosaccharide alditols, containing Galf, can be resolved by

HPAEC-PAD.119 Analysis of the isomeric disaccharides bGalp-(1!X)-GlcNAc

and bGalf-(1!X)-GlcNAc (X ¼ 3, 4, and 6) showed that all the Galf disaccharides

were more retained in the columns than their pyranose counterparts.102 By this

method it was proved that mucins from T. cruzi epimastigotes, clones CL14 and CL

Brener, contained only Galp oligosaccharides. When T. cruzi CL Brener parasites

were transfected with TcMUC I genes with repeats in the central region, the product

was highly O-glycosylated in vivo and the oligosaccharides showed the same pattern

as the endogenous mucins.29
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(v) Carbohydrate Structures in Mucins of the Mammal Stages of T. cruzi. Informa-

tion on the fine structure of the carbohydrates in the mucins from mammal-derived

stages (tGPI mucins) is scarce. After reductive b-elimination, a complex mixture of

structures was obtained.120 The smallest structure was the trisaccharide aGal-(1!3)-

bGal-(1!4)-GlcNAc-ol. The larger structures contained both 4-substituted GlcNAc-

ol and 4,6-disubstituted GlcNAc-ol termini, together with non-reducing terminal Gal

residues and 2-, 3-, 4- and 6-substituted and 2,6-disubtituted Gal residues. Unlike the

trisaccharide, some of these structures may be sialylated. tGPI-mucins are anchored to

the membrane via a glycosylphosphatidylinositol anchor containing 4–8 hexoses and

mainly unsaturated (C18:1 or C18:2) fatty acids in their alkylacyl-PI moieties. Mono-

saccharide composition analysis of the GPI by GC-MS revealed the presence of

mannose and galactose in the ratio 4.0:2.5, suggesting a substitution with an average

of 2.5 galactose residues. The configuration of these units was not described.32 The

striking difference of the O-linked oligosaccharides in mucins of the insect and

mammal stages is the presence of aGal-(1!3)-Gal epitopes in the latter.120 These

oligosaccharides are highly immunogenic and are the targets for lytic anti-a-galacto-
syl antibodies found in sera from patients with chronic Chagas disease. Lysis of

trypomastigotes is prevented by sialylation of the mucins catalyzed by the parasite

trans-sialidase (TcTS).24

c. Biological Functions of the Mucins.—Epimastigote mucins have a protective

role against proteases in the intestine of the insect vector.121 In the infective meta-

cyclic trypomastigotes, mucins are involved in adhesion and invasion of host cells.

It was proved that the binding was mediated by the carbohydrate constituents of the

mucins.122,123 Metacyclic mucins also act on Ca2þ mobilization in the host cell, and

immunomodulatory roles have been also described.124,125

Each constituent of the trypomastigote mucins, namely, the GPI anchor, the

polypeptide, and the linked carbohydrate has a distinct biological function which

may contribute to the success of the infection. It was suggested that the heterogeneity

of the polypeptide helps the parasite to evade the immune response. However, this

effect would be neutralized in vivo by the activation of macrophages mediated by GPI

and by the antigenicity of the linked sugars. Further studies are necessary to explain

these apparent contradictions.

A 45-kDa mucin, expressed only in invasive trypomastigotes and shed to

the medium, is involved in adhesion to mammalian cells.126 It was recognized by

the anti-T-cruzi mucin monoclonal antibody MabC20, although no structural data

are included to support its classification as a mucin.
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3. T. cruzi Trans-sialidase (TcTS)

T. cruzi is unable to incorporate sialic acid from the donor nucleotide, CMP-sialic

acid, but sialylated molecules on the surface of the parasite perform crucial functions

in the infection.89 Sialylated glycoproteins anchored to the membrane by a GPI or

shed into the bloodstream may bind to mammalian cell receptors to start infection,127

and they also play an important role in resistance to complement-mediated host

immune response.128

To acquire sialic acid, T. cruzi expresses a unique enzyme, the trans-sialidase which

catalyzes the transfer of sialic acid from host glycoconjugates to glycans at the surface

of the parasite, in particular to the mucins. In the early papers, a trans-sialidase

activity that transferred sialic acid from fetuin to epimastigotes129 or to surface

molecules of trypomastigotes130 was reported. The specific activity of the sialic

acid transglycosylase in epimastigotes was 17% of that found in trypomastigotes.

From then on results from studies on various aspects of this enzyme have emerged

from several laboratories (reviewed in Ref. 83, 131–133).

Substrate specificity of the trans-sialidase was established by in vitro experiments

using as acceptors oligosaccharides134 or glycolipids and glycoproteins.135 30-Sialyl-
lactose or fetuin was used as donors of the sialic acid, and it was also shown that

a-(2!6) or a-(2!8) sialic acid is not transferred by the enzyme. The reaction is

specific and involves the sialic acid a-(2!3)-linked in the donor and the formation of

the same linkage, with a terminal b-galactopyranosyl group in the acceptor substrate

(Fig. 8). TcTS also transfers, efficiently, a-(2!3)-linked N-glycolylneuraminic acid

to terminal b-galactosyl groups.136,137

The enzymatic activity was detected in the shed acute-phase antigen (SAPA) which

contains tandem repeats of 12 amino acids in a C-terminal region.138 Antibodies

against SAPA appear very early after infection in humans139 and mice.140 The T. cruzi

genoma2 revealed a superfamily of trans-sialidase genes in T. cruzi which encodes

hundreds of proteins ranging in size from 80 to 200 kDa, although not all showed

enzymatic activity. Only about 70 genes code for trans-sialidase-active products.

A second group having the same number of genes and the same protein size

(120–200 kDa) encode products lacking enzymatic activity owing to a mutation in

the key Tyr residue, but bind to b-galactose.141 These two groups contain the SAPA

repeats and are present in trypomastigotes. A third group, in epimastigotes, lacks the

repeats but contains the catalytic region. Another group of glycoproteins, the gp 85

are included in the superfamily as a trans-sialidase-like family83 because they

have 30–40% homology, although they lack trans-sialidase activity. The Tc85
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glycoprotein, specific to trypomastigotes, was the first described in this group37 and

the interaction with host structures has been recently reviewed.36 The trans-sialidases

from trypomastigotes, metacyclic trypomastigotes, as well as Tc85 are anchored

by GPIs (see Section III.1.b.ii). Members of the trans-sialidase family show N-

glycosylation sites142 but the sugar chains play no role in the enzymatic activity

since recombinant, non-glycosylated TcTS, retains its activity.143 Apparently, the

sugar chains have not been studied in the trans-sialidase-active members of the

family. The N-glycosylic chain was released from the Tc85 glycoprotein, and the

presence of sialic acid, fucose, and aGal-(1!3)-Gal was described.144

a. TcTS Structure and Mechanism of Catalysis.—According to its structure,

TcTS was classified as a member of the glycoside hydrolase family 33;143 however,

in the presence of a suitable acceptor it behaves as a transferase and catalyzes the

construction of the new linkage, aNeuAc-(2!3)-bGalp-1 (Fig. 8).

The three-dimensional structure of TcTS was determined by crystallographic

studies on a fully active TcTS mutant.145–147 It consists of two domains: the

N-terminal catalytic domain which forms a six-bladed b propeller, characteristic of

microbial sialidases, connected through a long a helix to a C-terminal lectin-like

domain which does not participate in the enzymatic reaction. The catalytic domain
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shares several features with the common sialidases, among them, the arginine triad

(Arg 35, Arg 245, and Arg 314) that binds the carboxylate of the sialic acid, an

aspartic acid (Asp 59) essential for catalysis, and two residues (Tyr 342 and Glu 230)

well positioned for participation in the activation process. These similarities suggest

that the ancestor of TcTS is a trypanosomal hydrolase.145 However, TcTS exhibits

some distinct units that could be responsible for the different enzymatic activities.

Two tyrosine residues (Tyr119 and Tyr 248), together with Trp 120, Val 203, and

Trp 312, define a hydrophobic environment in the binding pocket, favoring transgly-

cosylation to hydrolysis.

Studies on crystals of TcTS in complexes with different ligands, such as the acceptor

substrate lactose and the sialidase inhibitor 2,3-dehydro-3-deoxy-N-acetylneuraminic

acid (Neu5Ac2en) showed that TcTS has two (sub)sites in the active center: the sialic

acid-binding site and the galactose-binding site. The sialic acid (sub)site is present in all

sialidases but in TcTS it is somewhat different. The sugar enters in a tilted position as

compared with other sialidases, partially explaining the lack of inhibition observed with

Neu5Ac2en. On the other hand, the lactose (sub)site is absent in all known sialidases

and is formed upon binding of substrate. In Fig. 9 the interactions of TcTS with the

sialic acid analogue and with the acceptor lactose are shown. The lactose is stabilized by

water-mediated hydrogen-bond interactions with both monosaccharides constituents,

the galactose and the glucose. The 3-OH of the Gal is conveniently situated for a

nucleophilic attack on the sialyl intermediate and at hydrogen-bonding distance from
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the catalytic Asp59 (Fig. 9). In order to better characterize the enzyme–substrate

complex structure a mutant of the enzyme having Asp59 replaced by Ala was

constructed to retard the acid–base catalysis. The structures of the TcTSD59A in complex

with the natural substrate aNeuAc-(2!3)-lactose (30SL) or the synthetic 20-(4-methyl-

umbelliferyl)-a-NeuAc (MUNeu5Ac) showed hydrogen bonding and stacking

interactions with different amino acids and water molecules.147

Binding of the sialic acid moiety of the donor substrate in the TcTS reactive center

triggers a conformational switch that creates the sugar acceptor-binding site for a

terminal b-galactose. In the free enzyme, the Tyr119 points toward the floor of the

catalytic pocket, filling the space of sialic acid. Upon binding of the donor substrate,

the Tyr119 side chain suffers a displacement, leaving the sialic acid-binding cleft and

forming a stacking interaction with lactose, which is placed against the Trp312.

In addition to creating the acceptor-binding site, a second consequence of the binding

of sialic acid is a conformational switch of a Tyr residue at position 342, which is the

catalytic nucleophile making a covalent bond with the sialic acid intermediary state of

the reaction.148,149 The accepted mechanism of the trans-sialidase reaction is shown in

Scheme 11.

A nucleophilic participation with the formation of a covalent intermediate enzyme-

donor was suggested by b-dideuterium and 13C isotope effects in acid hydrolysis and

transfer reactions catalyzed by TcTS.150 The first proof for a covalent sialyl-TcTS

intermediate was reported by Withers and coworkers,148 who analyzed by ES/MS

peptide digests after the enzyme had been incubated with 3-F-a-NeuAc fluoride.

The incorporation of a fluorine atom at C-3 adjacent to the anomeric center slows

the reaction, allowing detection of the covalent intermediate. Moreover, formation of

the covalent intermediate was confirmed by X-ray crystallography.147 By using the

mutant TcTS D59A lacking acid–base catalysis by the aspartic acid, the complex could

be trapped and Tyr 342 was identified as the catalytic nucleophile.148 Thus, the

reaction starts with attack of the phenolic group in Tyr 342 with acid–base catalysis

by Glu 230. The leaving group of the donor glycan is protonated by Asp 59, which is

the base catalyst for the subsequent attack by 3-OH of the b-galactosyl acceptor,
resulting in retention of the configuration for the new sialoside.

In some natural inactivemembers of the TcTS familyTyr 342 is substituted byHys,151

which abolishes the enzymatic activity but preserves sugar binding properties.141,152

b. Selective Sialylation of Oligosaccharides.—(i) The Mucin Oligosaccharides

as Acceptors of Sialic Acid. TcTs has been used for the selective synthesis of

oligosaccharides bearing the aNeuAc-(2!3)-bGal motif. A recombinant enzyme

and 30-sialyllactose (SL) or an a-sialoside as donor are usually used.
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The pentasaccharide 21 and the hexasaccharide 22 in the mucins of T. cruzi (Fig. 7),

lineage 1, contain 2,3-di-O-(b-D-Galp)-b-D-Galp as an external unit. This trisaccha-

ride, 67 (Scheme 12),115 presents two b-D-Galp for possible sialylation. Analysis by

HPAEC-PAD and NMR studies indicated that the trisaccharide 67 and the benzyl

glycoside 68 were selectively monosialylated at the (1!3)-linked Galp (Scheme 12),

whereas the more flexible alditol was sialylated in both terminal Galp groups.153 Also,

selective sialylation of the less-hindered (1!3)-linked Galp occurred on trans-sialy-

lation of the pentasaccharide benzyl glycoside (Scheme 13).117 The hexasaccharide

22 in the mucins has three terminal Galp as possible sites for sialylation. It was

synthesized, and trans-sialylation experiments showed two monosialylated products

in relative proportions varying with the time of the reaction (unpublished results).

A study on the comparative rates for sialylation of the synthetic oligosaccharides,

found in mucins that contain Galf, showed that the presence of Galf did not impair the

reaction. Thus, the diminished virulence of these strains is not related to interference

of sialylation by Galf.119
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(ii) Sialylation of Other Oligosaccharides. Use of a-(2!3)Sialyllactose (30SL) as
Donor. The transfer reaction using sialyllactose as donor is reversible as the lactose

formed could act as acceptor, depending on the relative affinities for the enzyme.

A method was described introducing b-galactosidase together with the TcTS to

hydrolyze the lactose formed in the reaction,154 however this is practical only if the

acceptor GalbOR is not substrate for the b-galactosidase.
Use of Nonnatural Donors for the TcTS Reaction. Modification in the Acceptor

Structure. Such nonnatural donors as the p-nitrophenyl ( pNP) and methylumbelliyferyl

(MU) a-sialosides have much lower activities than 30SL as donors for the transfer

reaction.155 In contrast, the rate for hydrolysis of 20-O-(4-methylumbelliferyl)-aNeu5Ac
(MUNeu5Ac) was much higher than for 30SL.156 However, 20-O-(p-nitrophe-
nyl)-aNeu5Ac (pNPNeu5Ac) and the MU analogue have been used for the preparation

of sialylated oligosaccharides, with the advantage that the reactions are not reversible.

The ability of aNeu5Ac-(2!3)-bGalO-pNP to act as donor substrate in the TcTS

reaction was investigated using bGal-(1!3)-bGlcNAc-1-octyl as acceptor.157

A hydrolysis:transfer selectivity of 1:4 was observed, which was in between that

observed for 30SL (1:13)155 and MUNeu5Ac.156

Vetere et al., used MUNeu5Ac and a recombinant TcTs for the synthesis of

aNeu5Ac-(2!3)-bGal-(1!4) GlcNAc (30sialyl-N-acetyllactosamine)158 and

aNeu5Ac-(2!3)-bGal-(1!3)-GlcNAc,159 with 60 and 35% yields of isolated pro-

ducts respectively. In the first synthesis the authors claim that the yield was consider-

ably higher than when using 30SL as donor.

Yields of 85% were reported when the donor (pNPNeu5Ac) and recombinant TcTS

were used for sialylation of lactose and lactosamine.160 In the same communication

the authors report some controversial results. Thus, they described that methyl a-D-
Galp could be sialylated in 54% yield and that aGalp-(1!6)-bGalpOMe (70) was

sialylated to give the branched trisaccharide aNeu5Ac-(2!3) [a Galp-(1!6)]

bGalpOMe (71, Scheme 14) in good yield. On the other hand, it was reported that
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bGalp-(1!6)-b-GalpOMe (72) afforded a 1:1 mixture of the monosialylated products

in 88% yield (73 and 74, Scheme 15) and that each of them could be converted into the

bis-sialylated product 75. However, no details of the reactions, nor full characteriza-

tion of the compounds, were provided.

The labeled GM3 trisaccharide, aNeu5NAc-(2!3)-bGal-(1!4)-Glc was prepared

by sialylation of [U-13C]-lactose using pNPNeu5Ac as donor and a recombinant

TcTS.161 The same authors synthesized, by enzymatic trans-sialylation of lactosa-

mine, followed by enzymatic fucosylation, the sialyl Lewis X tetrasaccharide,

aNeu5NAc-(2!3)-bGal-(1!4)[aFuc-(1!3)]GlcNAc.

A water-soluble glycopolymer containing 30-sialyl-lactosamineNAc was prepared

from GlcNAc attached to polyacrylamide by sequential b-galactosidation with bovine
galactosyltransferase followed by sialylation with TcTS using the donor pNPNeu5Ac.

Sialic acid analysis showed 35% transfer.162

In recent works, Thiem and coworkers used pNPNeu5Ac andMUNeu5Ac for TcTS

studies.137,163–165 Several lactose derivatives have been sialylated, with yields of

30–60% (Scheme 16). bGal-(1!3)-Gal derivatives have been sialylated, but with

lower yields (Scheme 17). In this way, the tumor-associated antigens aNeu5Ac-
(2!3)-bGalp-(1!3)-aGalpNAc-(1!3)-threonine (88) and the serine glycoside

analogue 89 were prepared.

Investigations of the influence of the hydroxy groups in the acceptor galactose ring

on the trans-sialylation showed that the 2- or 6-deoxy, or even the replacement of

b-Gal by b-L-Ara, did not impair the reaction, although a lower yield (30%) was

obtained with the fucose disaccharide.165

Modifications of the Sialyl Donor. One of the first reports on the donor specificities

of nonnatural substrates described transfer studies using MUNeu5Ac and derivatives,

with lactose as acceptor, and the native enzyme.166 Derivatives of C-7 MUNeu5Ac
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were prepared by periodate oxidation of MUNeu5Ac and coupling of the C-7 alde-

hyde with various primary amines by reductive amination. The TcTS reactions for

compounds 92–100 (Scheme 18) analyzed by HPAEC-PAD showed that only com-

pounds 93, 94, and 99 served as donors but with a considerably low efficiency as

compared with MUNeu5Ac (�50% transfer).

Using MUNeu5Ac as donor, the enzymatic sialylation of N-linked oligosacchar-

ides released from the glycoproteins and derivatized with 2-aminopyridine has been

reported, but no details on yields were provided.167

More recent works have described that the C-7 and C-8 analogues of pNPNeu5Ac

obtained by periodate oxidation of the p-nitrophenyl a-sialoside, were efficient donors
for sialylation of methyl b-lactoside, indicating that the exocyclic chain is not

required for the enzymatic reaction.164 Also, N-acyl-modified sialic acids were

analyzed as donors, using bGal-(1!6)-a-GlcOMe as acceptor; substituents larger
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than propanoyl were not transferred (Scheme 19).137 Neu5Gc was efficiently trans-

ferred as described, when using a NeuGc oligosaccharide as donor (Scheme 20).136

c. Studies on Inhibition of TcTS.—The T. cruzi trans-sialidase meets one of the

main requirements for a drug target, it is specific for the parasite with no equivalent in

the human host. However, no efficient inhibitors have yet been reported. Besides their

potential use for chemotherapy of Chagas disease, inhibitors should provide a tool for

probing the biological functions of the enzyme.

Given the 3D structure of TcTS, inhibitors may be directed to the sialic acid

binding site or to the galactose-acceptor site.

(i) Compounds Studied as Inhibitors for the Sialic Acid Binding Site. Although the

sialic acid site for TcTS and microbial sialidases have common structural features,

known inhibitors of sialidases as Neu5Ac2en (109) and zanamivir (110) are very

weak inhibitors of TcTS (Ki for Neu5Ac2en 12.3 mM).168 However, Neu5Ac2en

co-crystallized with TcTS and the complex was used for 3D studies, indicating that



O

H2OC

HO

R2O OH

NH
HO

O
R1

O

NO2

OH
O

OH

HO
OH OHO

HO
OH OMe

O

HO

NO2

O

H2OC

HO

R2O HO

NH
HO

O
R1

OH
O

OH

O
OH OHO

HO
OH OMe

OTrans-sialidase

R1 R2 Yield

101 CH3 H 80%

102 CH3 C4H7O 78%

103 C2H5 H 32%

104 C3H4 H 0%

105 CH(CH3)2 H 0%

106 CH2OH H 60%

Scheme 19. Trans-sialylation with pNPNeu5Ac derivatives.

346 R. M. DE LEDERKREMER AND R. AGUSTI
key aminoacids are different in both enzymes. Formulas for some compounds tested

as inhibitors for their donor activity are shown in Fig. 10. The phosphonic acid

derivatives 111 and 112, in which a phosphonic acid replaces the carboxylic group

of sialic acid, do not inhibit TcTS, neither does the analogue 113, all competitive

inhibitors of influenza sialidase and other sialidases.169
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Taking in consideration that the anti-influenza drug and neuraminidase inhibitor

GS-4071 has a cyclohexenecarboxylic acid structure, the cyclohexene phosphonate

derivatives 114–123 (Fig. 10) were prepared and tested for TcTS activity.170

Compounds 115 and 117, containing the phosphonate as the monoethyl ester showed

only weak inhibition (IC50 values of 4.7 and 5.7 mM, respectively).
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Aromatic compounds, in particular pyridine derivatives, have been tested for TcTS

activity. One of the first reports describes a noncompetitive inhibition (Ki ¼ 7.3 mM)

with pyridoxal 50-phosphate (124). Pyridoxamine (125) and pyridoxine (126) were

still less efficient.171 More recently, a series of benzoic acid and pyridine 2-carboxylic

acid derivatives (Fig. 10, 129–135) have been tested. Moderate inhibition was

observed, with IC50 values between 0.4 and 1 mM.172

Covalent inhibitors were synthesized by Withers and coworkers.148,149 The use of

3F-sialyl fluoride 136 as donor substrate allowed identification of the covalent

mechanism for TcTS. Fluoride 136 completely inactivates the enzyme, but only

at concentrations as high as 20 mM, and separation of excess inactivator caused

recovery of the activity.148 Since the 3D structure of TcTS showed that the donor

site is more spacious and hydrophobic than in a human sialidase, derivatives at C-9 of

the fluoride 136 were synthesized by a chemoenzymatic method and tested as

inhibitors (Fig. 10).149 Inhibition was analyzed with trifluoromethylumbelliferyl

sialic acid for measuring hydrolase activity, however, as the site is the same for
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hydrolase and trans-sialidase activity the results were extrapolated. Values for the

compounds tested were of the same order of magnitude as for 136, but in contrast with

136, much higher concentrations of lactose were necessary to promote reactivation.

The best inhibitors were compounds 137 and 141.

(ii) Lactose Derivatives as Competitive Inhibitors of TcTS. Inhibitors of TcTS,

binding to the b-galactosyl acceptor site should be more specific, as other sialidases

lack this interaction. Lactose was normally used for measuring trans-sialidase activity

and as acceptor in the crystallographic studies. The 3D structure showed water-

mediated hydrogen bonds not only with the galactose unit, but also with the 3-OH

of the reducing glucose.145 Lactose derivatives analyzed as substrates and competitive

inhibitors of the TcTS are shown in Fig. 11. Quantitative data were obtained by

monitoring the reaction by HPAEC-PAD.173 All of the compounds were shown to be

good acceptors of sialic acid from the donor sialyllactose, with the exception of

lactotetrazole derivative 147. Lactitol was the preferred acceptor in comparison

with lactose and N-acetyllactosamine, which suggests that better binding with the
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enzyme takes place with the open-chain alditol. Inhibition experiments showed that

lactitol, the best competitive inhibitor, produced 75% inhibition in the sialylation of

lactosamine. Lactitol also prevented parasite sialylation and partially inhibited cell

infection. The use of inhibitors for the acceptor site unequivocally differentiates

hydrolase from transfer activities as being responsible for biological events.

d. Biological Effects of TcTS.—TcTS is anchored by a GPI (see Section III.1.b.ii)

and is shed into the bloodstream by the action of a PI-PLC. The enzyme in circulation

exerts different biological effects on diverse cell types, probably by changing their

surface sialylation. Strains belonging to lineage 2 secrete higher amounts of TS and

induce 100% mortality in mouse.174 During the acute phase of the disease, important

hematological and immunological alterations are produced.
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TcTS was found to induce apoptosis in cells from the immune system.175,176 Inhibi-

tion of this effect by lactitol indicated that sialylation of the surface thymocyte

molecules, most probably CD43, was the cause for thymocyte depletion.177 The

TcTS is shed early during infection, damaging the immune system. Neutralizing

antibodies prevent further damage,178–180 allowing recovery, but they might not inhibit

the enzyme at the surface of parasites present inside the tissues. On the other hand, it

was reported that binding of TcTS or the inactive form of TcTS to CD43 inhibits T CD4

cell death181 and that a recombinant inactive TcTS binding to the cell-surface sialic acid

protects endothelial cells from apoptosis induced by growth-factor deprivation.182

It was also reported that TcTS inhibits human lymphocyte proliferation by a

non-apoptotic mechanism.183 These apparent controversial results need to be clarified.

The inactive TcTS contains the two binding sites;152 the difference is a His at

position 342 instead of a Tyr as in active members.151

4. Other Glycoproteins

a. NETNES.—The name NETNES refers to the central peptide, from a total of

13 amino acids, of this GPI-anchored glycopeptide. NETNES is a minor component

in the cell membrane of epimastigotes and it exists in two forms according to the

number of glycosidic chains.22 These are one or two N-linked mannose oligosacchar-

ides and two linear a-mannose oligosaccharides linked to serine via phosphodiester

linkages (Fig. 12). The GPI anchor is attached to the C-terminal aspartic acid via

ethanolamine phosphate in the normal manner. The lipid in the IPL constituent is an

alkyl acyl glycerol, with C16:0 chains. There are four assumptions in the structural

assignments.

It is assumed that AEP is attached to O-6 of the GlcN in the GPI by comparison

with the GIPL structure (see Fig. 2). The a-(1!6) linkage of GlcN tomyo-inositol and

the position of the EtNP bridge are based on the structure of known anchors54 and

finally, the a configuration for the aManP-Ser was based on precedent for Leishmania

phosphoglycans.

The biological functions for NETNES are not known.

b. GP72.—GP72 refers to T. cruzi glycoproteins that are recognized by the

carbohydrate-specific monoclonal antibody WIC29.26.184 It was first identified at

the surface of epimastigote cells and later found in metacyclic trypomastigotes.185

WIC29.26 did not react with amastigotes or tissue culture trypomastigotes, although

the protein could be identified by expressing an epitope-tagged version of GP72 in all
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life stages of the parasite.186 These results indicate developmental regulation of GP72

at the level of glycosylation rather than protein expression.

Studies on the carbohydrates have been performed on the glycoprotein isolated by

monoclonal affinity chromatography,187 and unusual structures were described for

the carbohydrate moieties. No carbohydrates were released by the methods commonly

used to cleave N- and O-glycosyl chains in glycoproteins. However, a series of

oligosaccharides were released by mild acid hydrolysis, suggesting the presence of

phosphodiester linkages between the carbohydrate and the protein, and supported by

the detection of threonine phosphate. Phosphated hexa- and heptasaccharides were

separated from a neutral fraction and they contained galactofuranose, xylose, fucose,

and rhamnose, with galactofuranose being the most abundant. The unique structure of

the carbohydrate in GP72 is illustrated by the partial structure of the hexasaccharide
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(Fig. 13). Incorporation of galactofuranose, present also in GIPLs of epimastigotes

and in the mucins of lineage 1, is a good candidate for involvement in developmental

regulation. In this respect, an exo b-D-galactofuranosidase activity was detected in

T. cruzi with an antibody against the enzyme from Penicillium fellutanum.188

The gene encoding GP72 has been cloned and sequenced.189 Deletion of the gene

caused drastic morphological changes and the flagellum was detached from the cell

body, indicating that GP72 is involved in flagellar adhesion.190 A null mutant was

unable to survive in the insect vector.191

IV. Concluding Remarks

T. cruzi is an exceptional system for glycobiology studies; and the most unusual

structures have been identified. From the medical point of view, the mucin and

trans-sialidase families, which constitute �15% of all predicted genes, are involved

in the infection process.

Some of the unresolved subjects related to the glycobiology of T. cruzi are:

� The fine structure of the mucins from the trypomastigote stage
� The characterization of the glycosyltransferases and biosynthetic pathways

involved in the construction of the O-chains in the mucins
� Why is Galf incorporated only in mucins of strains belonging to lineage 1 and

a-Galp in mucins of trypomastigotes?
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� What are the functions for the minor, unique glycoproteins, NETNES and GP72?
� The synthesis of efficient inhibitors for the trans-sialidase

And, not strictly glycobiology, but related to:

� The characterization of the remodelases that remodel the lipid in the biosynthetic

pathways of the GPI anchor.

The answer to these matters may lead to the development of enzyme inhibitors

effective as drugs for Chagas’ disease.
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Schüle, G., 291, 308
Schultz, M., 165, 237
Schut, B. L., 22, 74
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Smrćok, L., 85, 149
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(1!6)[b-D-Galf(1!4)]-D-GlcNAc,

synthesis of, 331–333

a-D-Galp-(1!6)-b-D-Galp-OMe,

sialylation of, 342

b-D-Galp-(1!6)-b-D-Galp-OMe,

sialylation of, 343

b-Galp-(1!4)-GlcNAc-a-L-threonine
(LacNAc-a-threonine), synthesis of, 333

GAUSSIAN94 program

for 3JCCOC, 53
for 3JHCCF, 61

GAUSSIAN98 program

for 3JHCOC, 40
for 4JHCCCH, 67

GAUSSIAN03 program

for 3JCCOC, 55
for 3JHOCC, 43–45
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Genetic variability, of T. cruzi mucins,

322–327, 326f, 326t

Geometrical factors, 3JCCOC, 54–55
Geometry optimization

free energy in, 110

for galactopyranosyl oxacarbenium ions,

91–95, 93t, 94f, 95f

GIPL. See Glycoinositolphospholipids
Globo-H hexasaccharide, automated

synthesis of, 225–226

Glycobiology, of T. cruzi, 311–355
concluding remarks, 354–355

glycoinositolphospholipids, 313–321,

314f–316f, 322f

introduction, 312

life cycle of the parasite,

312–313, 313f

mucins, 321–335, 322f, 326f, 326t, 329f

other glycoproteins, 352–354, 353f–354f

trans-sialidase, 336–352, 337f–338f,

348f–351f

Glycofuranosyl groups, oxacarbenium

ions and, 84

Glycoinositolphospholipids (GIPL),

of T. cruzi, 313–321
biological and immunological

properties of, 318–319

biosynthesis of, 319–321

chemical synthesis of, 321–325, 322f

as GPI anchors in T. cruzi glycoproteins,
315–318, 316f

Glycophosphatidylinositol (GPI)

in minor T. cruzi glycoproteins, 317–318
of T. cruzi anchors
lipid remodeling of, 319–320

structure of, 314, 314f
in T. cruzi glycoproteins, 315–318, 316f
transfer of, 320–321

of tGPI mucins, 335

in trans-sialidases, 317

Glycopyranosyl groups, oxacarbenium

ions and, 84

Glycopyranosyl oxacarbenium

ions, importance of, 83–84
Glycosidases, oligosaccharide synthesis with,

233–234

Glycosidic bonds

breakage of, 84

formation of, 84

a-mannans stereocontrolled synthesis

with, 255–256, 260–261

stereocontrol of, 165

Glycosphingolipid, armed–disarmed

approach for synthesis of, 199

Glycosyl amino acids, of T. cruzi mucins,

chemical and chemoenzymatic synthesis

of, 333–334

Glycosyl chlorides, in stereocontrolled

synthesis of a-mannans, 262–263

Glycosyl donors, super-armed, for

oligosaccharide synthesis, 206–207

Glycosyl processing enzymes (GPEs). See
also Galactopyranosyl oxacarbenium

ions

applications of, 83–84

glycosylation by, 130

KIE studies for TSs of, 113–114

reactivity of, 121

study of, 85, 87

Glycosylation reactions. See also One-pot

glycosylation strategies

1,6-anhydrodioxolenium from, 97–98

calculations for

based on existing methodologies, 145

requiring methodology

development, 145–146

charge neutralization in, 137

coupling reactions, 167

DTMP for, 140–141

enzymatic approach to, 228–230

experimental studies of, 146–147

oxacarbenium ions and, 98

principles of, 165–167

proton transfer in, 105, 106–107f, 109,

130–136

energetic magnitude of, 135–136

neighboring-group participation,

131–132, 133–134f, 135
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rates of, 131

timing of, 130–131

reactivity order in, 99–100

manipulation of, 136

stereoselectivity of, 103–104, 103f

control of, 165

factors influencing, 166–167

manipulation of, 136

steric buttressing, 116–117

summary of, 140–144

transition states of, 141

Glycosyltransferase mechanisms,

modeling of, 130–131

Glycosyltransferases, oligosaccharide

synthesis with, 230–233

Glycosynthase, oligosaccharide

synthesis with, 234–235

GM3 trisaccharide, synthesis of, 231–232

gp 85, 336

GP72, 352–354, 354f

GPEs. See Glycosyl processing enzymes

GPI. See Glycophosphatidylinositol
GPI malarial toxin, automated synthesis of,

225

GS-4071, 346

H
Haasnoot equation, 24, 31, 40, 61

Hartree–Fock (HF) methods, for

galactopyranosyl oxacarbenium ions, 88

Hassel–Ottar effect, galactopyranosyl

oxacarbenium ions and, 93, 95, 95f, 117

H-bonds. See Hydrogen bonds

Helferich-type glycosylation,

a-mannans synthesis with, 262–263

Helicobacter pylori, 7–8
Helicobacter spp., 7
Heparin-like oligosaccharides, selective

activation synthesis of, 179–180

Heptasaccharyl myo-inositol, of T. cruzi,
synthesis of, 321, 322f, 323–325

HF. See Hartree–Fock methods

High mannose-type oligosaccharide,

convergent block synthesis of, 173–175
Homotetramer, synthesis of, 228

H-type II pentasaccharide, traditional linear

synthesis of, 169–170

Huggins electronegativity scale, 27, 51, 60

Hydrogen bonds (H-bonds)

in galactopyranosyl oxacarbenium

ions, 85

facial selectivity, 102, 103f

methodology development for, 145

selectivities of, 116–117

proton transfer rates and, 131, 135–136

study of, 85, 87

Hydrolysis, of galactopyranosides v.

glucopyranosides, 84–86

Hydroxyl reactivity, in oligosaccharide

synthesis, 208–210

Hyperconjugative interactions, in

galactopyranosyl oxacarbenium ions,

118–119, 119f, 120f

I
IDCP. See Iodonium (di-g-collidine)

perchlorate

Immunological properties, of T. cruzi GIPLs
318–319

In situ preactivation

for oligosaccharide synthesis, 182–185

in one-pot glycosylation strategies, 218

1D INADEQUATE, 58

2D INEPT experiment, 37

Inhibitors, of TcTS, 345–350, 348f–351f

Inositolphosphoceramide (IPC),

of T. cruzi, in lipid remodeling,

319–320

Inositolphospholipid (IPL), of GPI

anchors, 316–317

Intermolecular processes, with

oxacarbenium ions, 99

Intramolecular processes, with

oxacarbenium ions, 99

Intrinsic reaction coordinate (IRC)

calculation,

for galactopyranosyl oxacarbenium

ions, 92
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Inverse armed–disarmed

approach, 200–201

Iodonium (di-g-collidine) perchlorate
(IDCP), for armed–disarmed

approach, 198–199

Ionic liquid-supported oligosaccharide

synthesis, 228, 279

Ionization, in galactopyranosyl

oxacarbenium ions, 136–140, 142

facial selectivity and, 137, 138f

leaving groups, 99, 104, 145

stereoselectivity and, 137–138, 139f

thermal vibrational excitation, 140–141

IPC. See Inositolphosphoceramide

IPC synthase, 320

IPL. See Inositolphospholipid
IRC. See Intrinsic reaction coordinate

calculation

J
3JCCCC, 55–59
3JCCCF, 62
3JCCCSn, 64
3JCCOC, 52–55, 56f
3JCOCF, 62
3JFCCF, 62–63
3JHCCC, 41–42
5JHCCCCH, 68–69
5JHCC¼CCH, 69
4JHCCCH, 64–68, 66f
4JHC¼CCH, 68
3JHCCF, 60–61
3JHCCH, 21–32
3JHCCN, 45–47, 46f–47f
4JHCCNF, 61–62
3JHCNF, 61–62
3JHCNH, 32–33
3JHCOC, 37–41, 39f
3JHCOH, 33–36
3JHCOP, 47–51, 48f
3JHCSC, 42–43
3JHCSiH, 36
J-HMBC NMR, 39
3JHOCC, 43–45, 44f
K
Karplus equation

couplings over five bonds, 68–69, 69f

couplings over four bonds, 64–68, 66f

introduction to, 18–19

molecular modeling impact, 20–21

NMR spectroscopy improvements, 19–20

online calculators for coupling

constants and torsions, 70–72

summary for, 72–73

vicinal coupling constants, 21–59

carbon–carbon couplings, 51–59

fluorine couplings, 60–63

proton–carbon couplings, 36–45

proton–nitrogen couplings, 45–47

proton–phosphorus couplings, 47–51,

48f

proton–proton couplings, 21–36

KIE. See Kinetic isotope effect studies
Kinetic isotope effect (KIE) studies, for GPE

transition states, 113–114

Koenigs–Knorr approach, selective

activation v., 177

L
LacNAc-a-threonine.

See b-Galp-(1!4)-GlcNAc-a-L-
threonine

Lactitol, 349–350, 352

Lactose derivatives

TcTS inhibition with, 349–350, 351f

trans-sialylation of, 343–344

Leaving groups

active–latent strategy for, 185–188

armed–disarmed approach for, 198–201

bidirectional approaches with, 211–213

chemoselective strategies for, 196–197

galactopyranosyl oxacarbenium ions and,

99

ionization, 104, 145

orthogonal and semi-orthogonal strategies

for, 188–193

selective activation of, 177–188

heparin-like oligosaccharides, 179–180
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with three leaving groups, 179–181

three-step sequential, 180–182

steric hindrance deactivation, 193–194

temporary deactivation concept, 193–196

two-step activation and in situ
preactivation of, 182–185

Leloir pathway, for oligosaccharide synthesis

with glycosyltransferases, 230–233

Lewis X structure

convergent block synthesis of, 175–176

solid-phase synthesis of, 220–222

Life cycle, of T. cruzi, 312–313, 313f
Linear oligosaccharide synthesis, 167–169

convergent block v., 171

of H-type II pentasaccharide, 169–170

of pneumococcal oligosaccharide

serotype 6A, 167–169

Linear transit (LT), for galactopyranosyl

oxacarbenium ions, 105, 106–107f,

107–108f, 109

b-(1!3)-Linked glucan, 5

Lipid remodeling, of GPI, 319–320

Lipopeptidophosphoglycan (LPPG),

of T. cruzi, 314–315
oligosaccharide structures found in, 315,

315f

LPPG. See Lipopeptidophosphoglycan

M
a-(1!2)-Mannan, synthesis of, 278–281

a-(1!4)-L-Mannan, synthesis of, 261

a-(1!6)-Mannan, synthesis of, 279

b-(1!2)-Mannan, synthesis of, 286–289

b-(1!3)-Mannan, b-(1!4)-mannan

alternating with

block synthesis, 295–297

direct synthesis, 294–296

b-(1!4)-Mannan

b-(1!3)-mannan alternating with

block synthesis, 295–297

direct synthesis, 294–296

synthesis of, 293–294

Mannans, stereocontrolled synthesis of

introduction to, 251–252, 286
a-mannans

in absence of neighboring-group

participation, 252–261

neighboring group-directed, 262–281

b-mannans

by direct methods, 291–299

by indirect methods, 286–291

a-Mannans, stereocontrolled synthesis of

in absence of neighboring-group

participation, 252–261

block synthesis, 258

in frozen solvent conditions, 254–255

glycosidic bond formation for, 255–256,

260–261

Helferich-type glycosylation, 262–263

a-(1!4)-L-Mannan, 261

3-O-methyl-(1!4)-a-D-mannan,

258–259

one-pot strategy for, 252–254

a-(1!3)-Pentamannan, 259–260

trichloroacetimidate approach to, 257

neighboring group-directed, 262–281

with allyl glycosides, 263–264

chemoselective cleavage, 269, 271

cyanoethylidene orthoester approach to,

267–269

a-(1!4)-eicomannan, 272–273

with glycosyl chlorides, 262–263

a-(1!2)-mannan, 278–281

a-(1!6)-mannan, 279

mannosyl iodide for, 270–272

MPEG glycosides for, 276–278

O-2-protecting group in, 272–723

a-(1!3)-pentamannan, 264–265

pentenyl glycoside approach

to, 264–267

pentenyl orthoester approach to, 266,

268, 270

polymer-supported, 279–280

thioglycoside activation for, 275–276

trichloroacetimidate method for,

268–269, 271

trichloroacetimidate with thioglycoside

donors, 274–275



402 SUBJECT INDEX
b-Mannans, stereocontrolled synthesis of

by direct methods, 291–299

alternating b-(1!3)-b-(1!4)-mannan,

294–296

block synthesis, 295–297

block-synthesis, 292–293

b-(1!4)-mannan, 293–294

b-(1!3)-mannohexaose, 297–299

b-(1!2)-mannooctaose, 291–292

b-(1!4)-mannotetraose, 294–295

b-(1!3)-mannotriose, 296–298

by indirect methods, 286–291

b-(1!2)-mannan synthesis, 286–289

b-(1!2)-mannooctaose synthesis,

289–291

b-(1!2)-mannotetraose synthesis,

288–290

b-(1!4)-mannotriose synthesis,

286–287

b-(1!2)-Mannohexaose, synthesis of,

286–288

b-(1!3)-Mannohexaose, synthesis of,

297–299

b-(1!4)-Mannohexaose, synthesis of,

293–294

b-(1!2)-Mannooctaose, synthesis of

direct methods, 291–292

indirect methods, 289–291

Mannosyl donors, 252, 252f

Mannosyl iodide, for stereocontrolled

synthesis of a-mannans, 270–272

b-(1!2)-Mannotetraose, synthesis of,

288–290

b-(1!4)-Mannotetraose, synthesis of,

294–295

b-(1!3)-Mannotriose, synthesis

of, 296–298

b-(1!4)-Mannotriose, synthesis of, 286–287

MCSCF ab initio calculations, 31–32, 63

MD/MM methods, 21

MestRe-J, 71

Methanol complexes, facial selectivity of

galactopyranosyl oxacarbenium

ions, 101–102

2-Methoxytetrahydropyran, studies of, 89
Methyl glycosides, torsional

disarming of, 205–206

3-O-Methyl-(1!4)-a-D-mannan,

synthesis of, 258–259

20-O-(4-Methylumbelliferyl)-aNeu5Ac
(MUNeu5Ac) derivatives

as donors for TcTS reaction, 342–344

trans-sialylation with, 345

Methylumbelliyferyl a-sialosides,
as donor for TcTS reaction, 342

Microreactor synthesis,

of oligosaccharides, 228–229

MM. See Molecular mechanics

MM2–85 force field, 31

MO calculations, for 3JCCCC, 55–56
Molecular mechanics (MM),

oxacarbenium ions and, 87

Molecular modeling

CHARMM, 52

impact of, 20–21

Monomethylpolyethylene (MPEG)

glycoside, for a-mannans

stereocontrolled synthesis, 276–278

MPEG glycoside. See
Monomethylpolyethylene glycoside

Mucin oligosaccharides, as acceptors

of sialic acid, 339–341

Mucin-associated surface proteins (MASP), 327

Mucins, of T. cruzi, 321–335, 322f,
326f, 326t, 329f

biological functions of, 335

carbohydrate structures in, 327–335, 329f

genetic variability of, 322–327, 326f, 326t

GPI in, 316–317

MUNeu5Ac derivatives. See 20-O-(4-
Methylumbelliferyl)-aNeu5Ac
derivatives

Murray’s reagent. See Dimethyldioxirane

Mycobacterium smegmatis, 258
Mycobacterium spp., 7

N
Neighboring-group participation

in galactopyranosyl oxacarbenium ions,

122–123, 122f, 124f, 125–126t, 141
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methodology development for, 145

proton transfer and, 131–132, 133–134f,

135

in stereocontrolled synthesis of a-mannans,

262–281

with allyl glycosides, 263–264

chemoselective cleavage, 269, 271

cyanoethylidene orthoester approach

to, 267–269

a-(1!4)-eicomannan, 272–273

with glycosyl chlorides, 262–263

a-(1!2)-mannan, 278–281

a-(1!6)-mannan, 279

mannosyl iodide for, 270–272

MPEG glycosides for, 276–278

O-2-protecting group in, 272–723

a-(1!3)-pentamannan, 264–265

pentenyl glycoside approach to, 264–267

pentenyl orthoester approach

to, 266, 268, 270

polymer-supported, 279–280

thioglycoside activation for, 275–276

trichloroacetimidate

method for, 268–269, 271

trichloroacetimidate with thioglycoside

donors, 274–275

in stereocontrolled synthesis

of a-rhamnans, 282t–284t

NETNES, 315, 352, 353f

GPI in, 318

Neu5Ac2en, 345

Neutral species, oxacarbenium

ion equilibrium with, 99

N-Glycolylneuraminic acid, TcTS

transfer of, 345, 347

p-Nitrophenylthio glycosides,

active–latent strategy for, 186

NMR coupling constants, angular

dependence of, 18–19, 21

NMR spectroscopy, improvements

of, 19–20

Non-Leloir pathway, for oligosaccharide

synthesis with glycosyltransferases,

232–233
Nonnatural donors, for TcTS reaction,

342–343

Nucleophiles, in glycosylation reactions, 99

methodology development for, 146

O
Oligosaccharide synthesis

automated synthesis, 224–226

chemical glycosylation principles,

165–167

chemoselective strategies for, 196–207

armed–disarmed approach, 197–201

disarming by remote substituents,

202–203

disarming by torsional effects, 203–206

inverse armed–disarmed approach,

200–201

reactivity-based programmable

strategy, 201–202

super-armed glycosyl donors, 206–207

cis-cis patterned, 199–200
convergent block, 169–177

advantages of, 173

of biantennary heptasaccharide,

172–173

of high mannose-type oligosaccharide,

173–175

of Lewis X structure, 175–176

of pneumococcal oligosaccharide

serotype 14, 176–177

of Spergularia ramosa pentasaccharide,

171–172

variation A, 169–171

variation B, 175

enzymatic approach to, 228–234

with glycosidases, 233–234

with glycosyltransferases, 230–233

fluorous tag-supported synthesis, 226–229

introduction to, 162–165, 164f

challenges of, 163

new methods for, 163–165

ionic liquid-supported, 228

linear, 167–169

of H-type II pentasaccharide, 169–170
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Oligosaccharide synthesis (cont.)
of pneumococcal oligosaccharide

serotype 6A, 167–169

microreactor synthesis, 228–229

one-pot glycosylation strategies, 214–219

development of, 121

by in situ preactivation, 218

major concepts of, 214–216

by programmable strategy, 216–218

regioselective synthesis, 208–209

by selective activation, 216–217

outlook for, 234–235

polymer-supported synthesis, 219–222

rapid and high-throughput

technologies for, 213–228

fluorous tag-supported and microreactor

synthesis, 226–229

one-pot glycosylation strategies,

214–219

polymer-supported, solid-phase, and

automated synthesis, 219–226

regioselectivity-based strategies for,

208–213

bidirectional approaches, 211–213

hydroxyl reactivity, 208–210

triphenylmethyl reactivity, 210–211

selective strategies for, 177–196

active–latent strategy, 185–188

orthogonal and semi-orthogonal

strategies, 188–193

selective activation, 177–182

steric hindrance deactivation, 193–194

temporary deactivation concept,

193–196

two-step activation and in situ
preactivation, 182–185

solid-phase synthesis, 219–224

acceptor-bound approach, 220, 222, 224

donor-bound approach, 220, 222–223

types of, 220

trans-trans patterned, 200
Oligosaccharides

of T. cruzi, sialylation of, 339–347

of T. cruzi LPPG, 315, 315f
of T. cruzi mucins

chemical synthesis of, 328–333

HPAEC-PAD analysis of, 334

interstrain variation of, 328, 329f

O-linked oligosaccharides,

of T. cruzi mucins

chemical synthesis of, 328–333

interstrain variation of, 328, 329f

One-pot glycosylation strategies, 214–219

development of, 121

by in situ preactivation, 218

major concepts of, 214–216

a-mannan synthesis with, 252–254

by programmable strategy, 216–218

reactivity-based programmable

strategy for, 201–202

regioselective synthesis, 208–209

by selective activation, 216–217

super-armed glycosyl donors for, 206–207

Orthoesters, neutral, galactopyranosyl

oxacarbenium ions, 123, 126–128

Orthogonal strategies

for oligosaccharide synthesis, 188–193

in solid-phase synthesis, 220

Oxacarbenium ions

glycosidic bonds and, 84

nucleophile reactions with, 99

P
Pasteurella multocida, enzyme from,

231–232

PC MODEL, 67

PCILO quantum chemical method, 42–43

Pentafluorobenzoyl ester, disarming by,

202–203

a-(1!3)-Pentamannan, synthesis of,

259–260

Pentenyl glycoside, in stereocontrolled

synthesis of a-mannans, 264–267

O-Pentenyl glycosides
active–latent strategy for, 186

armed–disarmed approach for, 198–199

in orthogonal strategy, 192

selective activation, 180–182
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two-step activation for, 184–185

Pentenyl orthoester, in stereocontrolled

synthesis of a-mannans, 266, 268, 270

S-Phenyl glycosides
in orthogonal strategy, 189–191

for two-step activation, 182–184

Phenylselenyl, for selective activation,

179–181

Phosponic acid derivatives, TcTS

inhibition with, 346, 348f

Phytoalexin-elicitor active oligosaccharide,

steric hindrance deactivation synthesis

of, 193–194

PI-88. See a-(1!3)-Pentamannan

PIROUETTE, 67

Pneumococcal oligosaccharide group B type

III, inverse regioselectivity synthesis of,

210–211

Pneumococcal oligosaccharide serotype 6A,

traditional linear synthesis of, 167–169

Pneumococcal oligosaccharide serotype 14

convergent block synthesis of, 176–177

temporary deactivation concept

synthesis of, 195–196

p–Nitrophenyl a-sialosides, as donor
for TcTS reaction, 342

20-O-(p–Nitrophenyl)-aNeu5Ac
(pNPNeu5Ac) derivatives

as donors for TcTS reaction, 342–344

trans-sialylation with, 344–346

pNPNeu5Ac derivatives.
See 20-O-(p–nitrophenyl)-aNeu5Ac
derivatives

Polymer-supported synthesis

convergent building-block strategy with,

220–222

of a-mannans, 279–280

of oligosaccharides, 219–222

Polyols, reactivity-based regioselective

glycosylation of, 208–210

Pople–Santry LCAO-MO method, 23

Potential energy surface (PES)

of galactopyranosyl oxacarbenium

ions, 96t, 97
hydronium ions on, 130

Programmable strategy

for oligosaccharide synthesis, 201–202

in one-pot glycosylation strategies,

216–218

Promoter, for armed–disarmed approach,

197–198

Propargyl ethers, for glycosylation

reactions, 116

Protecting groups

for galactopyranosyl oxacarbenium

ions, 87–88

facial selectivity, 103–104

interaction of, 118

methodology development for, 145

reactivity and, 119–120

rotation and, 119

in glycosylation reactions, 165–166

product purity and, 129

Proton transfer

in galactopyranosyl oxacarbenium

ions, 141

facial selectivity, 102, 103f

methodology development for, 145

neutral orthoesters, 123, 126–128

in glycosylation reactions, 105,

106–107f, 109, 130–136

acyl-transfer and, 131–132

energetic magnitude of, 135–136

methodology development

for, 145

neighboring-group participation,

131–132, 133–134f, 135

rates of, 131

timing of, 130–131

Proton–carbon couplings, 36–45
3JHCCC, 41–42
3JHCOC, 37–41, 39f
3JHCSC, 42–43
3JHOCC, 43–45, 44f

Proton–nitrogen couplings, 3JHCCN,
45–47, 46f–47f

Proton–phosphorus couplings, 3JHCOP,
47–51, 48f
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Proton–proton couplings, 21–36
3JHCCH, 21–32
3JHCNH, 32–33
3JHCOH, 33–36
3JHCSiH, 36
4JHCCCH, 64–68, 66f
4JHC¼CCH, 68
5JHCCCCH, 68–69, 69f
5JHCC¼CCH, 69

Pseudorotation, in canonical

vector representation, 111, 111f

PSEUROT program, 29, 41, 60

Pyranose rings
3JHCCH values in, 26
3JHCOH values in, 34–35, 35f

Pyridine derivatives, TcTS inhibition

with, 348, 348f

Q
QM. See Quantum mechanical studies

QM-MM. See Quantum mechanical-

molecular mechanics studies

Quantum mechanical (QM) studies

deficiencies of, 89

of oxacarbenium ions, 84, 87–89

Quantum mechanical–molecular mechanics

(QM-MM) studies, of oxacarbenium

ions, 87

experimental agreement, 117

for structure study, 89–90

R
Reactivity-based programmable strategy, for

oligosaccharide synthesis, 201–202

Regioselectivity-based strategies, for

oligosaccharide synthesis, 208–213

bidirectional approaches, 211–213

hydroxyl reactivity, 208–210

triphenylmethyl reactivity, 210–211

Remote substituents disarming, for

oligosaccharide synthesis, 202–203

Rhamnans, stereocontrolled synthesis of

introduction to, 251–252, 286

a-rhamnans, 281–285, 282t–284t
b-rhamnans

by direct methods, 299–301

by indirect methods, 291

a-Rhamnans, stereocontrolled synthesis of,

281–285

in absence of neighboring-group

participation, 282t

neighboring group-directed, 282t–284t

b-Rhamnans, stereocontrolled synthesis of

by direct methods, 299–301

b-rhamnotetraose, 300–301

b-(1!4)-b-(1!2)-rhamnotriose,

299–300

by indirect methods, 291

b-rhamnotetraose, synthesis of, 300–301

b-(1!4)-b-(1!2)-Rhamnotriose, synthesis

of, 299–300

Ring conformation, of galactopyranosyl

oxacarbenium ions, 89–98, 141

geometric parameters of, 95–97, 96t

geometry optimization, 91–95, 93t, 94f, 95f

leaving groups, 104

protecting groups and, 104

starting geometry for, 89–91, 91f, 92, 94

Ring-inversion barrier

atomic force microscopy for, 112–113

in galactopyranosyl oxacarbenium ions,

110–114, 111f, 112f, 112t

3D ROESY-HSQC technique, 52

Rotation, role in galactopyranosyl

oxacarbenium ions, 118–130, 119f

acyl-transfer side reaction, 123, 126–128

hyperconjugative interactions,

118–119, 119f, 120f

neighboring-group participation,

122–123, 122f, 124f, 125–126t

protecting groups, 119–121

substituents, 121

S
Saccharomyces cerevisiae, 257
SAPA. See Shed acute-phase antigen

SBox. See S-Benzoxazolyl
SCPT-INDO calculations, 58
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Selective activation

for oligosaccharide synthesis, 177–182

heparin-like oligosaccharides, 179–180

with three leaving groups, 179–181

three step sequential, 180–182

in one-pot glycosylation strategies,

215–217

orthogonal strategies v., 189

in solid-phase synthesis, 220

Selective strategies, for oligosaccharide

synthesis, 177–196

active–latent strategy, 185–188

orthogonal and semi-orthogonal strategies,

188–193

selective activation, 177–182

steric hindrance deactivation, 193–194

temporary deactivation concept, 193–196

two-step activation and in situ
preactivation, 182–185

Selenoglycosides, two-step

activation for, 184–185

Semi-orthogonal strategies,

for oligosaccharide synthesis, 188–193

Shed acute-phase antigen (SAPA), 336

Sialic acid

mucin oligosaccharides as acceptors

of, 339–341

TcTS transfer of, 336, 337f

Sialic acid-binding site

compounds studied as inhibitors of,

345–349, 348f–350f

of TcTS, 338–339

Sialyl donor, for TcTS reaction,

modifications of, 343–347

Sialylation, of T. cruzi oligosaccharides,
339–347

a-(2!3)-Sialyllactose, as donor

for sialylation of T. cruzi
oligosaccharides, 341

Sialyltransferase, oligosaccharide

synthesis with, 231–232

Side-chain orientation and conformation, in

galactopyranosyl oxacarbenium

ions, 109–118
reactivity, 109–110

ring-inversion barrier, 110–114,

111f, 112f, 112t

steric buttressing, 116–117

through-bond activation, 115, 115f

through-space interaction efficiency, 114

Solid-phase synthesis

acceptor-bound approach, 220, 222, 224

donor-bound approach, 220, 222–223

of a-mannans, 279–280

types of, 220

Solvation energy, for CBS

calculation, 89

Solvents

a-mannan stereocontrolled

synthesis in frozen, 254–255

oxacarbenium ions and, 99

Solvent-separated ion pair (SSIP)

methodology development for, 146

oxacarbenium ion

equilibrium with, 99

facial selectivity and, 100–101

ionization and, 137

SOPPA ab initio calculations, 63

Spergularia ramosa pentasaccharide,

convergent block synthesis of, 171–172

SSIP. See Solvent-separated ion pair

Ssp4, GPI in, 318

STaz. See S-Thiazolinyl
Stereocontrolled synthesis of mannans and

rhamnans, 251–301

introduction to, 251–252, 286

a-mannans

in absence of neighboring-group

participation, 252–261

neighboring group-directed, 262–281

a-rhamnans, 281–285, 282t–284t

Stereoselectivity, of glycosylation reactions,

103–104, 103f

manipulation of, 136

steric buttressing, 116–117

Stereospecificity, of galactopyranosyl

oxacarbenium ions, 103–105, 109, 142

ionization and, 137–138, 139f



408 SUBJECT INDEX
Stereospecificity, of galactopyranosyl
oxacarbenium ions (cont.)

pressure dependence of, 121

Steric buttressing, in glycosylation reactions,

116–117

Steric hindrance deactivation,

for oligosaccharide synthesis, 193–194

Sucrose, electron density of, 85

Super-armed glycosyl donors, for

oligosaccharide synthesis, 206–207

T
Tc85 glycoprotein, 336–337

TcMUC family. See Trypanosoma cruzi
mucin gene family

TcSMUG family. See Trypanosoma cruzi
small mucin gene family

TcTS. See Trypanosoma cruzi trans-sialidases
Temporary deactivation concept, for

oligosaccharide synthesis, 193–196

2,3,4,6-Tetra-O-methyl-D-glycopyranosides,

87. See also Galactopyranosyl

oxacarbenium

tGPI mucins, carbohydrate

structures in, 335

Thermal vibrational excitation,

ionization of galactopyranosyl

oxacarbenium

ions by, 140–141

S-Thiazolinyl (STaz)
in orthogonal strategy, 190–192

for selective activation, 182

temporary deactivation

concept, 193–195

Thioglycosides

for a-mannans stereocontrolled synthesis

activation for, 275–276

in trichloroacetimidate approach,

274–275

in situ preactivation for, 185

Through-space stabilizing electronic effect, in

galactopyranosyl oxacarbenium, 85

efficiency of, 114

energetics of, 103–104
Thr-Thr-[LacNAcThr]-Thr-Thr-Gly,

synthesis of, 333–334

Torsional angles

of oligonucleotides, 48–49, 48f

online calculators for, 70–72

Torsional effects disarming, for

oligosaccharide synthesis, 203–206

Transition states (TS), of glycosylation

reactions, 141

Trialkylsilyl ethers, for glycosylation

reactions, 116

Trichloroacetimidate approach,

to a-mannans stereocontrolled

synthesis, 257,

259–260, 268–269, 271

with thioglycoside donors, 274–275

Trifluoroacetimidate approach,

to a-mannans stereocontrolled

synthesis, 259–260

Triphenylmethyl reactivity, in

oligosaccharide synthesis, 210–211

Tritylated thioglycosides, for bidirectional

strategy of synthesis, 213–214

Trypanosoma cruzi, 311–355
cell surface glycoconjugates of, 313–354

glycoinositolphospholipids, 313–321,

314f–316f, 322f

mucins, 321–335, 322f, 326f,

326t, 329f

other glycoproteins, 352–354, 353f–354f

trans-sialidase, 336–352, 337f–338f,

348f–351f

concluding remarks, 354–355

introduction to glycobiology of, 312

life cycle of, 312–313, 313f

Trypanosoma cruzi mucin gene (TcMUC)

family, 324, 326f, 326t, 327

Trypanosoma cruzi small mucin gene

(TcSMUG) family, 322–324, 326f, 326t

Trypanosoma cruzi trans-sialidases (TcTS),
52, 336–352, 337f–338f, 348f–351f

biological effects of, 350–352

GPI in, 317

inhibition of, 345–350, 348f–351f
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in selective sialylation of

oligosaccharides, 339–347

structure and catalytic

mechanism, 336–340, 337f–338f

Trypomastigote small surface antigen

(TSSA), of T. cruzi, 324, 327
TSSA. See Trypomastigote small

surface antigen

Two-step activation

active–latent strategy v., 186

for oligosaccharide synthesis, 182–185

in solid-phase synthesis, 220

V
VB calculations, 21

for 3JHCCH, 21–22
for 3JCCCC, 55–57
for 4JHCCCH, 65

Vicinal coupling constants, 21–59

carbon–carbon couplings, 51–59
3JCCCC, 55–59
3JCCOC, 52–55, 56f

carbon–tin couplings, 3JCCCSn, 64
fluorine couplings, 60–63

3JCCCF and
3JCOCF, 62

3JFCCF, 62–63
3JHCCF, 60–61
3JHCNF and

4JHCCNF, 61–62
proton–carbon couplings, 36–45

3JHCCC, 41–42
3JHCOC, 37–41, 39f
3JHCSC, 42–43
3JHOCC, 43–45, 44f

proton–nitrogen couplings,
3JHCCN, 45–47

proton–phosphorus couplings,
3JHCOP, 47–51, 48f

proton–proton couplings, 21–36
3JHCCH, 21–32
3JHCNH, 32–33
3JHCOH, 33–36
3JHCSiH, 36

W
W couplings, 64–68, 66f

extended, 68–69, 69f

X
Xylanase, oligosaccharide synthesis with,

234–235

Xylans, synthesis of, 234–235

2-O-b-D-Xylopyranosyl-D-xylose, 6
2-O-b-D-Xylopyranosyl-L-arabinose, 6

Z
Zanamivir, 345

Zero point energy (ZPE), for CBS calculation,

89

ZPE. See Zero point energy
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