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Foreword 
The ACS SYMPOSIUM SERIES was founded in 1974 to provide a 
medium for publishin
format of the Serie
IN CHEMISTRY SERIES except that, in order to save time, the 
papers are not typeset but are reproduced as they are submitted 
by the authors in camera-ready form. Papers are reviewed under 
the supervision of the Editors with the assistance of the Series 
Advisory Board and are selected to maintain the integrity of the 
symposia; however, verbatim reproductions of previously pub
lished papers are not accepted. Both reviews and reports of 
research are acceptable, because symposia may embrace both 
types of presentation. 
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Preface 

C A R B O H Y D R A T E S , CHIRAL ORGANIC MOLECULES found naturally or 
obtained by synthetic transformations, currently comprise a quarter of a 
million or so known compounds. The rich structural diversity of this 
group and the multifaceted importance of carbohydrates in biochemistry, 
medicinal chemistry, microbiology, technology, and many other areas 
have long challenged synthetic chemists toward a multitude of objectives. 
The potential of sugars as starting points for highly efficient, 
stereochemically designed syntheses of noncarbohydrate targets is now 
increasingly recognize
hydrates also serve as excellen
stereochemical influence and control of chemical transformations in 
multifunctional, three-dimensional matrices. 

Trends in Synthetic Carbohydrate Chemistry is divided into two 
sections, each of which may be further subdivided into three themes. The 
first section, "Synthetic Transformations in Carbohydrate Chemistry", 
surveys a variety of synthetic methodologies useful for transformation of 
natural saccharides into desired target molecules. The initial three 
chapters focus on functional-group transformations and protective-group 
strategy, with special emphasis on aminodeoxy, deoxyfluoro, and 
deoxynitro sugars and cyclitols, as well as the formation and cleavage of 
cyclic acetals. Examples of applications to specific synthetic aims are 
given in Chapters 4-6, including the synthesis of bicyclic nucleosides, the 
Wittig approach to long-chain sugars, and the transformation of sugar 
precursors into chiral pyrrolidine alkaloids. The last three chapters of 
the first section address the ever-significant problem of high-yielding, 
stereoselective glycosidic coupling procedures, first from the standpoint 
of basic methodology, next in glycosylations directed toward antibiotics 
containing deoxy sugars, and finally in the notable applications that have 
provided practical syntheses of cyclodextrins and complex oligo
saccharides. 

The second section of the book, entitled "Total Synthesis of 
Carbohydrates", focuses on strategies for the generation of monomeric 
carbohydrates, with major emphasis on the use of nonchiral, acyclic 
precursors. The contributors do not "reinvent the wheel" by providing 
tedious synthetic access to abundant natural sugars. Rather, they show 

xi 
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the potential of synthetic design for controlled access to molecules 
containing multiple chiral centers that are not readily accessible from 
natural precursors. Chapters 10-13 illustrate from a variety of 
viewpoints the great utility of Diels-Alder reactions for the direct and 
indirect formation of chirally functionalized tetrahydropyrans and 
tetrahydrofurans. Chapters 14-16 address the aldol reaction and its 
control, the use of boron and tin enolates, and the use of chiral 
auxiliaries in the stereocontrolled formation of carbon-carbon bonds 
generating new chiral centers. Finally, the last two chapters describe the 
harnessing of enzymes as synthetic tools for chiral precursors and target 
products, both by use of isolated enzymes and by reactions brought 
about by living cultures of microorganisms. 

Trends in Synthetic Carbohydrate Chemistry offers the reader a wealth 
of contemporary ideas for the construction of complex natural molecules 
and their analogs, from conceptualization to practical realization. The 
rich legacy of the carbohydrate literature in conjunction with newer 
concepts in general organi
provides some of the most exciting challenges for today's chemist. As the 
molecular basis of biological concepts opens up new vistas of 
understanding, the synthetic chemist is presented with unique 
opportunities for exercising creative talent toward significant objectives 
of ever-increasing complexity. Emulation of the virtuosity of nature in 
synthesis provides an ever-present challenge for the chemist. We hope 
that the efforts of those who have created this book will bring broader 
awareness of the role of carbohydrates in modern synthetic work and 
stimulate others in the pursuit of great intellectual satisfaction and 
worthy objectives for their creative efforts in the laboratory. 

This book is an international collaborative effort, with authors from 
Canada, France, the Federal Republic of Germany, Great Britain, Italy, 
Japan, Sweden, Switzerland, and the United States. It is not possible to 
cover all aspects of this subject in a single volume, but the contributions 
here are broadly representative of innovative work in the field. The 
order of the chapters is developed from the relationship of the topics 
and is not necessarily related to the sequence of contributions at the two 
symposia from which much of the initial material was derived. 
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Chapter 1 

New Synthetic Methods Emphasizing 
Deoxyfluoro Sugars and 
Protective-Group Strategy 

Walter A. Szarek 
Department of Chemistry, Queen's University, Kingston, 

Ontario K7L 3N6, Canada 

The selective introduction of fluorine is of continuing 
interest not onl
but also becaus
change in biological activity. The fluoride-ion dis
placement of carbohydrate trifluoromethanesulfonates 
using tris(dimethylamino)sulfonium 
difluorotrimethylsilicate (TASF) provides a convenient 
route to deoxyfluoro sugars. Partially protected mono
saccharides, having the anomeric hydroxyl underiva
tized, react with pyridinium poly(hydrogen fluoride) to 
yield the corresponding glycosyl fluorides. Two new 
developments in protective-group strategy are also 
described. These are (i) a method for the selective 
silylation of primary hydroxyl groups in carbohydrates 
involving the use of N-trimethylsilyl- or N-tert-
butyldimethylsilyl-phthalimide and (ii) a method for 
acetal cleavage in carbohydrate derivatives using the 
simple reagent system, iodine in methanol. 

The search for new methods of synthesis of halogenated carbohydrates 
continues to be an active area of investigation. The compounds are 
of u t i l i t y as synthetic intermediates, and many of them are of 
intrinsic value in biochemistry and pharmacology. In the present 
Chapter methods for the synthesis of deoxyfluoro sugars and glycosyl 
fluorides are discussed. 

Because of the polyfunctional nature of carbohydrates, 
protective-group strategy plays an important role in synthetic 
methodology involving this class of compounds. In the present 
Chapter, results are described from a study of the u t i l i t y of N-
trimethylsilyl- and N-tert-butyldimethylsilyl-phthalimide for the 
selective s i l y l a t i o n of primary hydroxyl groups in carbohydrates. 
Also described, is a new, facile method for cleavage of acetals 
and dithioacetals in carbohydrate derivatives; the method involves 
treatment of the derivatives with a dilute solution of iodine in 
methanol. 

0097-6156/89/0386-0002$06.00/0 
c 1989 American Chemical Society 
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1. SZAREK Deoxyfluoro Sugars and Protective-Group Strategy 3 

Synthesis of Deoxyfluoro Sugars 

The expanding application of deoxyfluoro sugars for the study of 
carbohydrate metabolism and transport in both normal and 
pathological states has stimulated interest in their chemical 
(.1,2) and biological (3—5) properties. Furthermore, i t has 
actuated intensive efforts to develop improved methods of 
synthesis, and especially procedures suitable for the preparation 
of 1 8F-labeled carbohydrates for use in medical imaging (6,7). 
Included in the approaches taken to this end are addition 
reactions of such reagents as molecular fluorine (8—11), xenon 
difluoride (12—14), and acetyl hypofluorite (15—20), reaction of 
free hydroxyl groups with (diethylamino)sulfur trifluoride 
(21—23), nucleophilic ring-openings with potassium 
hydrogenfluoride (24—27), and nucleophilic displacement of good 
leaving groups by a range of fluoride salts (28—35). 

We recently described (36,37) th  rapid  fluoride-io  dis
placement of carbohydrat
tris(dimethylamino)sulfoniu
(38), a reagent which previously had been uti l i z e d (39) for the 
synthesis of 1-deoxy-l-fluoro-D-fructose. TASF is a hygroscopic 
solid which is freely soluble in a variety of organic solvents in 
which i t acts as an effective fluoride-ion donor when employed 
under rigorously anhydrous conditions; the relatively brief 
reaction times (36,37) are such that i t may be of interest for the 
potential synthesis of 1 8F-labeled radiopharmaceuticals for 
positron emission tomography. Examples of the u t i l i t y of the 
reagent are described in the present Chapter; TASF has been used 
to effect the displacement, with inversion of configuration, of 
t r i f l a t e groups at each of C-2, C-3, C-4, and C-6 of suitably 
protected aldohexopyranosides, at C-6 of 1,2:3,4-di-0-
isopropylidene-a-D-galactose, and at C-3 of l,2:5,6-di-0-
isopropylidene-ot-D-allofuranose. 

The synthetic results have been summarized in Table I. In 
most cases the displacement of t r i f l a t e anion occurred rapidly 
(̂ 30 min) at or below reflux temperature; however, in two examples 
(see Table I, compounds 4 and 13) an elimination reaction was 
found to predominate. 

The reaction of methyl 4,6-0-benzylidene-3-0-methyl-2-0-
trifluoromethanesulfonyl-p-D-mannopyranoside (1) with TASF (an 
approximately 3-fold molar excess of reagent was employed per mole 
of t r i f l y l group in each case) in dichloromethane occurred rapidly 
(<10 min) in cold solution to afford methyl 4,6-0-benzylidene-2-
deoxy-2-fluoro-3-0-methyl-ft-D-glucopyranoside (14) in 64% yield. 
The 3-0-benzyl derivative 2^underwent a rapid reaction with TASF at 
reflux temperature to give methyl 3-0-benzyl-4,6-0-benzylidene-2-
deoxy-2-fluoro-p-D-glucopyranoside (15) in 45% yield, and a minor 
product (19% yield) tentatively assigned the structure of methyl 3-
0-benzyl-4,6-0-benzylidene-2-deoxy-0-D-erythro-hex-2-enopyranoside. 
Base-catalyzed elimination reactions with t r i f l y l derivatives are 
uncommon (40,41), but have been observed in certain furanoid (40,42) 
and, recently, in pyranoid (33,35) ring systems (see also Table I). 
Eliminations in glycopyranosides occurred (33>35) under conditions 
which decreased the ease of nucleophilic substitution (33,43,44). 
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4 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

Table I. Reactions of TASF with Deriv a t i v e s (R= S0 2CF 3) of 
Aldohexo-pyranoses and -furanoses 

Substrate Reaction Reaction Product Y i e l d 
Time Temperature (%) 
(min) (°C) 
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1. SZAREK Deoxyfluoro Sugars and Protective-Group Strategy 

Table I. Continued 

5 

Substrate Reaction Reaction Product Y i e l d 
Time Temperature (%) 
(min) (°C) 

Continued on next page. 
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6 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

Table I. Continued 

Substrate Reaction Reaction Product 
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1. SZAREK Deoxyfluoro Sugars and Protective-Group Strategy 1 

The reaction of benzyl 3,4,6-tri-0-benzyl-2-0-trifluoromethane-
sulfonyl-p-D-mannopyranoside (3) with TASF was complete in less than 
5 min below room temperature, to give a low (11%) yield of benzyl 
3,4,6-tr i-0-benzyl-2-deoxy-2-fluorο-β-D-glucopyranos ide (16), 
whereas the isomeric α-D-mannopyranoside reacted relatively slowly 
with TASF at room temperature to give a product tentatively assigned 
the structure of 17. 

The reactions of the β-D-glucopyranosides j>, £, and 2. with 
TASF yielded results which were very different in each case, but 
which were f u l l y consistent with the current understanding of 
nucleophilic displacements in carbohydrates (41,A3—46). The less 
rapid and efficient displacement of t r i f l a t e anion from as 
compared with that from J>, may be attributable to the increased 
steric hinderance occasioned by the introduction of benzyl and 
2,2,2-trichloroethyl groups in place of methyl groups. 
Furthermore, the facile displacement of t r i f late from C-3 of 1^ 
reflects the diminution of the steric and electronic effects which 
render the displacemen
much more d i f f i c u l t (44)
the relatively d i f f i c u l t reaction of TASF with £ was found to 
contain, in addition to 19, two unidentified components, a result 
which indicates the relative increase in competing reactions as 
nucleophilic substitution is impeded. The reaction of methyl 
2,3,6-tri-0-benzyl-4-0-trifluoromethanesulfonyl^-D-glucopyranoside 
(j8) with TASF in dichloromethane at reflux temperature gave within 
20 min methyl 2,3,6-tri-0-benzyl-4-deoxy-4-f luoro-β-Ι)-
galactopyranoside (21) in 77% yield. Methyl 2,3,6-tri-0-benzyl-4-0-
trifluoromethanesulfonyl-a-D-galactopyranoside (9) reacted with TASF 
much more rapidly than did j i ; the conversion was complete within 10 
min after the addition of TASF to a cold solution of ̂9 to afford 
methyl 2,3,6-tri-0-benzyl-4-deoxy-4-fluoro-α-D-glucopyranoside (22) 
in 67% yield. The enhanced ease of displacement of the axially 
oriented trifloxy group of j), as compared to that of the 
equatorially oriented one of JS, is consistent with the suggestion 
(45) that a galacto isomer has a higher ground-state energy than the 
corresponding gluco compound. 

The nucleophilic displacement by TASF of a trifloxy group 
located on a primary carbon atom occurred with great rapidity 
under mild conditions. Thus, the reaction of l,2:3,4-di-0-
isopropylidene-6-0-trifluoromethanesulfonyl-a-D-galactopyranose 
(10) with TASF was complete in less than 10 min at 0—20°C and 
afforded a 71% yield of 6-deoxy-6-fluoro-1,2:3,4-di-0-
isopropylidene-a-D-galactopyranose (23)· In a similar manner, 
methyl 2,3-d i-0-benzyl-4,6-b i s-0-(trifluoromethanesulfony1)-β-D-
glucopyranoside (11) reacted rapidly with TASF at reflux 
temperature to give a 39% yield of methyl 2,3-di-0-benzyl-4,6-
dideoxy-4,6-difluoro-β-D-galactopyranoside (24); this, however, was 
accompanied by the formation of a slightly smaller amount of a less-
polar, unidentified compound. 

The selective introduction of fluorine into a furanose ring 
was demonstrated by the reaction of TASF with l,2:5,6-di-0-
isopropylidene-3-0-trifluoromethanesulfonyl-a-D-allofuranose (12) 
which gave a 66% yield of 3-deoxy-3-fluoro-1,2:5,6-di-0-
isopropylidene-a-D-glucofuranose (£5)· The isomeric t r i f l a t e 13, 
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8 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

having the D-gluco configuration, reacted with TASF under the same 
conditions to give an 83% yield of the elimination product, 
3-deoxy-l,2:5,6-di-0-isopropylidene-q-D-erythro-hex-3-enofuranose 
(26), but no fluorine-containing product was detected. 

Very recently, there have been reports of the u t i l i t y of 
TASF for the synthesis of 2 !-deoxy-2 1-fluoroinosine (47) and of 
the β-6 !^luoro analog of (i)-aristeromycin (48). 

Synthesis of Glycosyl Fluorides 

The u t i l i t y of glycosyl fluorides in enzymology (49—51) and as 
glycosylating agents (52—64) has stimulated interest in their 
preparation and chemistry (2,52,65). The original synthesis (66) 
of glycosyl fluorides employed the reaction of peracetylated 
aldoses with hydrogen fluoride. In addition, glycosyl fluorides 
have been obtained by treatment of an acylated glycosyl bromide or 
chloride with silver fluoride (67,68)  or with silver 
tetrafluoroborate (69,70)
fluoride (71). Two recentl
1-0-acetylated sugar derivatives with pyridinium poly(hydrogen 
fluoride) (72) and treatment of phenyl 1-thioglycosides with 
diethylaminosulfur trifluoride (DAST) and N-bromosuccinimide (59). 
Also, glycosyl fluorides have been obtained by substitution of a 
free, anomeric hydroxyl group by fluorine using 2-fluoro-l-
methylpyridinium tosylate (54), or diethyl 1,1,2,3,3,3-
hexafluoropropylamine (56,73), or diethylaminosulfur trifluoride 
(74,75). 

We recently described (76) a method for the synthesis of 
glycosyl fluorides involving treatment of partially protected 
monosaccharides, having the anomeric hydroxyl group underivatized, 
with pyridinium poly(hydrogen fluoride), a reagent introduced by 
Olah et a l . (77). Examples which illustrate the scope of the 
reaction are given in Table II. The ut i l i z a t i o n of Olah 1s reagent 
for the fluorination of carbohydrates at sites other than the 
anomeric carbon failed in a series of experiments with methyl 
hexopyranosides or their partially protected derivatives (see Ref. 
78). 

In the case of 2,3,5-tri-O-benzoyl-D-ribofuranose (27) 
pyridinium poly(hydrogen fluoride) was added to a solution of 27 
in anhydrous dichloromethane and the solution was shaken at room 
temperature for 10 h in an atmosphere of dry argon. Anhydrous 
acetone was found to be equally effective in most reactions. The 
reaction of compound 28 with Olah 1s reagent required the use of 
anhydrous acetone or anhydrous dichloromethane—collidine [1:1 
(v/v)]; in the case of compound 30 the addition of collidine was 
disadvantageous, whereas in the case of compound 31 best results 
were obtained using anhydrous acetone—collidine [1:1 (v/v)] as 
the solvent. Compounds 32 and 33 were treated using pyridinium 
poly(hydrogen fluoride) as the only solvent. Reaction times 
varied from 2 h for compound 31 to more than 12 h for 32 and 33. 

The action of pyridinium poly(hydrogen fluoride) on 
compounds 29—33 resembles that of anhydrous hydrogen fluoride on 
peracetylated D-glucopyranose (2,66), and of silver 
tetrafluoroborate in diethyl ether (when prolonged) on 
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1. SZAREK Deoxyfluoro Sugars and Protective-Group Strategy 

Table I I . Synthesis of G l y c o s y l F l u o r i d e s 

9 

Substrate Product Y i e l d 
(%) 

29 37 

Continued on next page. 
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10 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

Table I I . Continued 

Substrate Product Y i e l d 
(%) 

CH20Ac CH20Ac 

OAc 

38 

53 

Cĥ OBn 

OBn 

BnO 
OH 

OBn 
31 

BnO 
82^ 

CH20Ac 

32 

CH20Ac 

AcO F 

40 

69 

CH20Ac 
AcOl Ad 

33 
OAc 

62 

- 1H-NMR data i n d i c a t e d that the r a t i o of a- and β-isomers was ̂ 1:1. 
— A trace of the β-isomer was ind i c a t e d by the 1H-NMR spectrum. 
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1. SZAREK Deoxyfluoro Sugars and Protective-Group Strategy 11 

peracetylated α-D-glucopyranosyl chloride (69) in that i t gives 
rise to the thermodynamically stable isomer. Moreover, with 
compounds 30, 32, and 33, Olah 1s reagent contrasts with both 2,4,6-
trimethylpyridinium fluoride (_71) and silver fluoride (68) in 
affording the α-glycosyl fluoride from a partially acetylated 
aldose regardless of whether the participating group at C-2 is 
cis- or trans-related to the fluorine atom. 

Reactions of N-Trimethylsilyl- or Ν-tert-ButyIdimethyIs ily1-
phthalimide with Carbohydrate Derivatives 

N-Trimethylsilylphthalimide (42) (79) is a poor donor of the 
trimethylsilyl group, and, hence, i t s application in organic 
chemistry has been limited to only special cases (80,81^), not 
involving hydroxyl groups. However, we have found that 42 in the 
presence of weak bases as catalysts provides a reagent system 
capable of performing selective trimethylsilylation of primary 
hydroxyl groups. As catalysts
triphenylphosphine, tri-n-butylphosphine
methyldiphenylphosphine, and 4-N,N-dimethylaminopyridine are 
suitable; the use of triethylamine affords mono- and higher-
trimethyIs ilylated products. 

The si l y l a t i o n reactions were performed by treatment of a 
solution of the substrate (1 mol. equiv.) in oxolane [or a 4:1 
(v/v) mixture of oxolane—dimethyl sulfoxide for substrates 
insoluble in oxolane] with £2 (1.4—1.5 mol. equiv.) and 
triphenylphosphine (0.5 mol. equiv.). The structures of the 
substrates employed and of the products obtained, and yields, are 
shown in Figure 1. Under the particular reaction conditions 
employed secondary hydroxyl groups are either not silylated 
or are silylated distinctly slower. 

Although a trimethylsilyl group blocking a primary hydroxyl 
group is not very stable (82,83) and can be readily removed, for 
example, under acetylation conditions (84), nevertheless, we have 
been able to perform a significant reaction at a secondary 
hydroxyl group leaving the (trimethyIsilyloxy)methy1 group 
intact. Thus, ethyl 2,3-dideoxy-q-D-erythro-hex-2-enopyranoside 
(48) reacted readily with 42 and triphenylphosphine to afford £9 
and phthalimide; this mixture, on treatment in situ with diethyl 
azodicarboxylate, gave ethyl 2,3,4-trideoxy-4-phthalimido-6-0-
tr imethy Is i ly 1 - ot-D - thr eo -hex - 2 - enopyr anos ide (50) in 71.4% overall 
yield (see Figure 2). A salient feature of this synthetic process 
is that two of the reagents required in the Mitsunobu amination 
(85) step, namely triphenylphosphine and phthalimide, are present 
already from the f i r s t step. 

The tert-butyldimethyIsily1 group is known to be a 
particularly useful blocking group, and Ogilvie and Hakimelahi 
(86) have described a method for the introduction of this group 
selectively at primary hydroxyl groups. We have examined the 
u t i l i t y of N-tert-butyId imethyIs ilylphthalimide for this purpose. 
Using conditions similar to those employed in the case of N-
trimethylsilylphthalimide did not lead to the transfer of the 
tert-butyId imethyIs ily1 group; even heating at reflux temperature 
for several hours was not successful. If the solvent system was 
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E t 0 2 C N = N C 0 2 E t 

50 (71.4V.) 

Figure 2. Synthesis of ethyl 2,3,4-trideoxy-4-phthalimido-
6-0-trimethylsilyl-a-D-threo-hex-2-enopyranoside. 
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changed to 4:1 (v/v) oxolane—hexamethylphosphoric triamide, then 
43a and £4a at room temperature gave products having the primary 
hydroxyl group silylated in 41 and 44% yield, respectively, and 
46a at reflux temperature gave the corresponding product in 40% 
yield. The non-carcinogenic solvent, 1,3-dimethyl-3,4,5,6-
tetrahydro-2(lH)-pyrimidinone (87), could not be employed as a 
substitute for hexamethylphosphoric triamide. 

Cleavage of Acetals and Dithioacetals in Carbohydrate Derivatives 
Using Iodine in Methanol 

The reagent system, iodine and methanol, has been reported 
(88,89) to open oxirane rings to afford β-methoxy alcohols. We 
have found (90) that this reagent system is a highly efficient one 
for the cleavage of acetal and dithioacetal groupings in 
carbohydrate derivatives, groupings which find wide application in 
synthetic carbohydrate chemistry (91,92)  Benzylidine  ethylidene 
and isopropylidene acetal
by heating at reflux temperatur
acetal groupings are present in the molecule, one of them can be 
removed selectively. Simple glycosides and disaccharides do not 
undergo cleavage of their glycosidic linkages under the conditions 
employed. Also, acetyl groups survive the reaction conditions. 
However, i f the reaction mixture is heated at reflux temperature 
for a prolonged period, carbohydrates having a free hydroxyl 
group at the anomeric center are converted into methyl glycosides. 
It is noteworthy that methyl glycofuranosides preponderate in the 
mixtures of glycosides that are formed, a result that resembles 
that generally observed in the case of the acid-catalyzed, Fischer 
glycoside synthesis (93). The results obtained using a variety of 
carbohydrate acetals are shown in Table III. The overall yields 
are usually high. Recently, we were able to cleave the 
isopropylidene acetal in 6-chloro-9-(3-deoxy-5,6-0-isopropylidene-
q-D-threo-hexofuranosyl-2-ulose)purine and the β-D-erythro isomer 
by treatment with a dilute solution of iodine in methanol to 
afford the corresponding, parent 31-deoxy-21-ketonucleosides, in 
each case in 65% yield; these results are particularly 
significant, since both of the protected ketonucleoside 
derivatives were found to be labile under acidic conditions 
normally required for the removal of an 0-isopropylidene group. 

The acetal-cleavage reactions presumably involve i n i t i a l l y a 
complexation of an iodine species with one of the oxygen atoms; a 
subsequent reaction with methanol would lead to the free alcohols. 
On this basis i t would be expected that dithioacetals should 
undergo facile cleavage, since the soft acid, iodine, would be 
expected to complex readily with the soft sulfur site. Indeed, 
treatment of D-arabinose diethyl dithioacetal with a 1% solution 
of iodine in methanol afforded, after ^2 days at room temperature, 
methyl α-D-arabinofuranoside in 70% yield. Other examples of the 
removal of dithioacetal groupings under mild conditions are given 
in Table III. It was found that cleavage of the dithioacetal 
grouping in D-glucose ethylene dithioacetal required heating at 
reflux temperature; i t is known that mercury(II) chloride-
catalyzed hydrolysis of ethylene dithioacetals occurs slowly (94). 
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Table I I I . Cleavage of Carbohydrate Acetals and D i t h i o a c e t a l s 
Using Iodine and Methanol 

Substrate Reaction Compounds O v e r a l l 
C onditions- Obtained Y i e l d 

(%) 

>90 

Continued on next page 
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Table I I I . Continued 

Substrate Reaction a Conditions-
Compounds 
Obtained 

O v e r a l l 
Y i e l d 
(%) 

t M e 2
 A ' r o o m temp, 14 h 

/ or r e f l u x , 7 h 

•CMe2 

H2OH 

A,

A, room temp, 14 h 
or r e f l u x , 6 h 

MOCH2.O 

HÇ 
,OMe 
CH2OH 

90—95 

OH 
3(α) :7(β) 

H Ô Γ CHjOH 

35 

H0CH?_.0 

HO 
,0Me 90 
CH 2 0H 

OH 

H(^ N ^CMe 2
 A ' r o o m temp, 6 h 

HQ J CMe? A ' r o o m temp, 24 h 
j \ 1 or ref l u x , 6 h 

HOCHo^O 

H Ç 
,0Me 
CH 2 0H 90 

OH 

A, room temp, 24 h 
or r e f l u x , 2.5 h 85—90 
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Table I I I . Continued 

17 

Ç H ( S E t ) 2 
H Ç O H 

H O Ç H 
H Ç O H 
H Ç O H 

CH2OH 

A, room temp, 32 h 

H Ç O H 
H O Ç H 

H Ç O H 
H Ç O H 

CH2OH 

Ç H ( S C H 2 P h ) 2 

H O Ç H 
H O Ç H 

H Ç O H 
H Ç O H 

C H ^ H 

A, r e f l u x , 18 h 

A, room temp, 24 h 

HO(jH2 

HOCH >-0 

HO<j)H2 

H O Ç H / 0 , 

?H HÇ>_ 

Me 

74 

90 

76 

Solut i o n A: 1% iodine i n methanol (w/v); s o l u t i o n B: 0.5% iodine 
in methanol (w/v). 

- Isolat e d as the per-O-acetylated d e r i v a t i v e . 
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Developments in protective-group strategy, including the 
formation and cleavage of acetals, continue to be of interest in 
synthetic carbohydrate chemistry (95,96). The attractiveness of 
the reagent system described here stems from i t s simplicity, 
convenience, versatility, and the high yields of the cleavage 
products. 
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Chapter 2 

New Approaches to the Synthesis 
of Nitrogenous and Deoxy Sugars 

and Cyclitols 

Hans H. Baer 

Department of Chemistry, University of Ottawa, Ottawa, 
Ontario K1N 9B4  Canada 

Chiral syntheses based on nitroalkane cyclization, of 3-
amino-2,3-dideoxy-D-myo- and D-epi-inositol and of some 
asymmetrically substituted derivatives and preparative 
precursors of 2-deoxystreptamine are reported. A new mode 
of formation of carbohydrate nitrocyclopropane derivatives 
by an internal, cyclizing displacement is disclosed, with 
a discussion of the potential of such compounds in chiral 
synthesis. Methods for the preparation of amino and deoxy 
analogs of α,α-trehalose are outlined, including nitro
methane cyclization, oxyamination, selective triflate dis
placement, reductive anination and desulfonyloxylation, 
palladium-catalyzed allylic substitution, and iron carbonyl
-mediated chain elongation. 

Ongoing concerns i n t h i s laboratory include the study of methods f o r 
f u n c t i o n a l and stereochemical m o d i f i c a t i o n o f carbohydrates, the 
adaptation of s y n t h e t i c t o o l s l a r g e l y developed outside the f i e l d t o 
the s p e c i a l requirements i n carbohydrate chemistry, and the synthesis 
of sugar d e r i v a t i v e s of p o t e n t i a l value i n biochemical research. For 
the advancement of b i o l o g i c a l and medicinal research there i s a need 
not only f o r e f f i c i e n t syntheses of n a t u r a l products of recognized 
s i g n i f i c a n c e , but a l s o f o r a steady supply of s y n t h e t i c d e r i v a t i v e s , 
stereoisomers and other analogs which may, p o t e n t i a l l y , d i s p l a y b i o -
a c t i v i t i e s o f t h e i r own or may serve as probes f o r unraveling mecha
nisms of b i o l o g i c a l a c t i o n . A m i n o c y c l i t o l s , because of t h e i r c e n t r a l 
standing i n the f i e l d of a n t i b i o t i c s , c o n s t i t u t e a p a r t i c u l a r l y 
important case i n p o i n t . The present a r t i c l e describes (a) c h i r a l 
syntheses of molecules r e l a t e d to 2-deoxystreptamine, a p i v o t a l com
ponent of a m i n o c y c l i t o l a n t i b i o t i c s ; (b) d i s c l o s e s a new, preparative 
route t o carbohydrate nitrocyclopropane d e r i v a t i v e s having p o t e n t i a l 
f o r conversion i n t o various c h i r a l , branched-chain synthons; and (c) 
o u t l i n e s s e v e r a l current methods being developed f o r the synthesis o f 
amino and deoxy analogs o f the b i o l o g i c a l l y important d i s a c c h a r i d e , 

o< f eC-trehalose. 

0097-6156/89/0386-0022$06.50/0 
c 1989 American Chemical Society 
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Chemical Synthesis of an Intermediate i n the Biosynthesis of 2-Deoxy-
streptamine 

2-Deoxystreptamine (̂ 1) i s a c e n t r a l b u i l d i n g block i n the st r u c t u r e s 
o f many important a m i n o c y c l i t o l a n t i b i o t i c s , i n c l u d i n g the neomycins, 
kanamycins, and gentamicins (1). The pathway f o r i t s bio s y n t h e s i s from 
g-glucose has been proposed by Rinehart (2^3) to involve an amino-
cycl o h e x a n e t e t r o l , most probably 1L-(1,3,5/2,4)-5-amino-l,2,3,4-cyclo-
hexanetetrol, a l s o designated as 3-amino-2,3-dideoxy-D-myo-inositol 
(2), which was then unknown. This assumption was subsequently proved 
c o r r e c t when 2 was i s o l a t e d from c u l t u r e media of c e r t a i n microorgan
isms (4), i t s s t r u c t u r e confirmed through comparison with a semisyn
t h e t i c sample obtained from degradation of chemically modified kana-
mycin-A (5), and i t s bioconversion i n t o ̂ 1 demonstrated (6). 

2 R = OH 
Convenient preparative access to such c h i r a l a m i n o c y c l i t o l s as 

j2 should f a c i l i t a t e chemical analog synthesis and biochemical muta-
synthesis i n the f i e l d of a m i n o c y c l i t o l a n t i b i o t i c s , A short and 
economical synthesis of 2 and i t s h i t h e r t o unknown 1L-(1,3,4,5/2), or 
D-epi, stereoisomer £ was therefore devised (7). I t i s based on the 
nitr o a l k a n e c y c l i z a t i o n method (8), and i s delin e a t e d i n Figure 1. 
The n i t r o sugar 4, a v a i l a b l e (£,10) from D-glucose i n four steps with 
high y i e l d s , gives i n a s i n g l e operation (AC2O—NaOAc; 84%) the n i t r o -
a l k e n i c acetate 2> v i a t n e intermediary d i a c e t a t e 5 (10). Reduction 
of 2 kv sodium borohydride had been reported (11) to f u r n i s h the 
n i t r o a l k a n o l 9 d i r e c t l y , but only i n 49% y i e l d , on a small s c a l e . 
Scaled-up operation under c a r e f u l l y c o n t r o l l e d c o n d i t i o n s , with i s o l 
a t i o n of the intermediate 8, now gave 9 i n 92% y i e l d from^7. Various 
attempts to prepare 9 d i r e c t l y from the 3,5-diacetate 5, by reductive 
dehydroacetoxylation and O-deacetylation with sodium borohydride, 
proved u n s a t i s f a c t o r y . The same was true when the 3 , 5 - b i s ( t r i f l u o r o -
acetate) Jo was used i n s t e a d ; although some 9 could be i s o l a t e d , a 
major (and undesired) by-product was i n t h i s case i d e n t i f i e d as the 
t r i f l u o r o e t h y l i d e n e a c e t a l 11. 

H y d r o l y t i c removal o f the isopropylidene group i n 9 then gave 
5,6-dideoxy-6-nitro-g-glucose (10, not i s o l a t e d ) , which was caused t o 
c y c l i z e immediately by rendering i t s aqueous s o l u t i o n s l i g h t l y b a s i c . 
The mixture of 4-epimeric, 2 , 3 - d i d e o x y - 3 - n i t r o i n o s i t o l s (12) could 
not be separated but t h e i r t e t r a a c e t a t e s 1J and 14 could be i s o l a t e d 
pure by f r a c t i o n a l c r y s t a l l i z a t i o n (29 and 23%). Standard, c a t a l y t i c 
hydrogénation followed by d e a c e t y l a t i o n procedures f i n a l l y furnished 
the t a r g e t compounds £ and ̂3 v i a t h e i r a c e t y l a t e d d e r i v a t i v e s 15-18· 
Hydrogénation of the mixture 12, followed by sequen t i a l N- and 0-
a c e t y l a t i o n of the amines produced, proved to be more economical f o r 
l a r g e r - s c a l e preparations. This permitted clean separation of the 
epimers by v i r t u e of a high tendency f o r 18 and 15 to c r y s t a l l i z e . 
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Figure 1. Synthesis of 3-amino-2,3-dideoxy-D-myo- and D-epi-inositols (2 and 3). 
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2. BAER Nitrogenous and Deoxy Sugars and Cyclitols 

A C h i r a l Synthesis of 2-Deoxystreptamine 

25 

Although 2-deoxystreptamine (1) i s i t s e l f a c h i r a l (meso), i t i s ren
dered c h i r a l by monosubstitution at e i t h e r of the enantiotopic OH-4 
or OH-6 groups, or a t e i t h e r amino group, or by unequal d i s u b s t i t u -
t i o n at these s i t e s . Such patterns are t y p i c a l f o r a m i n o c y c l i t o l 
a n t i b i o t i c s . For instance, the neomycins and ribostamycins possess a 
g l y c o s y l a t e d OH-4 (and OH-5) group, whereas OH-6 i s unsubstituted; i n 
the seldomycins, kanamycins, and gentamicins, both enantiotopic p o s i 
t i o n s are occupied but unequally so. The stereoisomers destomycin A 
and hygromycin Β d i f f e r s o l e l y by being N-monomethylated i n p o s i t i o n s 
1 and 3, r e s p e c t i v e l y . T o t a l syntheses that employ, as b u i l d i n g blocks, 
unsymmetrically modified but racemic d e r i v a t i v e s of 1, must r e l y on 
d i a s t e r e o s e l e c t i v i t i e s which may be modest, and on diastereomer sepa
r a t i o n at an advanced stage, which may be cumbersome and i n e f f i c i e n t . 
I t would c l e a r l y be advantageous to have a v a i l a b l e , as synthons, 
some c h i r a l d e r i v a t i v e s of 1, (or s u i t a b l e , preparative precursors) 
i n pure enantiomeric form
to 1, was therefore designed
e n t i r e l y through c h i r a l stages, thereby p r o v i d i n g a number of o p t i
c a l l y a c t i v e intermediates of the type d e s i r e d (Figures 2-4) (12). 

The known l-d e o x y - l - n i t r o - D - g l y c e r o - D - g a l a c t o - h e p t i t o l hexa-
acetate (19), obtained from g-mannose by the nitromethane method 
(13), was r e d u c t i v e l y dehydroacetoxylated, and the product (20) O-
deacetylated. The r e s u l t a n t dideoxynitropentol 21 was acetonated 
under thermodynamic c o n t r o l to give, e x c l u s i v e l y , the 4,5;6,7-diiso-
propylidene a c e t a l 22. The l a t t e r i s the favored regioisomer as i t 
incorporates a t r a n s - d i s u b s t i t u t e d dioxolane s t r u c t u r e . The mesylate 
23 and t r i f l a t e 24 then prepared were the keystones f o r l a t e r i n t r o 
duction of a second nitrogenous function (Figure 2). 

From t h i s p o i n t onward, two a l t e r n a t i v e routes leading to the 
same ta r g e t s were pursued. They d i f f e r e d i n the sequence whereby the 
c a r b o c y c l i c system was e s t a b l i s h e d and the second nitrogen group i n 
corporated. In the f i r s t v a r i a n t (Figure 3), compound 23 was s e l e c 
t i v e l y deacetonated with 90% t r i f l u o r o a c e t i c a c i d i n toluene at -20° 
to f u r n i s h the 6,7-diol j£5, which was cleaved by periodate to give 
the s u b s t i t u t e d , 5,6-dideoxy~6-nitro-aldehydo-Q-arabino-hexose 26. 
Base-catalyzed c y c l i z a t i o n of t h i s n i t r o sugar l e d to a separable 
mixture of epimeric c y c l i t o l s , 27 and £8, with the l a t t e r s l i g h t l y 
preponderating. When the mixture was f r a c t i o n a l l y c r y s t a l l i z e d from 
ethanol i n the presence of a trace of a l k a l i , p a r t o f the l e s s stable 
(and more soluble) 27 present was converted i n t o the d e s i r e d , l e s s 
s o luble epimer 28, which c r y s t a l l i z e d i n 70% y i e l d . Compounds £1 and 
28 were r e a d i l y hydrolyzed to the r e s p e c t i v e t r i o l s ^0 and £2, char
a c t e r i z e d as h i g h l y c r y s t a l l i n e t r i a c e t a t e s (31 and 33). Next, both 
28 and i t s progeny 32 were subjected to displacement r e a c t i o n s with 
azide i o n , which gave high y i e l d s of a z i d o n i t r o c y c l i t o l s . However, 
both products had l o s t t h e i r stereochemical i n t e g r i t y , as p a r t i a l 
epimerization at the c a r b i n o l p o s i t i o n v i c i n a l to the n i t r o qroup 
occurred during the process, v i t i a t i n g the preceding epimer separa
t i o n . Nevertheless, pure t r i o l 34 was i s o l a t e d i n 72% y i e l d , and 
p u r i f i c a t i o n of the isopropylidene d e r i v a t i v e 29 was a l s o p o s s i b l e 
(see l a t e r ) . 

In the second approach, the sequence o f r i n g c l o s u r e and azide 
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Figure 3. Synthesis of azidonitrocyclitols 29 and 34. 
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displacement were reversed (Figure 4). F i r s t experiments to d i s p l a c e 
the mesyloxy group i n 23 under conventional conditions gave the pro
t e c t e d a z i d o n i t r o h e p t a n e t e t r o l 35 i n low y i e l d s only, as an unexpec
ted s i d e - r e a c t i o n intervened (to be discussed i n the next s e c t i o n ) . 
Although pase-transfer c o n d i t i o n s were eventually found that produced 
35 from 23 i n 76% y i e l d , the r e a c t i o n was i n o r d i n a t e l y slow (6 days 
at 56°). The 3 - t r i f l a t e 24, on the other hand, proved f a r superior i n 
that regard, a f f o r d i n g 35 (> 85%) w i t h i n 6 h at 25°. S e l e c t i v e 6,7-
deacetonation, followed by periodate o x i d a t i o n of the d i o l 36, gave 
the aldehydo-azidonitrohexose 37, which was c y c l i z e d by base c a t a l y 
s i s to provide a mixture of 29 and epimer £8. Again, f r a c t i o n a l 
c r y s t a l l i z a t i o n under epimerizing conditions (as f o r 21 + 28) allowed 
the l e s s - s o l u b l e 29 to be i s o l a t e d i n ~ 7 0 % y i e l d . F i n a l l y , platinum-
c a t a l y z e d hydrogénation converted the t r i o l £4 i n t o 2-deoxystreptamine 
(1), and the a c e t a l 29 i n t o the o p t i c a l l y a c t i v e 4,5-0-isopropylidene 
d e r i v a t i v e (39) o f 1, i s o l a t e d as the c r y s t a l l i n e diacetamide £0. 

Compounds 29, 34, 39 d 40 c o n s t i t u t  c h i r a l synthon  s u i t a b l
f o r use i n s t e r e o s p e c i f i
a p p r o p r i a t e l y N-protecte
s t e r e o s p e c i f i c s u b s t i t u t i o n at OH-6; a l t e r n a t i v e l y , a f t e r temporary 
p r o t e c t i o n of OH-6 followed by removal of the a c e t a l , the molecule 
should be amenable to manipulation at OH-4. In £9 and JJ4, the two 
unequal nitrogenous functions may be reduced stepwise to amino groups, 
thus o f f e r i n g p o s s i b i l i t i e s f o r s t e r e o s p e c i f i c i n t r o d u c t i o n of an N-
substituent at e i t h e r p o s i t i o n . In order to demonstrate that such a 
strategy i s f e a s i b l e , r e a c t i o n sequences leading t o the enantiomers 
of mono-N-methyl-2-deoxystreptamine were performed, as i l l u s t r a t e d 
i n Figure 5. 

Formation and P o t e n t i a l U t i l i t y of Carbohydrate Nitrocyclopropanes_ 

As mentioned i n the foregoing s e c t i o n , an unexpected s i d e - r e a c t i o n 
was observed when various conditions f o r azide displacement i n the 
mesylate 23 were studied. Homogeneous-phase r e a c t i o n with t e t r a b u t y l -
ammonium azide i n b o i l i n g toluene consumed completely within 1 h, 
but gave only 46% of 35. Three byproducts, i s o l a t e d i n y i e l d s of 25, 
4.5 and 3%, were e l u c i d a t e d (14) as the 1-epimeric nitrocyclopropanes 
41 and 42, and the branched-chain a z i d o n i t r o compound £3 (Figure 6). 
E v i d e n t l y , 41 and 42 arose from i n t e r n a l displacement i n i t i a t e d by 
proton a b s t r a c t i o n from the nitromethylene group, caused by the b a s i 
c i t y o f azide ion (Equation 1), and 43 seems to stem from a slow, 
subsequent n u c l e o p h i l i c s u b s t i t u t i o n on the r i n g , with n i t r o n a t e 
anion f u n c t i o n i n g as the l e a v i n g group. The r e s u l t s o f using phase-
t r a n s f e r conditions are a l s o shown i n Figure 6. 

With s o l i d sodium hydrogencarbonate instead of the azide, com
pound j£3 gave 41 as the main product (85%) , together with a tra c e of 
42 (14) This r e c a l l s a r e l a t e d precedent, namely, ^r-elimination o f 

,CHN02 

(1) 
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Figure 4. Synthesis of chiral acetals 39 and 40 derived from 2-deoxystreptamine. 
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Figure 5. Synthesis of the enantiomeric mono-N-methyl-2-deoxystreptamines from 29. 
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hydrogen bromide by the a c t i o n of potassium acetate from (c*-alkyl-or 
aryl-/3-nitroethyl)bromomalonates (L5,16) ; see Equation 2. Our re a c t i o i 
took place under conditions s i m i l a r to those of the well-known, nitro-
alkene-forming dehydroacetoxylation of /^ - n i t r o e s t e r s (the Schmidt — 

Spurred by these observations, we examined a relevant a p p l i c a t i o n 
of the method f o r nitrocyclopropane synthesis from n i t r o a l k e n e s and 
dimethylsulfoxonium methylide (17), Equation 3. I t had pr e v i o u s l y been 
employed f o r the synthesis o f a 2,3-dideoxv-2,3-C-methylene-3-nitro-
hexopyranoside, the f i r s t one o f the small number of carbohvdrates 
containing the nitrocyclopropane s t r u c t u r e thus f a r known (18). 

Treatment of the known nitr o a l k e n e 44 with the y l i d e indeed gave 
41, but i t was accompanied by a small proportion o f the stereoisomer 
45 (1£) . Although the preparative y i e l d was low (^30%), the hiqh 
d i a s t e r e o f a c i a l s e l e c t i v i t y of the methylene a d d i t i o n was remarkable. 
I t becomes p l a u s i b l e on i n s p e c t i o n of a molecular model, which points 
to hindered approach from one face, and unhindered approach from the 
other (Figure 7). 

Another mode of formation of carbohydrate nitrocyclopropanes, 
studied by us e a r l i e r (19), c o n s i s t s of nitrogen extrusion from 
p y r a n o s i d i c , 2,3-dideoxy-3-nitro sugars bearing a methyleneazo bridge 
i n the 2,3-positions. Such fused-rinq 1-pyrazolines had been obtained 
(19) by 1,3-dipolar c y c l o a d d i t i o n of diazomethane to 3-nitro-2-eno-
pyranosides (Fiqure 8). In order to explore a p o s s i b l e a p p l i c a t i o n to 
carbohydrates possessing a terminal nitroalkene qrouping, the com
pounds 7, 44, and 46 were tr e a t e d with e t h e r e a l diazomethane. They 
reacted r a p i d l y at low temperatures, but not i n altogether c l e a r ways. 
(More than 1 molar equivalent of CH2N2 was consumed.) C r y s t a l l i n e , 
yellow products i s o l a t e d i n moderate y i e l d s were determined to be 
4-substituted, 3-nitro-2-pyrazolines (48), probably formed by tauto-
merization of the 1-pyrazolines expected as the primary adducts (20); 
see Fiqure 9. 

In the r e a d i l y a v a i l a b l e cyclopropane 41, C-2 comprises a center 
of chain branchinq whose c o n f i q u r a t i o n i s r i q o r o u s l v defined (as R) 
thanks to the manner i n which i t was enqendered. I t should be p o s s i b l e 
to take advantage of t h i s circumstance f o r generating, by s c i s s i o n of 
the 3-membered r i n g , some s t e r e o s p e c i f i c a l l v f u n c t i o n a l i z e d molecules 
which, a f t e r appropriate manipulations i n the suqar moiety, could 
serve as u s e f u l synthons f o r qeneral purposes. Compound £3, apparently 
o r i q i n a t i n q from r i n q opening a f t e r azide-promoted formation of £1 
(or 42), o f f e r s i t s e l f as a f i r s t candidate f o r such transformations, 
provided i t can be prepared i n an acceptable y i e l d . Thus, sequential 
reductions of the two nitrogenous functions, each followed by i n d i v i 
dual N - s u b s t i t u t i o n as des i r e d — i n analoqy to the transformations of 
29 i l l u s t r a t e d i n Figure 5 — would provide avenues to compounds of 
type 49, i n which the residue Z, o r i g i n a l l y representing the p o l y o l 
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Figure 6. Formation of nitrocyclopropanes 41 and 42 from mesylate 24. 
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Figure 7. Formation of nitrocyclopropanes from nitroalkene 44. 
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Figure 8. Formation of a carbohydrate nitrocyclopropane from a nitroalkenic sugar via a 
pyrazoline. 
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Figure 9. Preparation of some carbohydrate pyrazolines by cycloaddition of diazomethane 
to nitroalkenic sugars. 
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chain, may be modified by degradation to comprise functionalities 
(e.g., —CHO, —CH2Br) suitable for carbon — carbon bond formation. 
Furthermore, conversion of the nitromethyl group into a formyl, hydr-
oxymethyl, or carboxyl group by existing procedures (21) , deamination 
of a selectively-formed amino group, and other functional modifica
tions may be contemplated, which should make 43 an exceedingly versa
t i l e stepping stone in syntheses of chiral, fc>,«o'-disubstituted isoalkyl 
structures. We have not yet achieved a preparative conversion of 41 
into 43 by azide, but sodium thiophenoxide in boiling oxolane reacted 
readily with 41 to give the thioether 50a and, interestingly, the thio-
hydroximic phenyl ester 50b (R as for 44 in Figure 9). Both products 
were desulfurized and reduced with Raney nickel, yielding the same 
amine (Ĵ Oc) , isolated as a crystalline N-acetyl derivative (Baer,H.H. , 
Williams, U., Radatus, B., Carbohydr. Res., in press). Oxidative de
gradation of the (deprotected) sugar chain then led to (~)-(R)-3-
amino-2-methylpropanoic acid, a compound of considerable importance 
(22) in thymine metabolism and elsewhere in biochemistry  Its carbo
hydrate-based, stereospecifi
propounded. 

CH2NR1R2 CH2N02 PhS^^JOH H2CNH2 

3 4 ' ' 1 ' 
R R 4 N C I L — C — H PhSCH„—C — H PhSCH0— OH CH.—OH 

I 2 I 2 I 3 I 
49 Ζ 50a R 50b R 50c R 
AA> «N*o» 

In general, however, fission of the nitrocyclopropane ring in 41 
appears to be unusually d i f f i c u l t . A number of reaqents known to open 
cyclopropane rings were found ineffective under the conditions tried; 
they included hydrochloric and hydrobromic acids, bromine, and cata-
l y t i c a l l y activated hydrogen. Hydroaenation over palladium-on-carbon 
readilv reduced the amino group but failed to cleave the rinq. The 
exploitation of chiral nitrocyclopropanes for purposes of stereospe-
c i f i c synthesis therefore remains a challenqing problem. 
Methods for_ the Synthesis of Aminodeoxy and Deoxy Disaccharides 
Related to oc,oc-Trehalose 

The disaccharide Λ,β<-trehalose (£1) is a suqar of qreat bioloqical sig
nificance because of the varied roles i t plays in Nature as a struc
tural constituent (e.g., in the cord factor of mycobacteria), as a 
reserve source of energy (e.g., in insects during f l i g h t ) , and as a 
possible intermediate in D-glucose resorption (22). Furthermore, i t s 
2-, 3-, and 4-aminodeoxy derivatives (52—54) as well as an oc-D-manno 
stereoisomer of !j>2 (52, with OH-2' inverted) occur as actinomycetal 
metabolites, reported to show (modest) antibiotic activity (24-27). 
The chemical synthesis of derivatives and analogs has long commanded 
much interest, as such compounds are required for the study of struc- . 
tu r e — a c t i v i t y relationships in the action of trehalases (23^28), may 
serve as substitutes for 51 in the synthesis of cord-factor analogs 
to be used as probes in the f i e l d of mycobacterial biochemistry (29, 
30), and could possibly prove to possess interesting properties as 
enzyme inhibitors or antibiotic agents. 

Several groups of investigators have reported syntheses of numer
ous, aminated rt-D-hexopyranosyl <* -D-hexopyranosides. These include 
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the n a t u r a l products 52 (31,32) and i t s aforementioned p-manno isomer 
(32), the 6-amino isomer 55 (32*34), the tC-D-altro, o< -D-gluco stereo
isomer (35) of 53, and 6,6'-diamino-6,6'-dideoxy-*,*-trehalose (33,36) 
as w e l l as i t s 2,2'-diamino-2,2'-dideoxy-oc-D-altro,o<-D-altro isomer 
(35^ 37) , the 3,3' -diacetamido-3,3 1 -dideoxy-«~D-allo, o< -D-allo analog 
(38) , the 3,6,6' -triacetamido-3,6,6*-trideoxy-e i -D-allo7 oc -D-gluco 
analog (39), and the 4,4',6,6'-tetraamino-4,4',6,6'-tetradeoxy-oc-D-
galacto,oc-D-galacto analog (40). Many f u r t h e r 2,2'-, 3,3'-, 4,4'-, 
and 6,6'-diamines and 4,4',6,6'-tetraamines that possess a d d i t i o n a l 
(unsubstituted) deoxy groups were described by Hough, Richardson, and 
t h e i r a s s o c i a t e s i n an extensive s e r i e s o f a r t i c l e s published during 
1970 — 1973 (see 35, 41 f o r lead references) . Although some of the 
syntheses here r e f e r r e d t o were based on Koenigs—Knorr condensations 
of monosaccharidic components, the majority comprised chemical t r a n s 
formations s t a r t i n g from commercial J31. Our own e f f o r t s i n t h i s domain 
were focused p a r t l y on the l a t t e r approach, and p a r t l y on a t h i r d 
a l t e r n a t i v e ; the methods employed f o r preparing the new  aminated 
trehalose analogs £ 2 and 56—6
follow. Only the key step
l i s h i n g the r e g i o - and stereo-chemical patterns i n the molecules w i l l 
be h i g h l i g h t e d , whereas well-precedented procedures f o r generating the 
r e q u i s i t e s t a r t i n g compounds and f o r e l a b o r a t i n g the f i n a l t a r g e t s 
cannot be reviewed here. The l a s t two subsections deal with the pre
parat i o n o f some non-nitrogenous deoxy analogs. 

Nitromethane C y c l i z a t i o n . In the realm of d i s a c c h a r i d e s , the f i r s t 
a p p l i c a t i o n o f the nitromethane method f o r c y c l i z a t i o n of "sugar d i -
aldehydes" had aff o r d e d , from sucrose s e l e c t i v e l y cleaved i n the 
f r u c t o f u r a n o s y l moiety with lead t e t r a a c e t a t e , a mixture of n i t r o 
sugars from which reduction furnished 4-amino-4-deoxy-/3-D-gluco-hept-
ulopyranosyl ot-D-glucopyranoside (£2) . When the method was a p p l i e d 
l a t e r (43) to the tetraaldehyde q u a n t i t a t i v e l y produced from trehalose 
(J31) by periodate o x i d a t i o n , a mixture o f 3,3'-dideoxy-3,3'-dinitro 
disaccharides was obtained ( i n 90% crude y i e l d ) , which corresponded, 
c o n f i g u r a t i o n a l l y , c h i e f l y to 59, 60, and 61. Separation of the n i t r o 
isomers was l a b o r i o u s , however, g i v i n g them pure i n y i e l d s (based on 
51) of only 14, 16 and 6%, r e s p e c t i v e l y . C a t a l y t i c hydrogénation then 
aff o r d e d J59—61, i s o l a t e d as c r y s t a l l i n e hydrochlorides. 

Osmylation. Osmium te t r a o x i d e - c a t a l y z e d cis-oxyamination of the d i -
s a c c h a r i d i c diene 2£ w a s u s e < 3 t o prepare the regioisomeric D-manno ,D-
manno diamines 61—63 (44) and the corresponding monoamines 56 and £7 
(45). A p r a c t i c a l procedure f o r preparing JO, from t r i - O - a c e t y l - D - g l u c a l 
(68) was f i r s t elaborated. I t c o n s i s t e d of converting one part of 68 
i n t o "4,6-di-O-acetyl-D-pseudoglucal" (69) and then condensing the 
l a t t e r with a second part of the former by c a t a l y s i s with boron t r i 
f l u o r i d e ( F e r r i e r r e a c t i o n ) . Oxyamination with chloramin-T then gave 
mixtures of b i s - and mono-tosylamido sugars (71 + 72), i n r a t i o s depen
dent on the proportion of reagent used (Figure 10). Separation o f the 
regioisomers gave the bis(sulfonamides) (2:4:7 r a t i o ) and the mono-
(sulfonamides) (~1:1 r a t i o ) i n d i v i d u a l l y i n pure form. The l a t t e r were 
cis-hydroxylated under osmium tetraoxide c a t a l y s i s i n the presence of 
e i t h e r N-methylmorpholine N-oxide or tri e t h y l a m i n e N-oxide, to give 
the isomers 73 i n high y i e l d s . Each of the f i v e tosylamides (71 and 
73) was f i n a l l y converted i n t o the corresponding amine by treatment 
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with sodium i n l i q u i d ammonia. The osmylations appeared to occur with 
complete d i a s t e r e o f a c i a l s e l e c t i v i t y , with the reagent a t t a c k i n q the 
face of the alkene opposite from the a l l y l i c s ubstituents present (at 
C - l and C-4); no evidence f o r the formation of a l i o products was found. 

The mono-unsaturated disaccharide 74 was a l s o prepared (4j6). I t 
was obtained i n 93% y i e l d by condensation of 68 with 2 , 3 , 4 , 6-tetra-
O-benzyl-ot-D-glucose under c a t a l y s i s (47) with stannic c h l o r i d e . P r e 
l i m i n a r y experiments i n d i c a t e d that i t can likewise be oxyaminated 
(48). I f t h i s i s borne out i n f u r t h e r s t u d i e s , a route would be open 
to the g-manno,D-gluco stereoisomers o f 56 and 57. 

Trifluoromethanesulfonate Displacements by Azide. We were f i r s t per
suaded of the superior leaving-group c h a r a c t e r i s t i c s of the t r i f l u o r o -
methylsulfonyloxy grouo, as compared to the mesyloxy group, during our 
synthesis (49) of 3-amino-3-deoxy-0C,<x-trehalose (53) which, i n c i d e n t 
a l l y , anteceded by a year the discovery of t h i s compound as an a n t i -
b i o t i c a l l y a c t i v e metabolite of Norcardiopsis species (25)  Displace
ment with l i t h i u m azide i
and was accompanied by a
t r i f l a t e 76, reacted smoothly under mild c o n d i t i o n s , with e l i m i n a t i o n 
being avoided (Figure 11). 

However, even t r i f l a t e displacement may be problematical , as was 
r e a l i z e d i n a new, s t e r e o s p e c i f i c synthesis of the diamine 61 (50), 
undertaken because the two aforedescribed syntheses had furnished 61 
as a minor product only. The p a r t i a l l y blocked c*-g-altro,<*-g-altro 
disaccharide £ 7 , obtained (51) from 51 i n 4 steps (53% o v e r a l l ) , gave 
the b i s ( t r i f l a t e ) 78, which was subjected to the a c t i o n of azide ion 
under a large v a r i e t y of c o n d i t i o n s . I n v a r i a b l y , the d e s i r e d d i a z i d e 
79 was accompanied by e l i m i n a t i o n products (8£ and J81), which of t e n 
preponderated (Figure 12). This was perhaps to be expected as 78, 
u n l i k e i t s counterpart 76, i s a x i a l l y s u b s t i t u t e d at C-2; displacement 
at C-3 i s thereby impeded and competinq e l i m i n a t i o n becomes more 
favored. Nevertheless, optimal c o n d i t i o n s i n v o l v i n q phase-transfer 
r e a c t i o n were worked out that permitted i s o l a t i o n of ^2. * n 5 1 % y i e l d -
H y d r o l y t i c removal of the benzylidene a c e t a l s , followed by c a t a l y t i c 
t r a n s f e r hydrogenolysis f o r simultaneous reduction of the azide groups 
and O^debenzylation, provided 61 i n 30% o v e r a l l y i e l d from 77 (16% 
from 51) . 

The unsymmetrical d i t r i f l a t e 82, i d e n t i c a l with 7g, i n one h a l f of 
the molecule but r e g i o - and stereo-isomeric i n the other (Figure 13), 
showed i n t e r e s t i n g behavior i n azide displacement performed under the 
same phase-transfer conditions (52). Mainly the a x i a l 3 - t r i f l a t e group 
i n the a l t r o moietv reacted, with a r a t i o f o r displacement (to give 
55% of monoazide 83) and e l i m i n a t i o n (to qive 22% of enol ether 84) 
q u a l i t a t i v e l y s i m i l a r to that observed f o r 78; only 8% of d i a z i d e 85 
v/as formed, i n d i c a t i n g a much lower r e a c t i v i t y of the e q u a t o r i a l 2-
t r i f l a t e group i n the gluco moiety. However, 83̂  was c o n v e r t i b l e i n t o 
85 ( y i e l d , 78%) by azide displacement i n homogeneous phase. The d i s 
covery that displacements i n a d i t r i f l a t e may be performed r e g i o s e l e c -
t i v e l y i n a stepwise fashion was e x p l o i t e d f o r an a l t e r n a t i v e route 
to the monoamine J57. Thus, the 3 - a z i d o ~ 2 ' - t r i f l a t e 83 was subjected 
to a second displacement, but with sodium benzoate i n homogeneous 
phase, and the product (86) was then by standard procedures converted 
i n t o 57, obtained i n 14% y i e l d over 6 steps from J82 (52). 
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OBz OBz 
J5 R = Ms 
76 R = Tf 

Figure 11. The key step in the synthesis of 3-amino-3-deoxy-a,o!-trehalose (53). 

Figure 12. Azide displacement in a disaccharidic 3,3'-ditriflate (78) having the Ό-αΙηο 
altro configuration. 
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Figure 13. Azide displacements in the unsymmetrical, 3,2'-ditriflate (82) having the D-
altro,O-gluco configuration. 
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Differential t r i f l a t e reactivities as just described similarly 
gave access to the regioisomeric triamines 6J5 and 66 from a single 
precursor, the unsymmetrical diazido sugar 89 (Figure 14). Action of 
sodium azide upon the diepoxide 87 (readily prepared from 51) had been 
known known to give mainly the symmetrical counterpart 88 (15), but 
was now found (53) to yield additionally the (partial) anti-Furst — 
Plattner product, 89, on a practical scale. Sequential displacements 
in i t s d i t r i f l a t e , with azide followed by benzoate and in reverse 
order, furnished 2,3,3'- and 2,3,2'-triazido D-manno,D-manno deriva
tives, respectively, which were used to prepare 65 and J56 by standard 
manipulations. The tetraamine 67 was synthesized via double displace
ment, with azide, from the d i t r i f l a t e of 88 (53). 

Reductive Amination. Reductive amination of ketones with sodium cyano-
borohydride in the presence of ammonium acetate constitutes a useful, 
general method for amine synthesis (54) . In order to explore i t s poten
t i a l merits in disaccharide functionalization  the diketone £0 was pre
pared from the diol JJ, b
to that reaction (55). Th
with acetic anhydride in methanol, in order to ji-acetylate any amines 
present, and then partially fractionated by chromatography, furnishing 
in<40% yield the oi-D-altro, o( -D-altro diacetamide 91 as the main pro
duct. Functional-group adjustment led to the diamino suaar 64, which 
was identical with 64 concurrently prepared for comparison throuqh de-
benzylidenation and hydroaenation of the known (350 diazide 92 (Figure 
15). 

About one-half of the product-weight could not be recovered in 
chromatography of the reductive-amination mixture, and more work i s 
clearly needed to unravel the comolexity of the process. Thus far, 4 
minor byproducts were isolated crystalline in yields of 1.5—8%. A l l 
possessed one 3-acetamido-3-deoxy-oc-D-altro residue, in common with 
91, but were not aminated in the second residue. Two of them were epi-
meric 3'-carbinols resultinq from nonaminative reduction, and the other 
two were epimeric 3'-cyanohydrins. 

Palladium-catalyzed, A l l y l i c Amination. A l l y l i c substitution of mono-
saccharidic hex--2-enopyranoside 4-acetates with secondary amines in 
the presence of tetrakis(triphenylphosphine)palladium(0) had led to a 
large variety of 4-aminated 2-enosides, with retention of configura
tion (56-58). The method was applied to the disaccaridic enoside 7£ 
to give, with benzyImethylamine or dibenzylamine, the 4-amino sugar 
derivatives 58 in yields of 92 and 67% (46) . Studies concerning hydrox-
ylation of the double bond and subsequent deprotection are incomplete. 

Deoxy Analogs by Reductive Desulfonyloxylation with Lithium Triethyl 
borohydride. Lithium triethylborohydride (LTBH) i s an efficient rea
gent for the reductive desulfonyloxylation of certain secondary p-
toluenesulfonates of monosaccharidic glycosides (59). Its action 
differs mechanistically and, consequently, with respect to the stereo
chemistry of the major products formed, from that of lithium aluminum 
hydride, a less efficient reagent previously used for similar purposes. 
The newer method of deoxygenation has been applied successfully (60) 
to various sulfonic esters of ckt<4-trehalose (Figure 16). Thus, treat
ment of 4,6 ; 4 1 ,6 ' -di-O-benzylidene-2 ,3 ,2 ' , 3 ' -tetra-O-tosyl-oC^-trehalose 
(j*3) with T.TRH in hoi Tina oxolane for 3 h caused preferential C)-desul-
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Figure 14. Synthesis of the triamino and tetraamino derivatives 65-67 of Q-D-
mannopyranosyl a-D-mannopyranoside. 
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Figure 15. Synthesis of 3-amino-3-deoxy-<*-D-altropyranosyl 3-amino-3-deoxy-a-D-
altropyranoside (64). 
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f o n y l a t i o n at 0-2 and 0-2', followed by i n t e r n a l displacement of the 
3- and 3'-tosyloxy groups and reduction of the r e s u l t i n g epoxide r i n g s , 
to give d i r e c t l y the 2,2'-dideoxy di s a c c h a r i d e 98 ( y i e l d , 65%), prev
i o u s l y obtained (61_,62) from the diepoxide j£7 by i t s reduction (18 h) 
wit h l i t h i u m aluminum hydride ( y i e l d , 52%). 

A c t i o n of LTBH upon the 2 , 2 ' - d i t o s y l a t e 94 af f o r d e d the known 
3,3'-dideoxy sugar 100 l e s s e f f i c a c e o u s l y , e v i d e n t l y because of com
p e t i n g , p a r t i a l 0 - d e s u l f o n y l a t i o n which, however, provided as a b e n e f i t 
the new, unsymmetrical di s a c c h a r i d e s 102 and 103 (11 and 8%) that were 
formed v i a the monoepoxide 101. Compound 102 was the main product of 
deoxygenation when the 2-monotosylate 95 was t r e a t e d w i t h LTBH, a l 
though a n t i - F u r s t — P l a t t n e r openinq of intermediary oxirane 101 i s 
b e l i e v e d to have taken place as a minor s i d e - r e a c t i o n i n t h i s instance. 

The 2 , 3 , 2 ' - t r i t o s y l a t e j£6 produced a complex mixture from which 
the main products, namely, the new unsymmetrical 2,3'-dideoxy and 3-
deoxy sugars 104 and 105 were i s o l a t e d c r y s t a l l i n e , each i n ~ 2 0 % y i e l d 
a f t e r chromatography. 

For p o s s i b l e f u t u r
o l i g o s a c c h a r i d e d e r i v a t i v e
stereo-chemical r e a c t i o n courses as j u s t described are contingent on 
a s t e r i c a l l y r i g i d p r o t e c t i o n of the 4,6-positions (as i s present i n 
trans-fused, c y c l i c a c e t a l s ) , and on a 2,3-trans s u b s t i t u e n t arrange
ment (that permits formation of intermediary epoxides). In the absence 
of the former c o n s t r a i n t , c o n t r a c t i o n of the pyranoid t o a branched-
chain, furanoid r i n g may occur (63), whereas f o r 2,3-cis o r i e n t a t i o n s , 
as f o r example i n 4,6-0-benzylidene-oC-D-mannopyranosides, the r e q i o -
chemistry of deoxygenation i s reversed owinq t o i n t e r v e n t i o n of i n t r a 
molecular hydride s h i f t s (64). 

Chain Elongation by Means of an Iron Carbonyl Reagent» The method of 
chain elongation a t the nonreducing t e r m i n a l of 6-deoxy-6-halo and 6-
0-tosyl-hexopyranosides, r e c e n t l y developed (65) on the b a s i s of 
orqanoiron chemistrv, was a p p l i e d to 6,6'-di-0-tosyl-0i,tt-trehalose 
hexaacetate (106) . Reaction of Ĵ Q6 wi t h sodium d i c a r b o n y l - * i 5 - c y c l o -
p e n t a d i e n y l i r o n i n oxolane at 25° l e d to s u b s t i t u t i o n o f the t o s y l o x y 
s u b s t i t u e n t s by the a n i o n i c i r o n complex (Figure 17). Without i t s 
i s o l a t i o n , the product was t r e a t e d w i t h bromine i n the presence of 
methanol, e f f e c t i n g o x i d a t i v e carbonyl i n s e r t i o n followed by methan-
o l y s i s , to give dimethyl ( 2 , 3 , 4 - t r i - 0 - a c e t y l - 6 - d e o x y - - D - g l u c o - h e p t o -
pyranosyluronate) (2,3,4-tri-0-acetyl-6-deoxy-oc-p-gluco-heptopvrano-
siduronate) (107), the f i r s t d e r i v a t i v e of a treha l o s e homoloq con
s i s t i n g of tv/o seven-carbon sugars. The d i b e n z y l e s t e r was obtained 
i n s i m i l a r f a s h i o n , and studi e s are underway to prepare the free d i -
c a r b o x y l i c a c i d and, by i t s r e d u c t i o n , the n e u t r a l 6-deoxyheptopyran-
o s y l 6-deoxyheptopyranoside (Baer,. Η. Η., Breton, R.; unpublished). 
The goal of these i n v e s t i g a t i o n s i s to synthesize novel "pseudo cord-
f a c t o r s " by e s t e r i f y i n g the 7 , 7 1 - p o s i t i o n s of the n e u t r a l sugar with 
l i p i d a c i d s , and "mirror pseudo c o r d - f a c t o r s " , by e s t e r i f y i n g the 
d i c a r b o x y l i c a c i d w i t h l i p i d a l c o h o l s . S i m i l a r syntheses have been 
performed (29,30^,66,67) with other t r e h a l o s e analogs i n c l u d i n q (« --D-
glucopyranosyluronic acid) (oC -D-qlucopvranosiduronic a c i d ) , w i t h a 
view to p r o v i d i n g probes f o r c o r r e l a t i n g s t r u c t u r e w i t h b i o l o q i c a l 
f u n c t i o n i n mycobacterial l i p i d s . 
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Chapter 3 

New Method of Orthoesterification 
Under Kinetic Control 

Formation and Selective Hydrolysis of Methoxyethylidene 
Derivatives of Carbohydrates 

Mohamed Bouchra, Pierre Calinaud, and Jacques Gelas 
École Nationale Supérieure de Chimie, Université de Clermont-Ferrand, 

Bôite Postale 45, 63170 Aubière, France 

The reaction of ketene acetals upon mοnο- and 
oligo-saccharide
orthoesters essentially
reaction proceeds by preferential attack of the 
reagent on the primary hydroxyl group if any, and 
the prefered tautomeric form in solution for 
free sugars. Obtention of strained- and medium-sized 
rings is possible. 

Τhe methοxyethylidene deriνatives thus obtained 
are very sensitive to hydrolysis and very mild 
cοnditions can be used tο οbtain se lec t iνe ly α- or 
β-hydrοxyacetates useful as intermediates in struc
tural mοdifications οf sugars οr in glycοsidic syn
theses. 

The use; of enol ρ t her s i s now a w e l l - e s t a b l i s h e d 
m e t h ο d for- a c e t ο η a t i ο η of carbohydrate s under k i n e t i c 
c o n t r o l ( ]_,'?} . S ρ e c i a 1 1 y , 2-me t h ο χ y η r ο ρ e η e r e a c t s wit h 
d i o l s ( F i g u r e 1) to g ive i s o ρ r o p y 1idene d e r i v a t i v e s which 
may be s i g n i f i c a n t l y d i f f e r e n t from those obta ined under 
c l a s s i c a l thermodynamic c o n d i t i o n s . T h e r e a c t i o n has been 
s u c c e s s f u l l y a p p l i e d to f ree sugars and deoxysugars ( 3-9) , 
g l y c o s i d e s ( 0 ) , o l i g o s a c c h a r i d e s (9-12) , d i e t. h y 1 d i t h i ο -
ace ta Is of f ree sugars (13-161 and p o l y o l s ( 16) . I t s 
e x t e n s i o n to the use of o ther enol e thers has a l s o been 
e x p l o i t e d : el. hy Id done ( from e t h y l v i n y l ether") (13, 14) 
and eye 1 one χ y 1idene ( from 1-ethoxycyclohexene) ( 17) d e r i 
v a t i v e s were obta ined under the same c o n d i t i o n s . S p e c i f i 
c a l l y p r o t e c t e d sugars thus a v a i l a b l e , u s u a l l y in high 
y i e Ids, have been prepared in v a r i o u s other l a b o r a t o r i e s 
and employed in s t r u c t u r a ] m o d i f i c a t i o n of sugars or i n 
g l y c o s y d i c s y n t h e s i s ( see , f o r i n s t a n c e , r e f s . 18- 22) . 
S c a l i n g - u p the r e a c t i o n presents no ma Jor d i f f i c u l t i e s 
I! r, e e , for i n s t a m - c , r e f . 23 f o r the s y n t h e s i s of 1 , 2 : F>, 6 ~ 
d i - 0 - i s of » ro ρ y 1 i d e ne-Γ)-ma un i t ο 1 on mort: than a lOO-gram 
h a s i s f o l l o w i n g r e f .16, iiotwi t h s t a η d ing s orne d i f f i c u 1 t i e s 
a p p a r e n t l y exper ienced bv some authors ( 2 4 . 2 b ) Ί . 
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H a v i n g a t h a n d t h i s s t r a t e g y f o r s p e c i f i c a c e t a l a -
t i o n o f s u g a r s , we c o n s i d e r e d t h e u s e o f k e t e n e a c e t a I s 
i n s t e a d o f e - i o l e t h e r s m i g h t a f f o r d a g o o d mean o f a c c e s s 
t o o r t h o e s t e r s u n d e r k i n e t i c - a l l y c o n t r o l l e d c o n d i t i o n s 
( F i g u r e 2) . A t t h e t i m e we i n i t i a t e d t h i s w o r k , a t l e a s t 
t w o r e a c t i o n s o f k e t e n e a c e t a l s w i t h a n a l c o h o l w e r e k n o w n 
( F i g u r e 2 ) . T h e f i r s t o n e d e s c r i b e d t h e i n t r a m o l e c u l a r 
a d d i t i o n o f t h e p r i m a r y h y d r o x y l g r o u p a t p o s i t i o n 4 1 o f 
4 - h y d r o x y m e t h y l - 2 - m e t h y 1 e η e - 1 , 3 - d i o x o l a n e ( 2 6 ) ; t h e s e c o n d 
o n e w a s t h e p r o d u c t i o n ( 2 7 ) o f a b i c y c l i c o r t h o e s t e r o f 
t h e b i c y c l o [ 2 . 2 . 2 1 o c t a n e s e r i e s f r o m d e h y d r o h a l o g e n a t i o n 
o f a b i f u n c t i o n n a ] 1 , 3 - d i o x a n e ( p r o b a b l y t h r o u g h t h e i n -
t e r m e d i a c y o f t h e ( n o n - i s o l a t e d ) m e t h y l e n e d i o x a n e g e n e 
r a t e d b y B - e l i m i n a t i o n o f HC1 a n d s u b s e q u e n t i n t r a m o l e 
c u l a r a d d i t i o n o f t h e h y d r o x y l g r o u p ] . 

R y a n a l o g y w i t h t h e r e a c t i o n u s i n g e n o l e t h e r s 
( w h i c h g e n e r a l l y d o e
g r o u p a t t h e a n o m e r i
t i o n u s i n g k e t e n e a c e t a l s w o u l d l e a d t o o r t h o e s t e r s a t t h e 
n o n - a n o r n e r i c p o s i t i o n s . A l t h o u g h 1 , 2 - o r t h o e s t . e r s o f s u g a r 
a r e w e l l - k n o w n ( 2 8 - 3 0 ) a n d w i d e l y u s e d , e s p e c i a l l y f o r 
g l y c o s i d e s y n t h e s i s ( 3 1 - 3 4 ) , f e w o r t h o e s t e r s are; k n o w i n 
w h i c h t h e a n o m e r i c c e n t e r i s n o t i n v o l v e d . F o u r d i f f e r e n t 
e x a m p l e s a r e g i v e n i n F i g u r e 3, r e s p e c t i v e l y i n t h e 
n u c l e o s i d e s e r i e s ( 3 5 - 3 7 ) ( e t h a n o l y s i s o f t h e 2 , 3 - o r t h o e s -
t e r g a v e a m i x t u r e o f r e g i o i s o m e r s o f f o r m a t e s ) , f o r 
m e t h y l α - D - a r a b i n o p y r a n o s i d e ( 3 8 ) ( r e d u c t i o n o f t h e 3 , 4 -
o r t h o e s t e r p r o v i d e d a n u n u s u a l a p p r o a c h t o e t h y l i d e n e 
d e r i v a t i v e s ) , f o r a D - g a l a c t o d e r i v a t i v e ( 3 9 ) ( h y d r o l y s i s 
o f t h e 3 , 4 - o r t h o e s t e r was r é g i o s p e c i f i c , g i v i n g t h e a x i a l 
e s t e r , a f f o r d i n g OH-3 f r e e f o r g l y c o s y l a t i o n i n t h e s y n 
t h e s i s o f b l o o d - g r o u p s u b s t a n c e s ) a n d , f i n a l l y , f o r t h e 3-
0 - m e t h y l - 1 , 2 - 0 - i s o p r o p y l i d e n e - a - D - g l u c o f u r a n o s e ( 4 0 ) ( t h e r 
m a l d é g r a d a t i o n o f t h e 5 , 6 - o r t h o e s t e r l e d t o a n e t h y l e n i c 
s u g a r ) . V e r y f e w o t h e r e x a m p l e s caη be f o u n d i n t h e l i t e 
r a t u r e : t h e y c o n c e r n ( i ) t h e h y d r o l y s i s o f t h e 3 , 4 - o r t h o -
a c e t a t e o f m e t h y l 2 , 6-d i d e ο χ y-ot-D-1 y χ o - h e χ op v r a no s i de 

C i i " ) t h e f o r m a t i o n o f t h e 2 , 3 : 5 , 6-d i o r t h o f o r m a t e 
d e r i v a t i v e o f m e t h y l a - D - m a n n o f u r a n o s i d e ( 4 2 ) : a n d f i i i ) 
t h e i s o l a t i o n o f t h e 4 , 6 - o r t h o a c e t a t e o f D - i d o p y r a n o s e i n 
t h e r e a c t i o n o f a n t i m o n y n e η t a ο h 1 οri de w i t h β - D - g 1 u c o p y r a -
n o s e p e n t a a c e t a t e ( 4 3 ) 

O R T H O F S T F R J F I C A T 1 O N OF P Y R A N O S F S AND P Y R A N O S I D F S 

The r e a g e n t c h o s e n f o r t h i s s t u d y was 1 , 1 - d i m e -
t h o x y e t h e n e p r e p a r e d b y d e h y d r o c h l o r i n a t i o n o f c h l o r o a c e -
t a l d e h y d e d i m e t h y l a c e t a l a c c o r d i n g t o M e t ) v a i n ( 4 4 ) . T h e 
d r y r e a g e n t c a n be s t o r e d f o r s e v e r a l w e e k s o r m o n t h s i n 
s m a l l v i a l s , w i t h f n c i l c o u ) a r s i e v e s , i n a r e f r i g e r a t o r . 

A m a g n e t i c a l l y s t i r r e d s o l u t i o n o f m e t h y l a-D-
g 1 u c o p y r a n o s i d e 1 ( F i g u r e 4) i n d r y Ν , N - d i m e t h y 1 f o r m a m i d e 
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Figure 1. Synthesis of acetals from enol ethers and d io l s . 
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c o n t a i n i n g a s m a l l q u a n t i t y o f a d e s i c c a n t ( S i K K o n . D r i e -
r i t e , o r m o l e c u l a r s i e v e s ) w a s m a i n t a i n e d a t a t e m p e r a t u r e 
b e l o w 5°C ( i c e - b a t h ) . T w i c e t h e s t o i c h i o m e t r i c a m o u n t o f 
1 , 1 - d i m e t h o x y e t h e n e a n d a f e w c r y s t a l s ( 5 t o 2 0 mg) o f o-
t o l u e n e s u l f o n i c a c i d ( a p y r i d i n i u m s a l t , s u c h a s p y r i d i 
n i u m c h l o r i d e o r p y r i d i η i u m ρ - t o l u e n e s u l f o n a t e , i s a l s o a n 
e f f i c i e n t c a t a l y s t ) w e r e a d d e d . A f t e r a f e w h o u r s ( 3 — 
4 h ) a l l o f t h e s t a r t i n g m a t e r i a l h a d d i s a p p e a r e d ( t . l . c . 
m o n i t o r i n g ) . T h e s o l u t i o n was s t i r r e d f o r o n e h o u r w i t h 
s o d i u m c a r b o n a t e , f i l t e r e d a n d t h e f i l t r a t e e v a p o r a t e d 
u n d e r d i m i n i s h e d p r e s s u r e ( 1 mm Hg , b a t h b e l o w 4 5 ° C ) . T h e 
r e s i d u e s h o w e d e s s e n t i a l l y a s i n g l e s p o t o n t . l . c . ( c r u d e 
y i e l d 9 2 % ) a n d c o u l d be u s e d d i r e c t l y i n a m u l t i s t e p 
s y n t h e s i s . P u r i f i c a t i o n o f t h i s c o m p o u n d b y c o l u m n c h r o m a 
t o g r a p h y c o u l d n o t be p e r f o r m e d w i t h o u t d e c o m p o s i t i o n i f 
t h e s i l i c a g e l a n d e l u e n t w e r e n o t c a r e f u l l y d r i e d ("a 
s m a l l Q u a n t i t y o f t r i e t h y 1 a m i η e c o u l d a l s o be a d d e d t o t h e 
e l u e n t ) . T h e p r o d u c t wa
t r a ) a s m e t h y l 4 , 6 - 0 - m e t h o x v e t
^ [ m . p . 9 7 - - 9 8 ° C , [ a] g ° 4-112° ( a c e t o n e ) ] . D e p e n d i n g o n t h e 
m e t h o d o f p u r i f i c a t i o n ( c r y s t a l l i z a t i o n o r c o l u m n c h r o m a 
t o g r a p h y ) , t h e r a t i o b e t w r e n t h e t w o p o s s i b l e d i a s t e r e o i -
s o m e r s ( i d e n t i f i e d b y t h e 1 H - n . m . r . c h e m i c a l s h i f t o f 
s u b s t i t u e n t s a c c o r d i n g t o c r i t e r i a p u b l i s h e d ( 4 5 ) f o r 2 -
a l k o x y - 1 , 3 - d i o x a n e s i a t t h e o r t h o e s t e r c a r b o n a t o m w as i n 
t h e r a n g e 7 0 : 3 0 t o 9 9 : 1 i n f a v o r o f t h e a x i a l p o s i t i o n o f 
t h e m e t h o x y 1 g r o u p a n d p r o v i d e s a n i l l u s t r a t i o n o f t h e 
i n f l u e n c e o f t h e a n o m e r i c e f f e c t . T he d i o l 3^ was r e a d i l y 
t r a n s f o r m e d i n t o t h e d i a c e t a t e £ [ m . p . 5 7 ~ - S 8 ° C \ Γ α) * ° 
+85° ( c h l o r o f o r m ) ) w h i c h was s u b m i t t e d t o p a r t i a l h y d r o 
l y s i s p e r f o r m e d b y o n e o f t h e t h r e e f o l l o w i n g m e t h o d s : ( j l ) 
a c t i o n o f 1:3 a c e t i c a c i d — w a t e r a t r o o m t e m p e r a t u r e ; 
( i i ) a d d i t i o n o f 1-5 mg o f ρ - t o l u e n e s u l f o n i c a c i d t o a 
s t i r r e d s o l u t i o n o f £ i n a 19:1 c h l o r o f o r m w a t e r ; ( i i i ) 
a d s o r p t i o n o f a s o l u t i o n o f 4 ( i n a m i x t u r e o f c h l o r o f o r m 
a n d w a t e r ) o n t o a s m a l l c o l u m n o f s i l i c a g e l f o r a f e w 
h o u r s , f o l l o w e d b y c l a s s i c a l e l u t i o n . I n e a c h e x p e r i m e n t , 
a m i x t u r e o f a c e t a t e s S a n d 6̂ ( r a t i o 6 5 : 3 5 ) was o b t a i n e d 
q u a n t i t a t i v e l y . T h e s e d e r i v a t i v e s h a v i n g r e s p e c t i v e l y OH-4 
o r OH-6 f r e e w e r e s e p a r a t e d i n h i g h y i e l d . 

T h e f o r m a t i o n o f o r t h o e s t e r ^ may be e x p l a i n e d 
hy t h e p r e f e r e n t i a l a d d i t i o n o f t h e K e t e n e a c e t a l t o t h e 
m o s t r e a c t i v e a l c o h o l f u n c t i o n ( p r i m a r y h y d r o x y l g r o u p ) 
g i v i n g the* f n o n - i s o l a t e d ] a c y c l i c o r t h o e s t e r w h i c h i s 
a t t a c k e d b y t h e n e i g h b o u r i n g OH-4 w i t h s u b s e q u e n t e l i m i n a 
t i o n o f m e t h a n o l . The p a r t i a l h y d r o l y s i s o f t h e d i a c e t a t e 
j4 i s a s s u m e d t o p r o c e e d t h r o u g h p r o t o n a t i o n o f t h e m e t h o -
x y l g r o u p ( 7 ) , v i a t h e d i o x o c a r h e n i u m i o n a n d t h e o r -
t h o a c i d ^9, c o l l a p s e o f 9^ b y e i t h e r p a t h b o r p a t h a a c c o r 
d i n g t o t h e m e c h a n i s m g e n e r a l l y p r o p o s e d ( s e e , f o r 
i n s t a n c e , r e f . 2 9 a n d r e f s . c i t e d t h e r e i n ) a f f o r d s t h e 
c o m p o u n d s £3 o r j5 r e s p e c t i v e l y . 

H a v i n g d e m o n s t r a t e d t h e f e a s i b i l i t y o f t h e r e a c 
t i o n o f k e t e n e a c e t a l s f o r t h e s y n t h e s i s o f u n u s u a l o r 
t h o e s t e r s f r o m g l y c o s i d e s , i t was e s s e n t i a l t o t e s t t h e 
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b e h a v i o r o f f r e e s u p a r s i n t h e same r e a c t i o n t o a n s w e r t h e 
q u e s t i o n o f t h e r e a c t i v i t y o f t h e a n o m e r i c h y d r o x y ! g r o u p . 
U s i n g c o n d i t i o n s a l r e a d y d e s c r i b e d f o r i t s m e t h y l g l y c o 
s i d e , D - g l u c o s e g a v e t h e 4 , 6 - 0 - m e t n o x y e t h y 1 i d e n e d e r i v a 
t i v e ( F i g u r e 5 ) , w h i c h was e a s i l y t r a n s f o r m e d i n t o t h e 
B - t r i a c e t a t e 1 J ( y i e l d 7 7 % f r o m D - g l u c o s e a f t e r p u r i f i c a 
t i o n , s y r u p , [ a ] * ° -37° ( c h l o r o f o r m ) ] . P a r t i a l h y d r o l y s i s 
o f t h e o r t h o e s t e r f u n c t i o n g a v e q u a n t i t a t i v e l y t h e m i x t u r e 
o f r e g i o i s o m e r s 12 a n d KB ( r a t i o 6 5 : 3 5 ) . T h i s e x p e r i m e n t 
c o n f i r m e d t h e r e s u l t s o b t a i n e d i n t h e g l y c o s i d e s e r i e s a n d 
s h o w e d t h a t t h e a n o m e r i c g r o u p d i d n o t c o m p e t e w i t h OH-6 
f o r a d d i t i o n o f k e t e n e a c e t a l . T h i s c o n c l u s i o n w a s a l s o 
c o n f i r m e d b y t h e r e a c t i o n p e r f o r m e d o n D - m a n n o s e ( F i g u r e 
6) w h i c h l e d t o t h e o r t h o e s t e r 14 [ c r u d e y i e l d q u a n t i t a 
t i v e , 6 0 % a f t e r p u r i f i c a t i o n , m T ρ . 6 7 - 6 8 ° C , f a ] * ° + 1 7 ° , 
f i n a l ( c h l o r o f o r m ) ] . A c e t y l a t i o n a f f o r d e d q u a n t i t a t i v e l y a 
m i x t u r e o f a n o m e r s o f t h e t r i a c e t a t e 1 5 , w h i c h c o u l d b e 
s e p a r a t e d i n t o t h e p u r
+ 4 8 ° ( c h l o r o f o r m ) 1 a n
5 1 ° C , f-ut]|° - 1 7 . 5 ° ( c h l o r o f o r m ) ] . S t a r t i n g f r o m t h e α 
a n o m e r , p a r t i a l h y d r o l y s i s o f a c e t a t e 15 g a v e a m i x t u r e o f 
r e g i o i s o m e r s 16 a n d 17 ( r a t i o 6 5 : 3 5 ) . 

T h e q u e s t i o n t h a t t h e n a r o s e w a s t h e p o s s i b l e 
u s e o f k e t e n e a c e t a l s i n t h e s y n t h e s i s o f 2 , 3 - o r t h o -
e s t e r s i f p o s i t i o n 6 i s n o t a v a i l a b l e . S t a r t i n g f r o m 4 , 6 -
0 - i s o p r o p y 1 i d e n e - D - m a n n o p y r a n o s e 1̂ 8 ( r e a d i l y p r e p a r e d b y 
t h e a c e t o n a t i o n o f 0 - m a n n o p y r a n o s e w i t h 2 - m e t h o x y n r o p e n e 
a c c o r d i n g t o r é f . S) , a d i a s t e r e o i s o m e r i c m i x t u r e o f t h e 
o r t h o e s t e r s 1̂ 9 [ y i e l d 8 0 % , m.p. 118--1'16°C, [ a ] g ° 
f i n a l ( c h l o r o f o r m ) J w as o b t a i n e d w i t h o u t a n y s i g n i f i c a n t 
p a r t i c i p a t i o n o f t h e a n o m e r i c h y d r o x y l g r o u p . A c e t y l a t i o n 
o f t h i s m i x t u r e g a v e e s s e n t i a l l y t h e α a n o m e r o f d i a s t e -
r e o i s o m e r i c m i x t u r e o f a c e t a t e s 2 0 [ y i e l d 7 3 % , m.p. 1 0 8 — 
109°C, C a l f 0 + 2 6 ° ( c h l o r o f o r m ) ] ^ P a r t i a l h y d r o l y s i s was 
h i g h l y r e g i o s e l e c t i v e a n d e s s e n t i a l l y o n l y t h e d e r i v a t i v e 
21 [ y i e l d 6 0 % m.p. 1 2 5 — 1 2 6 ° C , [ a ] ^ ° + 4 3 . 5 ° ( c h l o r o f o r m ) ] 
h a v i n g OH-3 f r e e a n d A c O - 2 a x i a l w a s o b t a i n e d ( o n l y 2 - 3 % 
o f t h e r e g i o i s o m e r h a v i n g 0H-2 f r e e w a s d e t e c t e d i n t h e 1H-
n.m.r. s p e c t r u m o f t h e c r u d e p r o d u c t ) . T h i s h i g h r e g i o -
s e l e c t i v i t y ( o r r e g i o s p e c i f i c i t y ) was n o t u n e x p e c t e d a s 
o t h e r e x a m p l e s h a v e b e e n p r e v i o u s l y d e s c r i b e d i n t h e c y -
c l o h e x a n e ( 4 6 ) a n d c a r b o h y d r a t e ( 3 9 , 4 7 , 4 8 ) s e r i e s , a n d 
h a v e b e e n d i s c u s s e d ( 4 9 ) . 

A l t h o u g h t h e s t r a t e g y o f u s i n g k e t e n e a c e t a l s 
f o r t h e s y n t h e s i s o f 4 , 6 - a n d 2 , 3 - o r t h o e s t e r s , e s p e c i a l l y 
f r o m f r e e s u g a r s , i s new , t h e p r e p a r a t i o n o f o r t h o e s t e r s 
f r o m v i c i n a l c i s _ d i o l s o f g l y c o s i d e s h a v i n g a l l o t h e r 
p o s i t i o n s s u b s i t u t e d , u s i n g o r t h o a c e t a t e s o r o r t h o f o r r n a t e s 
( t r a n s o r t h o e s t e r i f i c a t i o n ) , w a s a l r e a d y a v a i l a b l e ( s e e , 
f o r i n s t a n c e , t h e p r e p a r a t i o n o f a 3 , 4 - m e t h o χ y e t h y I i d e n e 
d e r i v a t i v e i n t h e D - g a l a c t p s e r i e s i n r e f . 3 9 ) . I t was 
t h u s o f i n t e r e s t t o t r y t o e x t e n d o u r r e s u l t s t o t h e 
s i t u a t i o n w h e r e traη s o r t h o e s t e r i f i c a t i o n d o e s n o t r e a d i l y 

In Trends in Synthetic Carbohydrate Chemistry; Horton, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



3. BOUCHRA ET AL. Orthoesterification Under Kinetic Control 51 

Figure 6. Orthoesterif icat ion of D-mannose. 
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g i v e a n o r t h o e s t e r , n a m e l v , w i t h a v i c i n a l t r a n s - d i o l . 
We c o m p a r e d ( F i g u r e 7) t h e b e h a v i o r o f t h e 2 , 3 - d i o l f o r 
t h e D-ma η no a n d t h e D - g _ l u c q s e r i e s . I n t h e f i r s t c a s e ( D-
m a n n o ) , f r o m m e t h y l 4 , 6 - 0 - i s o p r o p y 1 i d e n e - o c - D - m a n n o p y r a n o -
s i d e 2 J ( p r e p a r e d a c c o r d i n g t o r e f . 5) r e s u l t s w e r e s i m i 
l a r t o t h o s e d e s c r i b e d i n F i g u r e 6 f o r t h e f r e e s u g a r 18 
[ 2 3 : s y r u p , ( ' a ] g° + 2 0 ° ( c h l o r o f o r m ) ; 2 4 : y i e l d 8 5 % , m. ρ*. 
9 ? - 9 8 ° C , [ a ] z

D ° +32.6 ( c h l o r o f o r m ) ] . S t a r t i n g f r o m t h e 
p r o t e c t e d g l u c o s i d e 2 5 ( 3 , 8 ) , a n e x c e l l e n t y i e l d o f t h e 
t r a n s 2 , 3 - o r t h o e s t e r l 7 [ 8 0 % , s y r u p , [ a ] g° + 7 8 ° ( c h l o r o 
f o r m ) ] was o b t a i n e d . T h e u s e o f s u c h r e a g e n t s a s K e t e n e 
a c e t a l s f o r t h e p r e p a r a t i o n o f f i v e - m e m b e r e d s t r a i n e d 
c y c l i c o r t h o e s t e r s , w h e r e t w o e q u a t _ o r i a J _ b o n d s a r e e n 
g a g e d , i s c o m p a r a b l e t o t h e s y n t h e s i s o f s i m i l a r i s o p r o p y -
l i d e n e d e r i v a t i v e s f r o m e n o l e t h e r s ( 8 ) . A s s u m i n g t h a t Û H -
2 i s m o r e r e a c t i v e t h a n OH-3, t h e i n t e r m e d i a r y o f t h e 
a c y c l i c o r t h o e s t e r 2̂ 6 may be h y p o t h e s i z e d

A s e x p e c t e d
p o u n d s 2 0 a n d 2 1
c o r r e s p o n d i n g t o b o t h p o s s i b l e c o n f i g u r a t i o n s o f m e t h o x y l 
a n d m e t h y l g r o u p s . I t i s n o t e w o r t h y t h a t a l t h o u g h t h e 
r a t i o b e t w e e n s t e r e o i s o m e r s ( n . m . r . d e t e r m i n a t i o n ) d e p e n 
d e d o n t h e o r i g i n o f t h e s a m p l e ( c r u d e m a t e r i a l , s a m p l e 
f r o m c o l u m n c h r o m a t o g r a p h y , o r f r o m c r y s t a l l i z a t i o n ) , i n 
no i n s t a n c e we d i d o b s e r v e a l a r g e d i s p l a c e m e n t i n f a v o r 
o f o n e o f t h e t w o i s o m e r s ( o f t e n t h e r a t i o v a r i e d b e t w e e n 
5 0 : 5 0 a n d 6 0 : 4 0 ) . T h i s may b e a n i n d i c a t i o n t h a t t h e 
a n o m e r i c e f f e c t i s n o t a s i n f l u e n t i a l i n f i v e - m e m b e r e d 
r i n g s a s i t i s i n s i x - m e m b e r e d r i n g s . 

F i n a l l y , p a r t i a l h y d r o l y s i s o f c o m p o u n d 2 7 ( a d 
s o r p t i o n o f a s o l u t i o n i n c h l o r o f o r m — w a t e r o n t o a c o l u m n 
o f s i l i c a - g e l a n d s t a n d a r d e l u t i o n ) g a v e r e g i o s p e c i f i -
c a l l y t h e a c e t a t e 2 8 ( y i e l d 6 0 % , p l u s r e c o v e r y o f 1 0 % o f 
s t a r t i n g m a t e r i a l , Ίί.ρ. 8 3 — 8 4 ° C , [ a ] z o + 5 6 ° ( c h l o r o f o r m ) ] 
w i t h OH-2 f r e e . T h i s o r i e n t a t i o n w a s n o t a f f e c t e d i f we 
s t a r t e d f r o m s a m p l e s o f c o m p o u n d 27 c o n t a i n i n g d i f f e r e n t 
p r o p o r t i o n s o f d i a s t e r e o i s o m e r s . 

A t t h i s s t a g e , i t w a s n o t e a s y t o d e t e r m i n e 
w h e t h e r t h e r e s u l t s o f p a r t i a l h y d r o l y s i s o f s u c h c o m 
p o u n d s a s 4, 15 a n d 27 c o r r e s p o n d e d t o K i n e t i c o r t h e r m o -
d y n a m i c c o n t r o l . I t i s w e l l K n o w n t h a t s e l e c t i v e a c y l a -
t i o n s may f a v o r e i t h e r OH-2 o r OH-3, a c c o r d i n g t o t h e 
s t r u c t u r e o f t h e s t a r t i n g m a t e r i a l a n d t h e c o n d i t i o n s o f 
t h e r e a c t i o n ( s e e r e f . 5 0 a n d r e f e r e n c e s c i t e d t h e r e i n ) . 
F o r i n s t a n c e , a c y l m i g r a t i o n f r o m p o s i t i o n 3 t o p o s i t i o n 2 
i s K n o w n t o o c c u r i n t h e D - g a 1 a c t ο s e r i e s u n d e r a l k a l i n e 
c o n d i t i o n s ( 5 1 ) . 

Q.? T H O E S TER I F IÇAT ION OF F U R A N 0 S E S 

The r e a d i l y a c c e s s i b l e ( 5 2 ) 1 , 2 - 0 - i s o p r o p y 1 i d e n e -
D - g 1 u c o f u r a n o s e 2 9 was s u b j e c t e d ( F i g u r e 8) t o a d d i t i o n o f 
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Figure 7. Orthoesterif ication of pyranosides at position 2,3. 
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Figure 8. Orthoesterif ication of l,2-£-isopropylidene-a-D-
glucofuranose. 
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t h e K e t e n e a c e t a 1 u n d e r s t a n d a r d c o n d i t i o n s . O n l y o n e 
c o m p o u n d was o b t a i n e d r a p i d l y a n d q u a n t i t a t i v e l y . I t w a s 
i d e n t i f i e d a s t h e q u a d r i c y c ] i c ο r t h ο e s t e r 32 I rn . ρ . 131 — 
1 34°C, [ a ] g o -40° ( c h l o r o f o r m ) ] , w h i c h h a d b e e n p r e v i o u s l y 
i s o l a t e d ( 5 3 ) f r o m t h e r e a c t i o n o f e t h y l o r t h o a c e t a t e w i t h 
t r i ο 1 2 9 . I n t h i s c a s e i t a p p e a r e d t h a t t h e e x p e c t e d 
o r t h o e s t e r 3J ( o b t a i n e d t h r o u g h c o m p o u n d 3 0 , t h r o u g h p r e 
f e r e n t i a l i n v o l v m e n t : o f t h e p r i m a r y h y d r o x y l g r o u p ) c o u l d 
n o t be i s o l a t e d b e c a u s e o f t h e s p a t i a l p r o x i m i t y o f OH-3 
a n d t h e o r t h o e s t e r f u n c t i o n . 

P a r t i a l h y d r o l y s i s o f c o m p o u n d 32 was f o u n d t o 
be r e g i o s p e c i f i c , l e a d i n g o n l y t o t h e 6 - m o n o a c e t a t e 33 
[ y i e l d 9 5 % , m.p. 1 4 3 - 1 4 4 . ° C , [a]g° -5° ( e t h a n o l ) ; c o m p a r e 
r e f . 5 3 ] . 

I n o r d e r t o o b t a i n i n f o r m a t i o n c o n c e r n i n g t h e 
h y d r o l y s i s o f a 5 , 6 - 0 - o r t h o e s t e r s u c h a s 3 J , i t was t h u s 
n e c e s s a r y t o p r e v e n t t h e p a r t i c i p a t i o n o f OH-3. S t a r t i n g 
( F i g u r e 9) f r o m c o m p o u n
i s o p r o p y i i d e n e - a - D - g l u c o f u r a n o s
s e l e c t i v e h y d r o l y s i s o f t h e 5 , 6 - 0 - i s o p r o p y 1 i d e n e p r o t e c 
t i v e g r o u p ) , t h e e x p e c t e d o r t h o e s t e r 3 5 was i s o l a t e d 
[ y i e l d 8 2 % , m.p. 7 9 - - 8 2 ° C , [ a ] g o _ 3 g o ( C h l o r o f o r m ) ] a s a 
d i a s t e r e o i s o m e r i c m i x t u r e . H y d r o l y s i s g a v e a q u a n t i t a t i v e 
y i e l d o f a m i x t u r e , a n a l y s i s ( 1 H - n . m . r . s p e c t r o s c o p y ) o f 
w h i c h r e v e a l e d t h e p r e s e n c e o f t h e t w o r e g i o i s o m e r s 36 a n d 
37 ( r a t i o 8 7 : 1 3 ) f r o m w h i c h t h e K n o w n ( 5 7 ) 6-OAc d e r i 
v a t i v e was i s o l a t e d [ y i e l d 8 0 % , s y r u p , [ a ] g=° + 1 1 . 2 ° ( c h l o 
r o f o r m ) J . T h i s r e s u l t c o m p a r e d w i t h a p r e v i o u s s t u d y ( 5 5 , 
5 6 ) o f t h e h y d r o l y s i s o f 5 , 6 - 0 - d i m e t h y l a m i n o e t h y l i d e n e a n d 
- d i m e t h y 1 a m i n o b e n ζ y 1 i d e n e d e r i v a t i v e s o f 1 , 2 - 0 - i s o p r o p y 1 i -
d e n e - a - D - g l u c o f u r a n o s e w h i c h g a v e r e g i o s p e c i f i c a l l y t h e 
c o r r e s p o n d i n g 6 - 0 - a c y ] c o m p o u n d s ( F i g u r e 9 ) . 

A l o g i c a l e x t e n s i o n w a s t h e n t o t e s t t h e b e h a 
v i o r o f a 3 , 5 - o r t h o e s t e r . T h i s was p e r f o r m e d w i t h c o n v e 
n i e n t p r e c u r s o r s i n t h e 0 - x y l _ q a n d t h e 0 - j ^ l u c o s e r i e s 
( F i g u r e 1 0 ) . A d d i t i o n o f 1 , 1 - d i m e t h o x y e t h e n e t o 1 , 2 - 0 -
i s o p r o p y 1 i d e n e - a - D - x y l o f u r a n o s e 38 ( 5 7 ) g a v e q u a n t i t a t i 
v e l y t h e e x p e c t e d 3 , 5-0-rne t ho χ y e t h y 1 i d e n e d e r i v a t i v e 3 9 
[ y i e l d 8 3 % a f t e r p u r i f i c a t i o n , s y r u p , [ a ] g ° +6.1° ( c h l o r o 
f o r m ) ] w h i c h was e s s e n t i a l l y ( 1 H - n . m . r . s p e c t r o s c o p y ) o n e 
o f t h e t w o p o s s i b l e d i a s t e r e o i s o m e r s . I t s p a r t i a l h y d r o 
l y s i s g a v e a s i n g l e ; c o m p o u n d , i d e n t i f i e d a s t h e a c e t a t e 4 0 
[ y i e l d 9 2 % , m.p. 1 0 0 - - 1 00.5°C, [ a ] g ° + 2 3 . 7 ° ( c h l o r o f o r m ) ) . 
T h i s 6 - 0 A c d e r i v a t i v e h a d a l r e a d y b e e n r e p o r t e d ( 5 7 ) , b u t 
i t s p r e p a r a t i o n b y s e l e c t i v e d e a c e t y 1 a t i o n o f t h e c o r r e s 
p o n d i n g 3 , 5 - d i a c e t a t e ( 5 8 ) a s w e l l a s b y s e l e c t i v e a c y l a -
t i o n o f t h e d i o l ( 5 9 ) g a v e 4̂ 0 i n much l o w e r y i e l d s . 

H a v i n g p r e p a r e d t h e 3 , 5 - d i o l 3 3 i n t h e 0 - g l u c o 
s e r i e s ( v i d e s u p _ r a , F i g u r e 8 ) , we f o u n d t h a t t h e k e t e n e 
a c e t a l c o n v e r t e d i t q u a n t i t a t i v e l y i n t o t h e o r t h o e s t e r 4J 
i n m o r e t h a n 9 5 % p u r i t y ( t . l . c . , 1 H-n.m.r. s p e c t r o s c o p y ) . 
T h i s s y r u p y c o m p o u n d was p a r t l y d e g r a d e d d u r i n g p u r i f i 
c a t i o n by c o l u m n c h r o m a t o g r a p h y , a n d f i n a l y i e l d s d e p e n 
d e d c r i t i c a l l y u p o n t h e e x p e r i m e n t a l c o n d i t i o n s [ 6 0 - 8 0 % , 
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R=Me yPh Y=Ac,Bz 

Figure 9. Orthoesterif ication of D-glucofuranose at position 
5,6. 
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Figure 10. Orthoesterif ication of furanoses at position 3,5. 
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s y r u p , L a ] g ° +50° [ c h l o r o f o r m ) ] . T h e p a r t i a l h y d r o l y s i s o f 
t h i s 3 , 5 ~ o r t h o e s t e r , e x p e c t e d t o b e s i m i l a r t o t h a t o f i t s 
a n a l o g 3 g , s u r p r i s i n g l y g a v e a m i x t u r e o f t w o c o m p o u n d s 
( r a t i o 3 0 : 7 0 ) : t h e m i n o r o n e was i d e n t i c a l t o c o m p o u n d Jéj, 
p r e v i o u s l y i s o l a t e d f r o m h y d r o l y s i s o f t h e o r t h o e s t e r ; 
t h e m a j o r p r o d u c t o f t h e r e a c t i o n was t h e K n o w n ( 6 0 ) 
r e g i o i s o m e r 4 2 [ y i e l d 4 5 % a f t e r s e p a r a t i o n , s y r u p , [ a ] ^ ° 
+ 2 9 . 2 ° ( c h l o r o f o r m ) ) J 

O n c e a g a i n t h e q u e s t i o n a r o s e c o n c e r n i n g K i n e t i c 
o r t h e r m o d y n a m i c c o n t r o l o f t h e s e h y d r o l y s i s , a n d t h e 
p r o b l e m o f t h e p o s s i b l e m i g r a t i o n o f a c y l g r o u p s i n i t i a l l y 
f o r m e d . E x a m i n a t i o n o f t h e t h r e e p o s s i b l e d i o x o c a r b e n i u m 
i o n s t h a t c o u l d b e i n t e r m e d i a t e s d u r i n g t h e h y d r o l y s i s o f 
o r t h o e s t e r 3£ ( F i g u r e 11) s u g g e s t e d t h a t t h a t t h e s e v e n -
m e m b e r e d - r i ηg i o n A was t h e i n t e r m e d i a t e i n t h e régi ο s p e 
c i f i c f o r m a t i o n o f a c e t a t e 3 3 : c o m p e t i t i o n b e t w e e n f i v e -
a n d s i x - m e m b e r e d - r i n g i o n s θ a n d C w o u l d h a v e g i v e n m i x 
t u r e s ( c o m p a r e t h e h y d r o l y s i
4 J ) . An e x p l a n a t i o
p r o t o n a t i o n o f 0-5 l e a d i n g t o A h a s s t i l l t o be f o u n d ; 
h y p o t h e s e s c o u l d b e made o f ( i ) a t t a c K o n t h e m o r e - a c c e s 
s i b l e s i t e o f t h e m o l e c u l e , ( i "Π a t t a c K o n t h e m o r e - b a s i c 
o x y g e n a t o m , a n d ( i i i ) b e t t e r r e l i e f o f s t r a i n i n t h e 
h i c y c l i c m o i e t y o f t h e m o l e c u l e i n g i v i n g t h e 1 , 3 - d i o x e -
p a n e - l i K e i o n A ( r a t h e r t h a n t h e 1 , 3 - d i o x a n e , a n d 1,3-
d i o x o l a n e - 1 i K e i o n s ) R e l e v a n t h e r e i s t h e s t u d y ( 6 1 ) o f 
t h e b e h a v i o r o f m o n o a c e t a t e s o f 1 , 2 - Q - i s o p r o p y l i d e n e - 0 -
g 1 u c o f u r a n o s e : i t was f o u n d t h a t e i t h e r d u r i n g r e c r y s t a l -
l i z a t i o n f r o m h o t s o l v e n t s o r d u r i n g c o n t a c t w i t h s i l i c a 
g e l , t h e 3-OAc g r o u p i n a c e t a t e m i g r a t e d t o p o s i t i o n 6 
( a c e t a t e 3 3 ) - T h e 3 - U - a c o t. y 1 -5-0-me t h y 1 d e r i v a t i v e was 
p r e p a r e d a n d s h o w n t o r e a r r a n g e t o t h e 6 - 0 - a c e t. y 1 .-5-0[-
m e t h y l i s o m e r i n v e r y d i l u t e b a s i c m e d i u m . T h i s e x p e r i m e n t 
s h o w e d t h a t , a n o r t h o a c i d c o n t a i n i n g a s e ν en-membe r e d r i n g 
i s a p o s s i b l e i n t e r m e d i a t e i n t h e r e a c t i o n 4 4 > 3 3 . 
S t e r e o e l e e t r o n i ο c o n t r o l ( 4 9) c o u l d t h e n e x p l a i n t h e c o n 
v e r s i o n o f t h i s o r t h o a c i d i n t o t h e 6 - a o e t a t e . 

A s we h a d p r e v i o u s l y d e m o n s t r a t e d t h e a b i l i t y o f 
e n o l e t h e r s t o g i v e s e v e n - m e m b e r e d - r i n g a c e t a l s ( 4 ) , we 
a t t e m p t e d t o p r e p a r e a n a n a l o g i n t h e o r t h o e s t e r s e r i e s . 
The a c t i o n o f 1 , 1 - d i m e t h o x y e t h e n e o n 2 , 3 - 0 - i s o p r o p y 1 i d e n e -
D - r i b o f u r a n o s e 4 £ ( 6 2 ) ( F i g u r e 12) g a v e a h i g h y i e l d o f 
t h e s e v e n - m e m b e r e d - r i n g 1 , 5 - o r t h o e s t e r 4 7 [ 7 2 % , m.p. 8 5 -
8 6 ° C , [ a ] z ° - 3 0 . 6 ° ( c h l o r o f o r m ) ] , p r o b a b l y t h r o u g h t h e 
n o n - i s o l a t e d ( b u t d e t e c t e d b y t . l . c . ) a c y c l i c o r t h o e s t e r 
4 6 . T h i s t y p e o f p a r t i c i p a t i o n o f 0H-1 i s t h e o n l y p o s s i 
b i l i t y f o r o b t a i n i n g a n o r t h o e s t e r h a v i n g t h e a n o m e r i c 
c e n t e r i n v o l v e d , a s t h e K e t e n e a c e t a l d o e s n o t r e a c t 
d i r e c t l y w i t h t h i s g r o u p . C o m p o u n d 4 7 was e x t r e m e l y s e n 
s i t i v e t o a t m o s p h e r i c h u m i d i t y ; i t s p u r i f i c a t i o n b y c o l u m n 
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Figure 11. Dioxocarbenium ions from orthoester £2. 

Figure 12. Obtention of a seven-membered ring orthoester in the 
ribofuranose series. 
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c h r o m a t o g r a p h y w i t h o u t s p e c i a l c a r e c a u s e d p a r t i a l h y d r o 
l y s i s t o t h e 6 - a c e t a t e 4 8 . 1 he l a t t e r was o b t a i n e d r e g i o 
s p e c i f i c a l l y b y t r e a t m e n t o f 4 7 w i t h c h l o r o f o r m - - w a t e r i n 
t h e p r e s e n c e o f p - t o l u e n e s u l f o n i c a c i d [ y i e l d 8 0 % , s y r u p , 
ί α]2ο - 1 7 . 1 ° ( c h l o r o f o r m . ) ] . 

Q 3.1H. ο £ s τ E R If I CAT TON OF OLIGOSACCHAR I D E S 

F i n a l l y we e x t e n d e d t h i s s t u d y o f m o n o s a c c h a 
r i d e s t o some o l i g o s a c c h a r i d e s a n d r e p o r t h e r e p r e l i m i n a r y 
r e s u l t s c o n c e r n i n g t h e d i s a c c h a r i d e α , α - t r e h a l o s e , f o r 
w h i c h t h e r e i s h i g h i n t e r e s t i n t h e s p e c i f i c p r o t e c t i o n o r 
a c t i v a t i o n o f h y d r o x y l g r o u p s ( 6 3 - 6 6 ) . 

A d d i t i o n o f a n e x c e s s o f 1 , 1 - d i m e t h o x y e t h e n e t o 
α , α - t r e h a l o s e ( 4 9 * F i g u r e 13) l e d q u a n t i t a t i v e l y t o t h e 
s y m m e t r i c a l 4 , 6 - d i o r t h o e s t e r 5 0 [ y i e l d 9 8 % , s y r u p , 
m.p.94 — 9 5 ° C , [ a ] g ° + 1 2 5 . 6 ° C h l o r o f o r m ) ]  When t h i s 
a c e t a t e was p u r i f i e d o
o f t h e m a t e r i a l w a
4 7 % ) . A n o t h e r c o m p o u n d t h a t m i g r a t e d m o r e s l o w l y was i s o 
l a t e d , a n d war. i d e n t i f i e d a s t h e η r. ymme t r i ο a 1 OH-4 5 2 
[ y i e l d 2 5 % , m.p. 161 — 1 6 2 ° C , [ a j | o + 1 3 8 . 7 ° ( c h l o r o f o r m ) ] . 
T h i s r e m a r k a b l e s e l e c t i v e h y d r o l y s i s was u n e x p e c t e d , a s 
t h e r e g. i ο i s ο m e r h a v i n g a f r e e hi y d r ο χ ν 1 g r o u p a t 0-6 was 
n o t d e t e c t e d , a n d a s m e t h y l α - 0 - g l u c o p y r a n o s i d e ( a s s u m e d 
a p r i o r i t o be a g o o d m o d e l f o r t r e h a l o s e ) g a v e a m i x t u r e 
o f r e g i o i s o m e r s ( M g u r o 4) . P a r t i a l h y d r o l y s i s o f c o m p o u n d 
5 J ( i n 1:3 a c e t i c a c i d — w a t e r ) g a v e e s s e n t i a l l y o n e c o m 
p o u n d i d e n t i f i e d a s t h e s y m m e t r i c a ] OH-4,4 ' a l c o h o l 5 3 
[ y i e l d 7 0 % , m.p. 1 7 5 - 1 7 6 ° C , C a'J g ° + 1 4 6 . 2 ° ( c h 1 o r o f o r m ) Î T 
c o n f i r m i n g t h e p r e f e r e n t i a l i s o l a t i o n o f d e r i v a t i v e s a c e -
t y l a t e d a t p o s i t i o n 6. A t t e m p t s t o e f f e c t a s y m m e t r i c a l 
o r t h o e s t e r i f i c a t i o n o f o n l y o n e g l u c o s e m o i e t y o f t r e h a 
l o s e ( f o l l o w i n g a s y m m e t r i c a c e t a l a t i o n d e s c r i b e d p r e v i o u s 
l y ( 9 ) ) a r e i n p r o g r e s s . 

ASSIGNMF_NJ OF R I N G S I Z E I N O R j H O F S T f R S 

The d i f f e r e n t s t r u c t u r e s p r e p a r e d ( f i v e - , s i x - , 
a n d s e ν e n - m e m b e r e d - r i n g o r t h o e s t e r s ) a l l o w e d u s t o p r o p o s e 
t h e 1 3 C - n . m . r . c h e m i c a l s h i f t o f t h e o r t h o e πter c a r b o n 
a t o m a s a p r o b e f o r t h e a s s i g n m e n t o f r i n g s i z e , f o l l o w i n g 
t h e now w e l l - e s t a b l i s h e d c r i t e r i a f o r a c e t a l s ( 6 7 , a n d 
r e f e r e n c e s c i t e d t h e r e i n ) . T a b l e I c o m p a r e s c h e m i c a l - s h i f t 
r a n g e ·:; f o r e t h y l 5 d e η e a c é t a i s ( 1 3 ) , i c. ο ρ r ο ρ ν 1 i d e η e- a c e t a l s 
( 6 7 ) , a n d o r t h o e r* t e r s . A s e x p e c t e r i , a d o w n f i e l d s h i f t was 
o b s e r v e d i n g o i n g f r o m a c e t a l s t o o r t h o e s t e r s ( + 1 0 t o 12 
p.p.m. f r o m i s o p r o p y 1 i d e n e a c e t a l s t o m e t h o χ y e t h y 1 i d e n e 
d e r i v a t i v e s ) . 
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Figure 13. Orthoesterif ication of a,α-trehalose. 
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T a b l e I . A s s i g n m e n t o f r i n g s i z e b y the: o b s e r v a t i o n o f t h e 
1 3 c - n . m . r . c h e m i c a l s h i f t o f t h e o r t h o e s t e r ( o r a c e t a l ) 
c a r b o n a t o m 

R i n g s i z e 

F u n c t i o n a l g r o u p 5 6 7 

O - i s o p r o p y l i d e n e δ ppm 1 0 8 - 1 1 6 9 7 - 1 0 1 1 0 0 - 1 0 2 
( a c e t a l ) 

0 - e t h y l i d e n e 1 0 1 - 1 0 2 9 9 - 1 0 0 
( a c e t a l ) 

0-met h o x y r n e t h y l i d e n e 1 2 1 - 1 2 3 1 1 1 - 1 1 3 1 1 5 
( o r t h o e s t e r ) 

C O N C L U S I O N S 

We h a v e s h o w n t h a t t h e a c t i o n o f 1 , 1-dimethoχ y e -
t h e n e o n s u g a r s a f f o r d s a n e f f i c i e n t m e t h o d f o r o r t h o e s t e 
r i f i c a t i o n o f d i o J s , e s s e n t i a l l y u n d e r K i n e t i c c o n t r o l . 
T h i s m e t h o d i s c h a r a c t e r i z e d b y t h e f o l l o w i n g c r i t e r i a : 
( i ) p r i m a r y h y d r o x y l g r o u p s a r e t h e f a v o r e d s i t e s f o r 
i n i t i a l a t t a c K o f t h e K e t o n e a c e t a l ; ( i i ) f r e e m o n o s a c c h a 
r i d e s , w h i c h e x i s t i n s o l u t i o n a s p y r a n o s e s , r e a c t w i t h o u t 
c h a n g e o f r i n g s i z e ; [ i i i ) t h e a n o m e r i c h y d r o x y l g r o u p o f 
f r e e s u g a r s d o e s n o t p a r t i c i p a t e a t l e a s t d u r i n g t h e 
i n i t i a l s t e p o f t h e r e a c t i o n ( i t c a n h o w e v e r r e a c t w i t h 
a n i n t e r m e d i a t e a c y c l i c o r t h o e s t e r ) ; ( i v ) s t o i c h i o m e t r i c 
c o n t r o l o f t h e r e a c t i o n i s p o s s i b l e t o g i v e e i t h e r m o n o -
o r d i - o r t h o e s t e r s ; ( v ) e x t e n s i o n t o l a b i l e m o l e c u l e s i s 
p o s s i b l e a n d t h e m e t h o d may be v a l u a b l e f o r o l i g o 
s a c c h a r i d e s ; ( y_i) u n u s u a l r i n g s ( s t r a i n e d o r m e d i u m - s i z e d 
r i n g s ) c a n be o b t a i n e d . 

T h i s w o r k h a s s h o w n t h e e x t r e m e s e n s i t i v i t y o f 
t h e 0 - m e t h o x y e t h y l i d e n e g r o u p t o h y d r o l y s i s u n d e r v e r y 
m i l d c o n d i t i o n s . T h i s i s n o t a h a n d i c a p i f t h e f o r m a t i o n 
o f t h e s e o r t h o e s t e r s i s n o t i n t e n d e d t o be a p r o t e c t i v e -
g r o u p s t r a t e g y h u t r a t h e r a way t o o b t a i n ( o n e - f l a s k 
r e a c t i o n s a r e f e a s i b l e ) h y d r o x y a c e t a t e s , p o s s i b l y w i t h 
r e g i o s e l e o t i v i t y o r r e g i o s p e c i f i c i t y . T h e s e a c e t a t e s a r e 
u s e f u l s y n t h o n s f o r g l y c o s i d e s y n t h e s i s . 

The r e a c t i v i t y o f t h e m e t h o x y e t h y l i d e n e d e r i v a 
t i v e s w i t h n u c l e o p h i l e s o t h e r t h a n w a t e r h a s b e e n e x a 
m i n e d . I t h a s b e e n a l r e a d y f o u n d ( 1 3 ) t h a t t h e y may b e 
r e a d i l y o p e n e d b y h a l o g e n a t i n g r e a g e n t s ( N - b r o m o s u c c i n i -
m i d e f o r i n s t a n c e ) t o g i v e α o r β - h a l o a c e t a t e s ( r e s p e c 
t i v e l y f r o m f i v e - o r s i χ - m e m b e r e d - r i n g o r t h o e s t e r s ) , a n d 
t h i s r e a c t i o n may be c o m p a r e w i t h t h e f a m i l i a r H a n e s s i a n 
p r o c e d u r e f o r c o n v e r s i o n o f b e n z y l i d e ηe a c e t a 1 s i ηt ο b r ο-
m o - d e o x y b e n z o a t e s ( 6 8 ) . 
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F i n a l l y t h i s m e t h o d o p e n s t h e way t o t h e s t u d y 
o f o t h e r o r t h o e s t e r s , s u b s t i t u e d b y g r o u p s d i f f e r e n t f r o m 
m e t h o x v l a n d m e t h y l , i n o r d e r t o m o d u l a t e t h e i r s t a b i l i t y 
a n d t h e i r r e a c t i v i t y . 
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Chapter 4 

Synthetic Approaches to Bicyclic Nucleosides 
Total Synthesis of Octosyl Acid A and Octosyl Acid C 

Dimethyl Acetal 

Stephen Hanessian, John Kloss, and Tamio Sugawara 

Department of Chemistry, Université de Montréal, Montreal, 
Q u é b e c H3C 3J7, Canada 

An overview of variou  syntheti  approache
bicyclic nucleosides such as the octosyl acids and 
the ezomycins is presented. Details of the total 
synthesis of octosyl acids A and C are disclosed. 

The discovery of the polyoxin group (1) of antifungal nucleoside 
antibiotics (2) spurred the attention of synthetic chemists as well 
as biologists for a number of reasons. Their unusual structural 
features combined with unique biological activity fostered studies 
on many fronts (3). During their studies on the biosynthesis of the 
polyoxins, Isono, Crain and McCloskey (4) discovered three novel 
acidic nucleosides which they called octosyl acid A, Β and C, 1̂-̂3 
(Figure 1). Their structures, which were elucidated by 
spectroscopic and chemical means, revealed several unusual features, 
the most prominent being the presence of a trans-fused bicyclic ring 
system in A, Β but not C. These have been considered to be 
anhydrooctose uronic acid nucleosides and an analogy has been 
derived with cyclic nucleotides. Thus, viewed in a different 
perspective, the octosyl acids may be considered as "carba" analogs 
of nucleoside S'^'-cyclic phosphates (4) (Figure 2). This feature 
may have some bearing on their biological activity since the adenine 
nucleoside analog _5 inhibited c-AMP phosphodiesterases from various 
sources (5). 

The trans-fused perhydrofuropyran system is also encountered i n 
the ezomycin group of nucleoside antibiotics (6,7). The structures 
of ezomycin Αχ and A 2 are shown in Figure 3 for comparison with the 
octosyl acids. 

Until recently, these unusual classes of bicyclic nucleosides 
had eluded the grasp of synthetic chemists. It is clear that the 
main challenge in the synthesis of these unusual nucleosides resides 
in the method of bicyclic ring formation. If one also considers the 
type of functionality that adorns these molecules, then the whole 
exercise becomes one of judicious choice of reactions and protective 

(X)97-6156/89/0386-0064$08.25/0 
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4. HANESSIAN ET AL. Synthetic Approaches to Bicyclic Nucleosides 65 

groups. A fundamental issue is concerned with the "timing" of 
certain operations. Does one start with a pyrimidine nucleoside 
derivative and build from there, or should the bicyclic ring be 
constructed f i r s t and the heterocycle introduced at a later stage in 
the assembly process? The two recently completed syntheses of 
octosyl acid A address these issues independently (8,9). 

Figure 2. Functional analogies with cyclic-AMP. 

In Trends in Synthetic Carbohydrate Chemistry; Horton, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



66 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

8, EZOMYCIN A , R = O H 

Figure 3. Structures of the ezonycins. 
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Since there have been several approaches to the construction of 
the 3f,7'-anhydrooctofuranose ring system, an overview of the 
strategies w i l l be presented here. 

The Anzai-Saita Approach 

The f i r s t attempted synthesis of compounds related to the octosyl 
acids was reported by Anzai and Saita (10). The strategy entailed 
building the pyranose ring from a suitably protected D-allofuranose 
(Figure 4). The c r i t i c a l cyclization step was conceived as an 
intramolecular attack of a glycolate anion on a primary sulfonate 
ester. However the only product to form was epoxide 14. Alternati
vely, treatment of the 6-0-tosyl derivative _13 with NaH gave 
approximately a 1.5 to 1 mixture of the cyclized product _16 and the 
epoxide 15. Attempts to remove the O-isopropylidene group under 
acidic conditions resulted in the degradation of the molecule to 
give ^8. The sensitivity to acid was ascribed to the highly 
strained trans-fused anhydrooctos

Subsequently i t wa
ring closure would be a viable alternative (11). Towards this end, 
nucleoside formation from _19 gave 20_ which was further transformed 
into 21, although no details were given. 

The Szarek-Kim Approach 

In 1976, Szarek and Kim (12) published their work related to the 
octosyl acids. Like the previous route, the formation of the 
3!,7f-anhydrooctose was based on a ring closure strategy which built 
the pyran portion of the molecule onto a pre-existing furanose 
(Figure 5). This approach started with aldehyde 23. Condensation 
with the readily available Wittig reagent gave the α,3-unsaturated 
ketone 24. Borohydride reduction followed by hydrogénation gave 
epimeric C-7* hydroxy compounds which were not separated but instead 
tosylated to give 25. Removal of the acetonide and intramolecular 
cyclization via S^5~~reaction produced the D-allo (25%) and the 
L-talo (21%) bicyclic derivatives, 27 and 28. respectively. 

Next, a more highly functionalized Wittig reagent was employed 
which would lead to a 3f,7f-anhydrooctose more closely resembling 
octosyl acid A (Figure 6). Wittig reaction with the protected 
α-hydroxy ketone gave the corresponding α,3-unsaturated ketone 29_ in 
72% yield. The reaction sequence then followed a reduction-
hydrogenation methodology to give the tosyl derivative 30. 
Hydrolysis followed by attempted ring closure gave a complex mixture 
of products, which included the diastereomeric epoxides 32. It was 
assumed that the complex mixture arose from the inst a b i l i t y of the 
terminal C-81 acetate to the conditions of ring closure. This 
problem was overcome by an exchange of protective groups prior to 
cyclization. Thus intermediate 30 was transformed into 3>4_ by ring 
opening of epoxide 33. Hydrolysis, followed by intramolecular ring 
closure, afforded _36 as a mixture of cyclized products in 50% 
yield. The two diastereomers were separated after isomerization to 
the prop-l-enyl derivatives 37. Selective oxidation and 
esterification then completed the synthesis of the model 
anhydrooctose uronic acid, 39. 
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EtO,C 1 

14 R = H 
15 R = CO,Et 

17 18 

Ο 

21 20 19 

a. BrCH 2C0 2Et, NaH; b. AcOH, H20; c. TsCl, pyr.; d. NaH, DMF; 
e. C0(0Et) 2, NaH; f. H+, MeOH; g. H+; h. Ac 20, pyr.; 
i . trimethylsilyluracil, SnCl^ ; j . no conditions given. 

Figure 4. The Anzai-Saita approach to octosyl acid A, 
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a. DCC, DMSO; b. Ph3PCHCOCH3; c. NaBH^; d. Pd/C; e. TsCl, pyr 
f. 90% HC02H, 0°C; g. NaH, DMF· 

Figure 5· The Szarek-Kim approach to octosyl acid A, (Part I) 
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33 34 35 

ο ο ο 

K^O ί , Α ^ 

Γ $ — — rCi 
0 - < / \ > Η ^ Ο ^ Λ β , M ^ C - i T O ^ O H 

36 R= CHrCH=CH, 3 g 3 g 

37 W'CHxCHCH, 

a. NaBHt̂  ; b. Pd/C; TsCl, pyr.; d. 90% HC02H; e. NaH, DMF; 
f. NaOMe, MeOH; g. CH 2«CHCH 2ONa, CH 2«CHCH 2OH; h. 90% HC02H, 0°C; 
i . RhCl(PPh 3) 3, EtOH, reflux; j . BzCl, pyr.; k. HgCl 2, HgO; 
1. Pt, 02, NaHC03, H20, 90°C; m. H+, MeOH. 

Figure 6. The Szarek-Kim approach to o c t o s y l a c i d A. (Part I I ) 
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Model Studies Directed at the Octosyl acids, Ezomyclns and 
Quantamycin 

In connection with the total synthesis of quantamycin (13), we 
adopted a different approach to the preparation of the 
3',7*-anhydrooctose skeleton in these bicyclic nucleosides, namely 
the formation of the furanose ring onto a pre-existing pyranose ring 
(14). Model studies from a suitably protected D-galactose, showed 
that this new strategy was indeed feasible (Figure 7). 

The C-allyl glycoside 40 was epoxidized to give a 
diastereomeric mixture of epoxides 4J_ which upon treatment with acid 
gave a diastereomeric mixture of cyclized products kl_ resulting from 
an intramolecular epoxide opening. This strategy worked equally 
well on the C-vinyl glycoside (14) (Figure 8). Epoxidation of 43̂  
afforded 44̂  which, when subjected to the intramolecular epoxide 
opening, gave 45̂  which contained the basic skeleton that could be 
adapted toward a synthesi
this strategy to be applicabl
ezomycins, however, a more highly functionalized epoxide would have 
to be prepared in which the terminal position was substituted with a 
nucleic acid base. 

A slightly modified strategy (14) was used to prepare a 
3',7'-anhydrooctofuranosyl nucleoside. D-Galactose was transformed 
to the glycosyl bromide 50_ and then treated with allylmagnesium 
bromide to give the C-allyl D-galactopyranoside 51_ (Figure 9). 
Oxidation gave aldehyde 52_ which was converted to the corresponding 
dithioacetal _53. Treatment of Jx3 with N-benzoyladenine and bromine 
gave a 1:1 mixture of anomeric bicyclic nucleosides bk_ and 55. This 
key transformation entailed a sequential displacement of a sulfonium 
intermediate. Presumably an acyclic nucleoside derivative (15) is 
formed f i r s t , which, after further activation with bromine, 
undergoes intramolecular ether formation. Unequivocal proof for the 
structure of the β-adeninyl nucleoside 54^was secured by X-ray 
crystallographic analysis (14). Although this methodology was 
applicable to the formation of bicyclic nucleosides, the lack of 
stereocontrol at C - l 1 precluded i t s further use. In addition, a 
hydroxy group had to be incorporated at the 2'-position. 

An extension of this methodology was used in another approach 
(16) to the octosyl acids and ezomycins (Figure 10). In this 
sequence, D-galactose was transformed into the 2-0-acetyl derivative 
57. Transformation to the acyclic nucleoside derivative and 
selective oxidation then gave sulfoxide 58. Elimination afforded 
the trans olefin _59 whereupon solvolysis followed by epoxidation and 
acid-catalyzed cyclization produced 60_ and 6^ in a 1:2 ratio 
respectively. The ^-NMR spectra showed each to contain a 
1',2'-trans configuration, and that the minor isomer 60_ was the 
required 3-D-nucleoside, while the major product 61̂  was the 
a-D-nucleoside. 

Since octosyl acid A has the C-51(R) configuration, the 
3-D-nucleoside 60 was subjected to configurational inversion. After 
protective group manipulations to give 62, oxidation gave ketone 
63. It was hoped that reduction would give a net inversion of the 
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40 41 42 

a, MCPBA; b. CSA, C1CH CH C1  reflux

Figure 7. Model

BnO BnO BnO 

43 44 45 

OH «Ο o„ 

HO 

46 

a. MCPBA; b. CSA, C1CH2CH2C1, reflux; c. Pd/C. 

Figure 8. Model studies for perhydrofuropyran systems. 
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56 

a. NaOMe, MeOH; b. BnBr, NaH, DMF; c. AcOH, H20; d. Ac 20, pyr 
e. HBr, CH2 C l 2 ; f. AllylMgBr, THF; g. OsÔ  , Nalfy , tBuOH, H20; 
h. EtSH, HC1, 0°C; i . N-Bz adenine, Br 2 , DMF, CH2 C l 2 ; j . Pd/C, 
cyclohexene , EtOH, reflux. 

Figure 9. Synthesis of a bicyclic adenine nucleoside related to 
the octosyl acids. 
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0 

57 58 

OAc Λ — Β η Ο - ^ γ ' " © >-NH , B n O ^ V ^ " 0 ^ N H 

BnO 0 BnO ° 
59 60 61 

18/ 36/ 

R= <-BuPh,Si 
a. 2,4-bistrimethylsilyoxypyrimidine, I 2 , THF; b. MCPBA, CH2C12, 
-78eC; c. PhCH3, pyr., reflux; d. NaOMe, MeOH; e. MCPBA, 
C1CH2CH2C1; f. CSA, C1CH2CH2C1; g. C-BuPh2SiCl, Imidazole, DMF 
h. 20% Pd(0H)2/C, H2, MeOH; i . p-methoxybenzaldehvde» ZnCl2; 
j . PCC, molecular sieves; k. 80% AcOH, 60eC; 1. NaBĤ  , MeOH; 
m. Ac20, pyr. 

Figure 10. Synthesis of a b i c y c l i c u r a c i l nucleoside r e l a t e d to 
the o c t o s y l a c i d s . 
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stereochemistry at C-51. However, reduction of 64 followed by 
reintroduction of the 6f,7f-p-methoxybenzylidene group and 
acetylation at C-51 gave a 1:1 mixture of C-51 epimeric acetates 65_ 
and 66» With these disappointing results, this approach to octosyl 
acid A was discontinued. 

Synthesis of Quantamycin 
Quantamycin, 77_ i s a computer-generated structure (13) which was 
found to show ribosomal binding activity (Figure 11). The main 
challenge in the synthesis of quantamycin was the construction of 
the strained, highly functionalized trans-fused 31,7'-anhydro-
octofuranosyl system. Towards this end, the high degree of stereo
chemical and functional overlap with lincosamine 67, a readily 
available degradation product of lincomycin (17), made the former an 
attractive starting material. Standard methodology produced the 
bromide j>8 which was transformed into the C-vinyl glycoside 70
Oxidation gave aldehyde
anion of bis(thiophenyl)methan
72. Treatment of the major isomer with bromomethylsulfonium bromide 
followed by benzylation gave a 3:1 mixture of a- and β-phenylthio 
glycosides 73. Treatment with N-benzoyladenine in the presence of 
bromine gave a 62% yield of the two $- and α-adeninyl nucleosides 74 
and 7_5 in a ratio of 2:1 respectively. Although this glycosylation 
gave only a 41% yield of the desired isomer, the unwanted 
α-derivative 75_ could be "recycled" by mercaptolysis to give 72 
which in turn could be used to give more of 74. The desired 
6-isomer 74_ was then used to complete the synthesis of quantamycin. 

The Danishefsky-Hungate Synthesis of Octosyl Acid A 

Contemporary with our studies, Danishefsky and Hungate (8) reported 
a total synthesis of octosyl acid A, the details of which are 
included in a separate lecture (18). Their approach started with a 
hetero Diels-Alder cycloaddition product 78̂  which was transformed 
into the eight-carbon sugar derivative 79_ (Figure 12). Nucleoside 
formation led to the 3-D-nucleoside 8U Conventional ring closure 
strategies using 8Ĵ  and metal alkoxides resulted in either no 
reaction or decompositon. The successful ring closure strategy was 
achieved through the use of a 21,3f-0-stannylene protective group 
(19). Treatment of the 2f,3'-0-stannylene derivative 82^with cesium 
fluoride followed by deprotection, gave octosyl acid A, _1_, [a]n. 
+9.1° (IN NaOH), whose 250 MHz *H-NMR spectrum was reported to be 
identical with that obtained from a sample of natural octosyl acid 
A. The optical rotation of authentic octosyl acid A was reported as 
+13.3° (c 0.5, IN NaOH) (4). 

Synthetic Approaches to the Octosyl Acids from Uridine 

Our approach to the synthesis of octosyl acid A i s illustrated using 
the retrosynthetic analysis shown in Figure 13. We envisaged a 
cyclization process that not only would give the 3f,7%-anhydrooctose 
bicyclic system, but would also establish the desired 
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a. several steps; b. Bu3SnOMe, Bu^NBr, CHC13; c. NaOMe, MeOH; 
d. BnBr, NaH, DMF; e. HC1; f. Ac 20, pyr.; g. HBr, AcOH; 
h. vinylMgBr, THF; i . Bz 20, DMAP, pyr.; j . OsOu, NalOi*, aq. 
acetone; k. (PhS) 2CH 2, nBuLi, -78°C; 1. Me2SBr**Br~, CH2C12, 0eC; 
m. N-Bz adenine, Br 2; n. deprotect. 

Figure 11. Synthesis of quantamycin. 
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Figure 12. The Danishefsky-Hungate synthesis of octosyl acid A. 
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stereochemistry at C-71. The high degree of stereochemical and 
functional overlap between the precursor and uridine made the latter 
an attractive starting material. 

Studies in Ring Closure - The Epoxide Opening Route 

Through known methodology, uridine was transformed into the aldehyde 
88 (20) (Figure 14). Grignard reaction with a l l y l magnesium 
chloride gave a 7:1 mixture of C-51 isomers 8£ and 90, with the 
crystalline C-5f(R) isomer JS9 being preponderant. 

The key transformation necessary for the success of this 
approach was the ring closure to give the 31,7*-anhydrooctofuranosyl 
ring system. I n i t i a l cyclization studies involved an intramolecular 
opening of an epoxide derived from the Ν,Ο-dibenzyl derivative 91. 
Since the C-5* hydroxy group was homoallylic, i t was rationalized 
that some stereoselection in the epoxidation might occur
Furthermore, intramolecula
accomplish the tetrahydropyra
functionalize C-8f. Basic and Lewis acid conditions failed to 
cyclize the epoxide, while acidic conditions gave the cyclized 
intermediate 92̂  as a minor product along with a number of 
unidentifiable by-products. An alternate ring closure strategy was 
then explored. 

The Intramolecular Oxymercuration Approach 

We next focused on an electrophilic addition across the C-7f,8f 

double bond. It was believed that treatment with an electrophile 
might induce cyclization to give the trans-fused 
3f,7'-anhydrooctofuranose necessary for octosyl acid A. A number of 
different electrophiles were used in order to attempt this 
transformation [NBS, I 2 (21-22); RSe+, (21-23) and others]. 
Multiple products were produced with halogen electrophiles, while 
with metal electrophiles, no reaction was observed with the 
exception of mercury (II). 

Precedent had been established for mercury (II) mediated 
cycloetherification reactions (24,25) but not in such a highly 
functionalized molecule and to give a strained system. Since i t was 
also known that oxidative removal of the mercury transformed the 
alkylmercurial into an alcohol (26), this method would not only 
allow access to the tetrahydropyran portion of the molecule, but the 
criterion of a functionalized terminus (C-81) would also be met. 

This ring closure-functionalization sequence entailed three 
distinct steps. Oxymercuration of 93̂  gave an unstable 
alkylmercurial acetate which was transformed to the alkylmercurial 
bromide 94_. Oxidative removal of the mercury then gave 95_ (Figure 
15). Further oxidation at C-81 followed by esterification and 
hydrogenolysis gave the ester 96. Unfortunately, attempts to 
de-N-benzylate compounds 95_ or 96_ either gave no reaction or 
resulted in degradation. In an identical sequence, we synthesized 
the N-MEM derivative corresponding to 95. Again, we encountered 
problems in selective deprotection. Figure 16 shows the behavior of 
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OCTOSYL ACID A jL 

URIDINE 

Figure 13. Ret r o s y n t h e t i
precursor. 

88 895'CR) 
9£s'(S) 

a. cyclohexanone, HC(0Et) 3 , H2 S<\ , DMF; b. DMSO, DCC, C12CHC02H; 
c. PhNHCH2CH2NHPh; d. H+ resins, THF-H20; e. AllylMgCl, THF, 
-78eC$ f. BnBr, NaH; g. TFA-H20, 1:1 

Figure 14. The intr a m o l e c u l a r epoxide opening approach. 
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96 

a. Hg(0Ac) 2, THF; b. NaBr; c NaBĤ  , 0 2 , DMF; ά. Pt, 0 2 , NaHC03 , 
H20, 90°C; e. H+, MeOH; f . 20% Pd(OH)2/C, H2 , 

Figure 15. The intra m o l e c u l a r oxymercuration approach as a 
strategy f o r the o c t o s y l a c i d s . 

Figure 16. E f f e c t of the ha l i d e i n the oxymercuration-reduction 
model r e a c t i o n s . 
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the alkylmecurial compound under conditions of reduction with sodium 
borohydride in dimethylformamide (26), as a measure of the formation 
of cyclized product. Interestingly, the C-8f methyl derivative J97 
was not always the major product isolated. It would seem that i n 
the case of the alkylmecurial chloride the radical generated at C-81 

was too unstable to be captured by a hydrogen radical, and the ring 
must have reopened to the starting diol 93. 

Since the cyclohexylidene protective group was found to be too 
acid stable, the isopropylidene protective group was tested and 
found to be more compatible with this approach. The known 98 (28) 
was then subjected to a 3-carbon extension using a l l y l magnesium 
bromide to afford two C-5' epimers in a ratio of 16:1 and in a 
combined yield of 77% (29) (Figure 17). The absolute 
stereochemistry of the newly formed asymmetric center at C-51 could 
not be unambiguously assigned at this point  but the high f i e l d 
H-NMR spectrum of more

established the configuratio
This stereoselection can be explained by assuming an attack of 

the Grignard reagent via a non-cyclic Cram model (30). 

With an efficient synthesis of the Grignard product 99̂  i n hand, 
the next challenge was a protective group problem. The most 
compatible was found to be the benzyloxymethyl (BOM) group. 
Interestingly, the imine nitrogen of uridine derivative 99_ could be 
selectively protected (31) to give 101, but with stronger 
conditions, the dibenzyloxymethyl derivative 102 was accessible 
(Figure 18). 

The problem of selective hydrolysis of the acetonide was 
studied next. The most practical method consisted of a treatment 
with acetic acid in aqueous tetrahydrofuran at 65°C which gave a 
mixture of diol 103 (major) and t r i o l 104 (minor) i n 77 and 15% 
yields respectively. T r i o l 104 could be converted to 103 by a 
sequence involving formation of a V V-orthoester, conversion to the 
corresponding di-BOM derivative, then mild hydrolysis. 

The next step in the synthesis was the formation of the 
tetrahydropyran ring. It was found that mercuric acetate was 
slightly superior to mercuric trifluoroacetate in this series.The 
1H-NMR spectrum of the crude bicyclic product showed the presence of 
two diastereomers 106 and 107 in an 11:1 ratio respectively. The 
pure 7'(S) isomer 106 was hydrogenolyzed to the t r i o l 108, and this 
was oxidized then esterified to give 109. The last major task was 
to introduce a carboxyl group at C-5. To this end, we returned to 
the t r i o l JO8 (Figure 19). 

Two traditional methods have been used to introduce a carboxyl 
substituent at C-5 of ur a c i l . One involves bromination at C-5, 
metalation via a lithium-halogen exchange, and f i n a l l y quenching 
with carbon dioxide (32) to give the C-5 carboxylic acid. The 
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Ο 

NH 

'Ç jo. 

THF -100'C 

(77/) 

- f ? 
Ο Ο 

98 99 100 

Figure 17. Stereoselective chain elongation and establishment 
of the correct stereochemistry. 

99 

102 

101 

cV (V C r 

103 104 

a. B0MC1, DBU, DMF, 0°; b. B0MC1, iPr 2NET, DMAP, THF, 70°; 
c. Ac0H-THF-H20, 65°, 72 h. 

Figure 18. Selection of the benzyloxymethyl protective group. 
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107 

OH 
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HÔ Ο 
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Λνί"^ > N H ε 
HO 
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a. Hg(0Ac) 2, THF; b. NaBr; c. NaBH^, 0 2 , DMF; d. 20% Pd(0H)2/C, 
H2, MeOH; e. Pt, 0 2 , NaHC03, H20; 90°C; f. H+, MeOH; g. LiOH, 
H20; h. H + resin, H20. 

Figure 19. Elaboration of the bicyclic ring system of octosyl 
acid A. 
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second method relies on mercury-palladium chemistry (33). This 
method would involve mercuration at C-5, palladium-mercury exchange, 
and alkenyl-palladium exchange to give the C-5 vinyl derivative 
which would s t i l l have to be subjected to an oxidative cleavage. We 
chose to adapt a procedure developed by Miyasaka et al (34) for the 
efficient derivatization at the C-5 position of dihydrouracils and 
then re-introducing the double bond. The dihydro derivative 111 was 
prepared by hydrogénation using rhodium-on-alumina in essentially 
quantitative yield (Figure 20). Silylation, formation of the 
lithium enolate, and quenching with ethyl chloroformate gave a 1:1 
mixture of C-5 ethoxycarbonyl diastereomers 112. The double bond 
was re-introduced via a selenide addition-elimination sequence (35) 
to give 113 in an overall yield of 88%. With the uracil moiety 
successfully functionalized and protected, the f i n a l step in the 
synthesis of octosyl acid A was to oxidize C-8* selectively. 

This was accomplishe
groups and platinum-catalyze
half-acid derivative 115. Saponification, followed by acidification 
gave octosyl acid A. Dissolution of this acid in acetone, removing 
a small amount of insoluble matter and precipitation gave octosyl 
acid A as a white powder, mp 285-288° (dec); [ a ] D +9.8° (c 0.5, 
IN NaOH); reported (4), mp 290-295° (dec); [a], +13.3° (NaOH) 
(Figure 21). 

As can be seen, there i s some discrepancy in the melting points 
and optical rotations with the reported data (4). The small 
difference in melting points, is negligible, particularly since 
octosyl acid A slowly decomposes at these high temperature. 

The elemental analysis of our synthetic octosyl acid A^was 
correct for a non-hydrated compound. Secondly, i t s 400 MHz H-NMR 
spectrum showed no trace of any other isomer. Danishefsky, and 
Hungate (8) had reported [α]β +9.1° for their synthetic octosyl 
acid A in good agreement with our results. In the light of the 
spectroscopic and analytical data obtained, we contend that our 
sample of synthetic octosyl acid A i s pure and that the constants we 
report are reliable. A *H NMR spectrum of synthetic octosyl acid A 
is shown in Figure 22. 

Synthesis of Octosyl Acid C Dimethyl Acetal 

After the successful synthesis of octosyl acid A, our attention was 
directed towards the synthesis of octosyl acid C,_3. As shown in 
Figure 23, octosyl acid C contains a cis-fused bicyclic 
oxoperhydrofuropyran. Therefore, a synthetic strategy based on 
oxidation at C-51 and epimerization at C-4* in the original octosyl 
acid A was devised. 

The bicyclic intermediate 106 used in the synthesis of octosyl 
acid A became the starting point for the synthesis of octosyl acid C 
(Figure 24). Disilylation of 106 followed by hydrogenolysis 
liberated the C-5' hydroxyl group which was oxidized to afford the 
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corresponding C-5f keto derivative 118, Treatment with 
l,8-diazobicyclo[5.4.0]undecene in refluxing toluene effected 
epimerization at C-4! to afford the cis-fused bicyclic system 119, 
(Figure 25). 

With the establishment of the basic carbohydrate skeletal 
system of octosyl acid C, our attention was then directed toward 
funcionalizing the uracil moiety. Protection of the keto group as 
its dimethyl acetal gave 120. Hydrogénation to the dihydro 
derivative 121 and carbomethoxylation via the enolate as previously 
described afforded 122 in 70% overall yield. Finally, deprotection, 
oxidation and esterification gave octosyl acid C dimethyl ester 
dimethyl acetal 125 in 60% yield. Saponification followed by 
treatment with a cation-exchange resin gave octosyl acid C dimethyl 
acetal 126. Various attempts to hydrolyze the dimethyl acetal group 
were unsuccessful, resulting in decomposition. The H NMR spectrum 
of synthetic octosyl aci

a. 5% Rh on alumina, H2 , MeOH; b. TBDMSiCl, Et 3N, DMAP, DMF; 
c. LDA, ClC0 2Et, THF, -78°C; d. PhSeCl.pyr., CH2C12, H 20 2 

Figure 20. Carbethoxylation at the C-5 position. 
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a. Bu^NF, THF; b. TMSC1, pyr.; c. H+ resins, MeOH; d. Pt, 0 2 , 
NaHC03, H20, 90°C; e. LiOH, H20; f. H+ resins, H20; 

Figure 21. Completion of the synthesis of octo s y l a c i d A. 
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Ο 

Figure 23. Structures and perspective drawings of o c t o s y l acids 
A and C. 

118 119 

a. TBDMSiCl, Et 3N, DMAP, DMF; b. 20% Pd(OH)2/C, H2, EtOAc; c. PCC, 
molecular sieves, C H 2 C I 2 ; d. DBU, PhCH3, reflux. 

Figure 24. Key steps i n the transformation of o c t o s y l a c i d A 
intermediates en route to o c t o s y l a c i d C. 
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OR OR 
ro" 1 v O r —— "°Xc>-*Qr — 

121 R'= H 
122 R'= C02Me 

Ο 0 MeO OMe 

119 120 

R= TBDMSi 

OR p' 

-ΛΗ}· —-— "X&v? 
MeO' OMe 0 Me

123 

a. HC(0Me)3, PPTS; b. 5% Rh on alumina, H2, EtOAc; c. LDA, 
ClC02Me, THF, -78°C; d. PhSeCl.pyr., CH2C12; H 20 2 ; e. Bi^NF, 
THF;f. Pt, 0 2, NaHC03, H20, 90°C; g. Hv, MeOH; h. LiOH, HjO; 
i . H+ resins, H20. 

F i g u r e 25· F i n a l s t e p s i n the s y n t h e s i s of o c t o s y l a c i d C 
d i m e t h y l a c e t a l . 
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Chapter 5 

Use of Unstabilized Carbohydrate Ylides 
for the Synthesis of Long-Chain 

Carbohydrates 
John A. Secrist III1, Keith D. Barnes2, and Shang-Ren Wu3 

Department of Chemistry, The Ohio State University, Columbus, OH 43210 

The challenge embodied in the synthesis of carbohydrates containing 
more than six or seven carbon atoms was first taken up by Fischer (1), 
and has continued to the present day. The l ist of natural products 
that contain long-chain complex carbohydrates continues to grow, and 
now includes hikizimycin (2)  the related tunicamycins  streptoviru
dins, and mycospocidi
(8), the octosyl acid
lincomycin (10,11), 3-deoxy-D-manno-2-octulosonic acid (KDO) (12), 
celesticetin (13), and apramycin and oxyapramycin, two broad-spectrum 
antibiotics from the nebramycin complex (14,15). Most of these 
compounds are biologically active, and some of them have very 
interesting activities indeed. Hikizimycin is an anthelmintic agent 
and inhibits protein synthesis by preventing the peptide bond-forming 
reaction. The tunicamycins, the streptovirudins, and mycospocidin 
are very similar compounds that are potent inhibitors of glycosyl-
ation. The tunicamycins have been better studied, and they also have 
been found to have some antiviral properties, though the compounds 
are quite toxic. The mechanism of action of these compounds appears 
to be the inhibition of the transfer of N-acetylglucosamine from DP-
N-acetylglucosamine to dolichyl phosphate, with the compounds 
apparently acting as bisubstrate inhibitors of the enzymic reaction. 
Sinefungin and factor C are decosyl nucleosides with an amino acid at 
the terminus of the chain extension, and they are both potent 
inhibitors of a wide variety of biological methyl transfer reactions, 
acting as competitive inhibitors of the methyltransferase enzymes. 
Sinefungin has been found to have both antiviral activity and anti
parasitic activity. The ezomycins, anhydrooctosyl uronic acid 
nucleosides, have modest antifungal activity, though l i t t le is known 
about their mechanism of action. Lincomycin, which contains the 
octosyl sugar lincosamine, is a clinically used antibacterial agent. 
The sialic acids, which are N- and O-acylated derivatives of 
neuraminic acid, are components of glycoproteins found in many types 
of cells. KDO is a component of the lipopolysaccharides of gram-
negative bacteria. Future research will undoubtedly uncover more 
compounds that have long-chain carbohydrate constituents. 
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Some years ago we became interested in the synthesis of certain 
of these longer chain carbohydrates, in particular those with chain 
lengths greater than eight carbons. At that time there was very 
l i t t l e literature on the subject. Several papers described specific 
reactions that resulted in the formation of long chain carbohydrates, 
but these reactions offered no hope of selectivity or of general 
application. In two cases dimerization reactions were involved 
( 16,17), and in the third the long-chain carbohydrate was a minor 
byproduct from a commercial process (J_8). During the time that the 
chemistry described in this chapter was developed, Paulsen and 
coworkers were also developing an approach to longer chain carbo
hydrates involving the condensation of the dianion of a monounpro-
tected dithiane-substituted carbohydrate with suitably blocked carbo
hydrate aldehydes (19,20). More recently, other elegant and useful 
approaches to specific compounds such as hikizimycin and tunicamycin 
have been developed (21-24), and some of that work i s touched on in 
other chapters in this volume  Routes that lead to some of the other 
natural products mentione

Our goal was to
construction of long-chain carbohydrates, a method that might be 
employed to prepare, for example, ten to twelve carbon sugars from 
readily available starting materials. More importantly, a method was 
desired that would allow specification of the absolute configurations 
of as many carbons as possible in the long-chain carbohydrate 
produced. Application of the method to the synthesis of specific 
targets might then be pursued. 

A method that appeared to offer the desired versatility involved 
application of the Wittig reaction. Previously, the Wittig reaction 
had been used mainly to condense aldehydo or keto sugars with simple 
stabilized or unstabilized ylides to prepare a variety of chain-
extended or chain-branched carbohydrates (50,51). A stabilized 
phosphorane had also been generated in a carbohydrate framework and 
had been found to condense with certain aromatic aldehydes (52,53). 
Systems such as these, where the carbon of the phosphorane i s 
insulated from the remainder of the carbohydrate, did not appear 
useful for the attainment of the goal of this research program, though 
very recently carbohydrate-derived stabilized ylides have been 
employed to prepare long-chain carbohydrates (54). In order to 
embrace the desired scope, the ylide would need to be an intrinsic 
part of the carbohydrate. It appeared, therefore, that an 
unstabilized carbohydrate ylide would need to be generated and 
successfully condensed with various aldehydes, including carbohydrate 
aldehydes. Thus, the i n i t i a l l y envisioned route to long chain 
carbohydrates could be schematically described as shown below. 

OHC+Carbohydrate' 

Carb-CH=CH-Carb' 

Long Chain Carbohydrates 
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C l e a r l y , care would need to be exercised i n s e l e c t i n g s t a b l e 
p r o t e c t i n g groups f o r both reactants. By appropriate c o n s t r u c t i o n of 
the two partners, a wide v a r i e t y of chain-extended carbohydrates 
would become a v a i l a b l e . The double bond produced by the condensation 
r e a c t i o n would, of course, be amenable to s u i t a b l e manipulation i n 
order to incorporate a d d i t i o n a l needed or desired f u n c t i o n a l i t y . 
Such manipulation would be f a c i l i t a t e d i f the proposed r e a c t i o n 
produced only one c o n f i g u r a t i o n about the double bond, though 
separation of the two isomers would not be a major stumbling block. 

Analysis of a p o t e n t i a l carbohydrate phosphorane from a t y p i c a l 
carbohydrate immediately pointed up the major problem that any such 
compound would have, namely that an oxygen-containing leaving group 
g e n e r a l l y would be present β to the y l i d e carbon. Such a group might 
be expelled r e a d i l y from an u n s t a b i l i z e d y l i d e , producing a v i n y l 
phosphonium s a l t . An i n i t i a l examination of the l i t e r a t u r e was not 
too encouraging with regard to t h i s question. The phosphonium s a l t s I 
and II had been prepare
any s t a b i l i t y , though th
were harsh r e l a t i v e to
y l i d e s (55). Presumably v i n y l phosphonium s a l t formation was the 
outcome i n t h e i r systems. Precedent f o r a r e v e r s i b l e 3-elimination, 
however, can be found i n the y l i d e generated from t e t r a h y d r o f u r f u r y l -
triphenylphosphoniura bromide (56). A l l of t h i s information made i t 
c l e a r that great care would need to be taken i n the development of 
conditions f o r our scheme. 

For the i n i t i a l experiments, a ribose-derived system was chosen, 
and the phosphonium s a l t I I I was synthesized by standard methods from 
methyl 2,3-0-isopropylidene-e-D-ribofuranoside (57). Displacement 
of a leaving group at C-5 proved to be more d i f f i c u l t than a n t i c i 
pated, and a v a r i e t y of conditions were examined i n order to maximize 
our y i e l d . Sulfolane was found to be a p a r t i c u l a r l y u s e f u l solvent 
f o r such displacements with q u a t e r n i z a t i o n , and i t was r o u t i n e l y 
employed f o r phosphonium s a l t formation i n other systems unless some 
other f a c t o r influenced the solvent choice. In l i n e with the 
considerations of the previous paragraphs, formation of the y l i d e 
derived from I I I under very mild conditions (as low a temperature as 
possible) appeared to be d e s i r a b l e . The s o l u b i l i t y of I I I i n solvents 
such as THF, however, was very low, and i t was not po s s i b l e to obtain 
a homogeneous s o l u t i o n even at i c e temperatures. Such a problem was 
found with a l l of the phosphonium s a l t s that were prepared. A solvent 
mixture containing THF and hexamethylphosphoramide (HMPA) was found 
to be e f f e c t i v e i n overcoming t h i s obstacle. By adding i n c r e a s i n g 
amounts of HMPA, i t proved po s s i b l e to keep the phosphonium s a l t s i n 
s o l u t i o n at reasonably low temperatures, allowing generation and 
u t i l i z a t i o n of the g l i d e s . The y l i d e derived from I I I was generated 
with n-BuLi at -50 C and then quenched with benzaldehyde, a f f o r d i n g 

© 
Ph3PCH2CH-CH2 

ι© 
ο 

II 
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two products in 79? yield. These products proved to be the E- and 
Z-isomers IVa and IVb, with the configuration at C-4 inverted. Both 
aromatic and aliphatic aldehydes gave good yields of chain-extended 

in iv 

a) R = CH=CHPh(E) 
b) R = CH=CHPh(Z) 

carbohydrates, in a l l case  with th -ρ-lyx  configuratio  rathe
than the original β-ο-ribo
research. F i r s t , the fura
opening to form the alkoxy vinylphosphonium salt VI, which reclosed 
to form the thermodynamic product (VII), in this case having the a-o-
lyxo configuration. The success of the procedure, then, depended 
upon the attachment of the β-oxygen to the carbohydrate through 
another set of bonds, thus enabling an intramolecular attack to 
reform an ylide that could react with the carbonyl component. With 
ylide V, the inversion took place within seconds. 

V VI vu 

After these results had established the feas i b i l i t y of" 
generating and u t i l i z i n g a carbohydrate phosphorane, the two systems 
that had been reported earlier were examined in order to determine i f 
similar conditions would allow them to undergo the Wittig reaction. 
The ylide derived from phosphonium salt I condensed with both benz-
aldehyde and 4-chlorobenzaldehyde to produce good yields of olefinic 
products V i l l a and V l l l b . The ylide derived from phosphonium salt II 
also was successfully condensed with benzaldehyde, but the yield of 
IX was only 30?, presumably because of i t s extremely poor solubility 
even in an HMPA-THF solvent mixture. Both of these systems supported 
the tenet that i t was possible to use unstabilized carbohydrate 
phosphoranes i f the conditions are proper and i f the β-oxygen i s 
attached to the carbohydrate through another set of bonds. 

With these results in hand, examination of the generality of the 
method as well as i t s application to the condensation of unstabilized 
carbohydrate ylides with carbohydrate aldehydes was undertaken. At 
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Ph 

VIII IX 

a) R 
b) R 

CH=CHPh (77:1, Z/E) 

CH=CHpCIPh (76:2, Z/E) 

this stage i t seemed appropriate to have some long-range goal in mind, 
and hikosamine (actually a blocked derivative thereof), the undecose 
portion of the nucleoside antibiotic hikizimycin, was chosen as a 
suitable target. Retrosynthetic analysis on the structure of 
hikosamine suggested a natural cleavage point between carbons 6 and 
7. That i s , i t seemed particularly attractive to construct two pieces 
such that the Wittig reactio  would for  that bond  Schem  1 (next 
page) shows. Another
the nitrogen at C-4. Becaus
by the displacement of a leaving group of the opposite configuration, 
i t seemed i n i t i a l l y reasonable to suggest the condensation of either 
a D-galacto ylide with a D-arabino aldehyde or of a D-arabino ylide 
with a D-galacto aldehyde. Inversion of C-4 of the D-galacto portion 
would allow introduction of the nitrogen in the proper configuration. 
Possible util i z a t i o n of a l l four types of molecules was explored. 

The phosphonium salt X derived from 1,2:3,4-di-0-isopropylidene-
α-D-galactopyranose was readily prepared (58), and the ylide derived 
from i t was condensed effectively with both aliphatic and aromatic 
aldehydes. The products a l l had the α-D-galacto configuration, and 
the aliphatic aldehydes afforded only the Z-isomers. The less 
constrained permethylated phosphonium salt XI was also prepared, and 

the ylide derived from i t was found to condense with benzaldehyde to 
produce a good yield of an E/Z mixture (Z predominating) of the olefin 
again with exclusively the α-D-galacto configuration (58). In both 
examples the D-galacto product i s presumably the thermodynamic 
isomer. Thus, there is no evidence in these systems as to whether the 
ylide i s opening and reclosing to the same ylide, or whether i t is 
reacting without ring opening. In fact, the ribose-derived system 
presented in the preceding paragraph i s the only example where a 
change of configuration was found. 

Condensation of the ylide derived from X with carbohydrate 
aldehyde X proceeded smoothly to afford only the Z-isomer XIII. Proof 
of the olefinic configuration was garnered by photochemical isomeri-

© © 

X XI 
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zation to the Ε-isomer, which was readily distinguishable from the Z-
isomer by comparison of their proton NMR spectra. The configuration 
at what was the C-4 position of the ribo aldehyde was also shown to be 

χ 

XII 

unchanged by the reactio
ylide with aldehydes XIV and XV provided similar results, again with 
no isomerization adjacent to the aldehydes. 

As an example of a D-arabino phosphonium salt, XVIa was 
prepared. Simple Wittig reactions with the ylide derived from XVIa 
did not proceed as smoothly as with the other ylides, and for that 
reason salt XVIb, which proved to be much better behaved (results not 
shown), was also prepared. 

Once i t had been established that either D-galacto or D-arabino 
ylides could be successfully condensed with carbohydrate aldehydes 
while maintaining their configurational integrity, the route leading 
to hikosamine that appeared most straightforward was selected. It 
seemed best not to have a nitrogen functionality in the ylide partner 
i f i t could be avoided, and i t appeared desirable to carry out as much 
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manipulation as possible prior to the Wittig reaction. With these 
considerations in mind, aldehyde XVII was chosen as a promising 
partner to the ylide derived from salt XVIb. Synthesis of this 
aldehyde was achieved by standard methods (59). Because of i t s slight 
instability, XVII was stored as the Ν,N-diphenylimidazolidine 
derivative, with the aldehyde being liberated just prior to use. In 
order to test i t s suitability in the proposed scheme, aldehyde XVII 
was i n i t i a l l y condensed with the ylide derived from X to afford a 65? 
yield of dodecose XVIII. Employing the ylide derived from XVIb and 
aldehyde XVII as Wittig partners allowed formation of a 50$ yield of 
Z-isoraer XlXa, which was proven to have the indicated configurations. 
From this structure only two stereogenic centers needed to be 
established, those derived from the double bond. In order to obtain 
the required configurations for hikosamine, a trans addition across 
the Z-olefin was needed. Various approaches were examined, none of 
which proved satisfactory. It was found, however, that osmylation of 
the Z-isoraer proceeded smoothly to produce only one of the two 
possible isomers tha
observation held for th
might be developed. After reduction of XlXa to XlXb with LiAlH^, 
isoraerization to XIXc was achieved by irradiation in cyclohexane 
solution in the presence of diphenyl disulfide. In order to avoid 
significant loss of material, the isomerization was stopped at about 
a 3/2 (Z/E) ratio, and the olefins were separated. After N-acetyl-
ation, osmylation of XlXd again produced only one isomer, which 

XVIII 

a) Q = N 3 # Ζ isomer 

b) Q = NH 2 , Ζ isomer 

c) Q = NH 2 , Ε isomer 

d) Q = NHAc, Ε isomer 

proved to be the one derived from hikosamine. Removal of the cyclo-
hexylidene and benzyl blocking groups and peracetylation produced 
methyl peracetyl α-hikosaminide identical to that prepared from 
naturally-occurring material (59). Research carried out in other 
laboratories since the completion of this work allows prediction of 
the success of the above osmylation reaction and provides a framework 
for applying osmylations to a variety of systems (37,60-66). 

During the period of this research, the application of our 
approach to a tunicamycin derivative was undertaken. Though the work 
was not pursued far enough to obtain tunicamine or tunicaminyluracil, 
the scope of the general reaction was expanded somewhat, and some of 
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these efforts are worth recounting briefly. Based upon results 
reported herein, the brief retrosynthetic analysis presented below 
seemed to provide a reasonable approach to the undecose moiety of the 
tunicamycins. A key question was what to use as group M. A phthal-
imide group was selected in order to determine whether such a 
nitrogen-containing group would be acceptable in the phosphorane 
partner. Salt XX was prepared by standard means as shown (next page), 

ο 

CH 2OH 

t un

H"v> 0 H 

NH 2 

tunicamine D-galacto o-ribo 

but i t s solubility was so poor that i t was not possible to examine i t 
properly. Salt XXI, in which the silyloxy group could be selectively 
manipulated to incorporate a nitrogen functionality later was then 
prepared. Condensation of the ylide from XXI with aldehyde XVII went 
smoothly to produce XXII in 55% yield. The s i l y l protecting group was 
readily removed with tetra-n-butylammonium fluoride, allowing for 
selective manipulation at that site. 

An important question with regard to the scope of this method for 
complex carbohydrate synthesis was whether an unstabilized carbo
hydrate phosphorane might be compatible with a suitably blocked 
nucleoside aldehyde. Condensation of the ylide derived from XXI with 
uridine derivative XXIII proceeded under the usual conditions to give 
a 25Î yield of XXIV, from which the N-benzoyl group could be readily 
removed with methanolic ammonia. The yield from this condensation 
reaction was not optimized, but i t s success clearly demonstrated the 
feasibility of such a transformation, i f design considerations 
dictate the use of a nucleoside directly. 

To summarize, unstabilized carbohydrate phosphoranes are useful 
entities for the synthesis of long-chain carbohydrates by a Wittig 
process as long as the proper experimental conditions are employed 
and as long as the β-oxygen i s attached by another set of bonds to 
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XXI 

the carbohydrate. This process allows the rapid assembly of eight to 
ten stereogenic centers with defined configurations from readily 
available precursors and allows manipulation of the newly formed 
double bond to generate two more such centers, depending upon the 
target in question. Thus from the available five and six carbon 
carbohydrates, a considerable array of ten- to twelve-carbon complex 
carbohydrates can be constructed. This research has also shown the 
compatibility of a variety of blocking groups with the procedure 
Beyond the applications noted herein, the concept of generating a 
usable nucleophilic center to an oxygen functionality i s one that 
has some generality (67). 
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Chapter 6 

Synthesis of Chiral Pyrrolidines 
from Carbohydrates 

J. Grant Buchanan, Alan R. Edgar, Brian D. Hewitt, 
Veerappa B. Jigajinni, Gurdial Singh, and Richard H. Wightman 

Department of Chemistry, Heriot-Watt University, Riccarton, 
Edinburgh EH14 4AS, United Kingdom 

We have extended ou
protozoal antibiotic anisomycin to the necine bases of 
the pyrrolizidine alkaloids, in particular retronecine and 
crotanecine. The key intermediate, (2R,3S,4R)-2-(alkoxy
carbonylmethyl)-3,4—isopropylidenedioxypyrrolidine, has 
been prepared by three distinct routes from D-ribose and 
D-erythrose, using reactions of high stereoselectivity. 
A new approach to anisomycin from D-erythrose using 
Wittig methodology is outlined. 

We were f i r s t a t t r a c t e d to c h i r a l p y r r o l i d i n e s by the p o s s i b i l i t y of 
applying methods used i n C-nucleoside synthesis (1) to the synthesis 
of the a n t i p r o t o z o a l a n t i b i o t i c anisomycin (1) from D-ribose (2). 
The approach, which d i f f e r s from other recent syntheses (3,4,5), i s 
o u t l i n e d i n Scheme 1. Three poi n t s may be noted: ( i ) i n the 
Grignard a d d i t i o n to 2,3-0-isopropylidene-D-ribose (2) the D - a l l o 
c o n f i g u r a t i o n i n (3) i s i n accordance w i t h the Felkin-Anh model (6) 
and i s to be expected from our e a r l i e r work (1) ; ( i i ) methane-
s u l f o n y l a t i o n of the oxime (4) serves not only to dehydrate the 
oxime but to introduce a le a v i n g group f o r r i n g c l o s u r e at the next 
step; ( i i i ) the i n t r a m o l e c u l a r displacement to form the p y r r o l i d i n e 
r i n g [(5) (6)] proceeds c l e a n l y and w i t h complete i n v e r s i o n of 
c o n f i g u r a t i o n 03,5,2) . 

The Geissman-Waiss lactone (7) (8) i s a well-known precursor of 
(+)- r e t r o n e c i n e (j8) (8-11), one of the most common necine bases 
derived from the p y r r o l i z i d i n e a l k a l o i d s . We envisaged that the 
p y r r o l i d i n e e s t e r (9) could be converted i n t o the lactone ( 7 ) , rep
r e s e n t i n g a formal synthesis of (+)-retronecine (8) (12). In 
a d d i t i o n , (9) should be capable of transformation i n t o the r e l a t e d 
necine base crotanecine (10) (13). 

Scheme 2 i l l u s t r a t e s a synthesis of the benzyloxycarbonyl 
d e r i v a t i v e (11) of the e s t e r (9a) using chemistry analogous to that 
f o r anisomycin (Scheme 1). In the formation of the D - a l l o - t r i o l (12), 

NOTE: This chapter is dedicated to Professor Luis F. Leloir on the occasion of his 80th birthday. 
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d i a l l y l z i n c , formed from the Grignard reagent i n s i t u gave higher 
s t e r e o s e l e c t i v i t y compared to the Grignard reagent i t s e l f (14). The 
y i e l d of the f i n a l o x i d a t ion step was poor and other avenues to 
esters (9) were explored. The f i r s t of these used the W i t t i g r e a c t 
ion as an important step, as o u t l i n e d i n Scheme 3. 

(10) R = OH (9a) R = Me 

2,3-0-Isopropylidene-p-erythrose (13) (15), obtained e i t h e r by 
acetonation of D-erythrose""(16) or by periodate o x i d a t i o n of 3,4-0-
isopropylidene-£-arabinose (15,17), reacted with ethoxycarbonylmethy-
lenetriphenylphosphorane i n r e f l u x i n g benzene (18) to give the E-
alkene (14) as the major product (56%) together with the Z-alkene 
(15) (21%). As expected (18-20) the alkenes (14) and (157 r e a d i l y 
c y c l i z e d to tetrahydrofurans (16) under very mild basic conditions. 
I n i t i a l l y the 3 anomer of (16)'was favored [86% from (14) and 100% 
from (15,)]; at e q u i l i b r i u m the α anomer preponderated (82%) (19). 
Our i n t e n t i o n was to convert the alcohols (14) and (15) into the 
corresponding amines and then to e f f e c t c y c l i z a t i o n to the p y r r o l 
i d i n e (9b). In the event, t h i s objective was achieved more e a s i l y 
and with complete s t e r e o s e l e c t i v i t y . 

Treatment of the alcohol (14) with t r i f l u o r o m e t h y l s u l f o n i c 
anhydride ( t r i f l i c anhydride) at -78°C afforded the ester (17) which 
could be i s o l a t e d and characterized. We knew from previous 
experience (2) that s u l f o n y l esters v i c i n a l to an isopropylidene 
a c e t a l are r e l a t i v e l y stable. The t r i f l a t e (17) reacted c l e a n l y 
with potassium azide and 18-crown-6 i n dichloromethane at room 
temperature. The c r y s t a l l i n e product^ [68% o v e r a l l from (14)] was 
not the azide (18) but the isomeric Δ - t r i a z o l i n e (19). C l e a r l y the 
i n i t i a l l y formed azide (18) had undergone intramolecular 1,3-cyclo-
a d d i t i o n to the double bond of the unsaturated ester (21-24). The 
stereochemistry of the t r i a z o l i n e ( l g ) , determined by proton nmr 
spectroscopy, showed that the r e a c t i o n was s t e r e o s p e c i f i c . There 
are several known examples of t h i s r e a c t i o n (24), i n c l u d i n g one i n 
the carbohydrate s e r i e s (25). When the t r i a z o l i n e was treated 
with sodium ethoxide (26) the diazoester (20) was r a p i d l y formed by 
ring-opening and was i s o l a t e d i n 85% y i e l d . Hydrogenolysis of the 
diazo group of (20) gave the required p y r r o l i d i n e ester (9b) (90%). 

The Z-alkene (15) was subjected to the same sequence (Scheme 4). 
The t r i f l a t e (21) was e a s i l y obtained, but i n t h i s case r e a c t i o n with 
azide ion gave d i r e c t l y the diazoester (22) . Molecular models show 
that the t r i a z o l i n e corresponding to (19) has severe s t e r i c i n t e r 
actions (27) and i s more a c c e s s i b l e to deprotonation ( c f . réf. 23). 
Stereochemical and mechanistic aspects of the azide c y c l o a d d i t i o n s 
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are discussed in a f u l l paper (Buchanan, J.G.; Edgar, A.R. : Hewitt, 
B.D. J. Chem. Soc, Perkin Trans. 1, in press). Hydrogenolysis of 
(22) gave the 3-ester (23). A further route to the α-ester (9b) 
emerged when (22) was heated in boiling toluene to give the expected 
vinylogous urethane (24) (28). When (24) was treated with sodium 
cyanoborohydride under acidic conditions reduction occurred at the 
3-face to give ester (9b). This reduction played a part in another 
synthesis of (9a) which is now described (Scheme 5). 

2,3-O-Isopropylidene-D-erythrose (13) was converted, via the 
oxime, into the cyanomethanesulfonate (25). In a Blaise reaction 
(29), the zinc enolate derived from methyl bromoacetate reacted with 
(25) to give the enamino esters (26). Cyclization was effected with 
l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) and the product ( 2 J ) reduced 
with cyanoborohydride. The resulting pyrrolidine α-ester (9a) was 
identified by reaction with benzyl chloroformate to give the amide 
(11), whose structure had been rigorously assigned. The amide (11.) > 
prepared by this method  was used for the subsequent transformations

The conversion of
in Scheme 6. Acidic hydrolysi
accompanied by lactone ring formation to give (28) in 82% yield. 
Deoxygenation by the Barton procedure (30) afforded the lactone (29) 
(90%) which was easily deprotected to give the Geissman-Waiss 
lactone as the hydrochloride (7), constituting a formal synthesis of 
(+)-retronecine (8)(£-10). 

The ester (9a) contains the necessary oxygen functionality, of 
the correct stereochemistry, for a synthesis of crotanecine (10) 
(Scheme 7). Alkylation of the pyrrolidine ring nitrogen was achieved 
using ethyl bromoacetate, producing the diester (30) in 85% yield. 
Attempts to induce Dieckmann cyclization of diester (30) directly 
under several conditions failed, so i t was converted by acidic hydro
lysis, into the lactone (31). Protection of the hydroxyl group in 
(31) was effected as the tertrbutyldimethylsilyl ether (32). When 
treated in toluene at room temperature with potassium ethoxide (32) 
underwent the Dieckmann condensation. The intermediate ketoester 
(33) was reduced with borohydride and the resulting diastereomeric 
mixture acetylated to give the diacetates (34) in 40% yield. Elim
ination of acetic acid from (34) (DBU) afforded the unsaturated ester 
(35) (70%). The ester group in (35) has been reduced, by means of 
diisobutylaluminium hydride, to give the protected crotanecine (36)» 
but we have experienced great d i f f i c u l t y in isolating crotanecine in 
substance after fluoride ion deprotection. (Buchanan, J.G.; 
Jigajinni, V.B.; Singh, G.; Wightman, R.H. J. Chem. Soc., Perkin 
Trans 1, in press). 

At this stage in our work, Benn and his colleagues (31) 
described a synthesis of crotanecine from (2S,4R)-4-hydroxyproline 
(37) in which the s i l y l ether (32) is an intermediate. The sub
sequent reactions are similar to our own projected synthesis, 
involving both (33) and (34). 

We have also investigated an alternative route to anisomycin (I) 
from 2,3-O-isopropylidene-D-erythrose (13) using a Wittig reaction as 
the f i r s t step. It was argued that p-nitrophenylmethylenetriphenyl-
phosphorane (38) (32) would be an ideal reagent for construction of 
the carbon skeleton of anisomycin (Scheme 8). It was envisaged that 
the p-nitro group in the alkene products Ε(39) and (40)3 would enable 
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conjugate addition to take place (33) and permit the formation of a 
pyrrolidine ring. Reaction of (38) with (13) in boiling benzene 
gave mainly the Z-isomer (39) (65%) together with some E-isomer (40) 
(5%). When each was treated with sodium methoxide in methanol ring 
closure to the tetrahydrofurans (41,) occurred, but much more slowly 
than in the analogous esters (14) and (15) (Scheme 3). The 3-isomer 
of (4^) was the sole product from (39) and the major product (5:1) 
from (40). The two isomers of (41) could be equilibrated using 
potassium tert-butoxide to give a mixture favouring the α-isomer 
(3:1), in agreement with the ester series (19). 

When the t r i f l a t e of the Z-alkene (39) was treated with azide 
ion, the corresponding azide (42) could be isolated in 79% yield. 
Clearly the 1,3-cycloaddition occurs less readily than in the ester 
series (Schemes 3,4). Attempts to convert the azide (42) into the 
Δ -triazoline (43) were unsatisfactory. When (42) was heated in 
benzene solution the aziridine (44) was the major product (51%). 
The structure was determined by Dr K.J. McCullough by X-ray crystal
lography. At room temperature
azide (42) decomposed slowl
of aziridine (44) and triazoline (43). 

The t r i f l a t e of (39) has been converted into the pyrrolidine 
(<V5) directly by treatment with ammonia. The 3-configuration, 
inappropriate for a synthesis of anisomycin, was expected, assuming 
that displacement of the t r i f l a t e group is the f i r s t stage in the 
reaction. We have so far been unable to rearrange the 3-isomer (45) 
into the required α-series. This work is being continued. 
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Chapter 7 

Dimethyl(methylthio)sulfonium Triflate 
as a Promoter for Creating Glycosidic 
Linkages in Oligosaccharide Synthesis 

Fredrik Andersson, Winnie Birberg, Peter Fügedi1, 
Per J. Garegg2, Mina Nashed3, and Åke Pilotti 

Department of Organic Chemistry, Arrhenius Laboratory, University 
of Stockholm, S-106 91 Stockholm, Sweden 

Dimethyl(methylthio)sulfonium triflate has been 
evaluated as a promoter in glycoside synthesis 
employing thioglycoside
having a participating group e 2-positio
produce 1,2 trans-glycosides with high stereoselec
tivity. A nonparticipatmg group in the 2 position 
usually gives a preponderance of 1,2-cis-glycosides. 
The addition of tetraalkylammonium bromide to the 
latter reaction mixtures (nonparticipating benzyl 
group in the 2-position) transforms the reaction 
into a halide-assisted one with enhanced selectivity 
for 1,2-cis-glycosidation. These novel methods makes 
it possible to construct oligosaccharides with the 
1-position protected as a stable alkylthio (arylthio) 
glycoside. When required, the thioglycoside is 
activated with the foregoing thiophilic reagent, and 
the oligosaccharide is joined to the desired 
acceptor. 

O l i g o s a c c h a r i d e s , e i t h e r f r e e o r c o v a l e n t l y l i n k e d t o s u c h o t h e r 

s u b s t a n c e s a s l i p i d s o r p r o t e i n s a r e i n v o l v e d i n a h o s t o f 

b i o l o g i c a l i n t e r a c t i o n p r o c e s s e s i n w h i c h t h e y a c t a s c a r r i e r s o f 

b i o l o g i c a l i n f o r m a t i o n . T h e i r e f f i c i e n t s y n t h e s i s i s t h e r e f o r e a m a t t e r 

o f s o m e i m p o r t a n c e . T w o m a i n p r o b l e m s h a v e t o b e d e a l t w i t h . O n e 

i s t h a t o f d e v i s i n g a p r o t e c t i v e - g r o u p s t r a t e g y t h a t a l l o w s c h e m i c a l 

r e a c t i o n a t t h e d e s i r e d h y d r o x y l g r o u p ( s ) w h i l e l e a v i n g t h e o t h e r s 

i n t a c t . T h e s e c o n d o n e i s t h a t o f s t e r e o s p e c i f i c g l y c o s y l a t i o n . T h i s 

p a p e r w i l l a d d r e s s t h e s e c o n d o n e o f t h e s e t w o t o p i c s . T h e s u b j e c t 

o f o l i g o s a c c h a r i d e s y n t h e s i s h a s b e e n e x t e n s i v e l y r e v i e w e d ( 1 - 1 2 ) . 
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I n o r d e r t o m a k e a 1 , 2 - c i s ; g l y c o s i d e c a r r y i n g a n a m i n o o r 

h y d r o x y l f u n c t i o n a t C- ? . a n o n p a r t i c i p a t m g s u b s t i t u e n t a t C- 2 i s 

m a n d a t o r y . On t h e o t h e r h a n d , t h e s y n t h e s i s o f a 1.2 - t r a n s -

g l y c o s i d e u s u a l l y r e q u i r e s a n e f f i c i e n t p a r t i c i p a t i n g C - 2 

s u b s t i t u e n t t h a t d i r e c t s t h e i n c o m i n g n u c l e o p h i l e t o a p p r o a c h 

f r o m t h e o p p o s i t e s i d e o f t h e f u r a n o s e o r p y r a n o s e r i n g . 

T h e c l a s s i c a l g l y c o s y l d o n o r s a r e g l y c o s y l h a h d e s . T h o s e h a v i n g 

a n o n p a r t i c i p a t i n g C - 2 s u b s t i t u e n t u s u a l l y l e a d p r e p o n d e r a n t l y t o 

1.2 C I S - g l y c o s i d e s , a n d t h o s e h a v i n g a p a r t i c i p a t i n g C - 2 s u b s t i 

t u e n t g i v e 1 , 2 - t r _ a n s - g l y c o s i d e s . 

T h e u s e o f a b l o c k s t r a t e g y , r a t h e r t h a n a d d i n g o n e m o n o m e r 

a t a t i m e , is h i g h l y a d v a n t a g e o u s i n t h e s y n t h e s i s o f l a r g e 

o l i g o s a c c h a r i d e s . T h e m a i n r e a s o n f o r t h i s i s t h a t m o s t o f t h e 

p r o t e c t i n g - g r o u p m a n i p u l a t i o n s i n a b l o c k s y n t h e s i s a r e p e r f o r m e d 

o n s m a l l r a t h e r t h a n o n l a r g e f r a g m e n t s . O n e d i s a d v a n t a g e o f t h i s 

a p p r o a c h i s t h a t i t n o r m a l l

o l i g o s a c c h a r i d e s i n t o g l y c o s y

f u r t h e r c o n d e n s a t i o n s ; t h i s m a y l e a d t o s e v e r e d i f f i c u l t i e s a n d 

r e s u l t i n d i m i n i s h e d y i e l d s (J_3). 

T h i o g l y c o s i d e s h a v e r e c e n t l y b e e n r e i n t r o d u c e d a s p o t e n t i a l 

g l y c o s y l d o n o r s . T h e i r a d v a n t a g e h e i n t h e - f a c t t h a t t h e y a r e 

s t a b l e t o n o r m a l p r o t e c t i n g - g r o u p m a n i p u l a t i o n s e n c o u n t e r e d i n 

o l i g o s a c c h a r i d e s y n t h e s i s , a l t h o u g h t h e y m a y b e s e l e c t i v e l y 

a c t i v a t e d t o b e c o m e g l y c o s y l d o n o r s ( 1 4 - 2 0 ) . T h i s i s i l l u s t r a t e d i n 

S c h e m e 1. T h e b r a n c h e d h e p t a s a c c h a r i d e 1 c o r r e s p o n d s t o t h e 

g l u c a n f r a g m e n t r e s p o n s i b l e f o r t r i g g e r i n g t h e d e f e n s e o f t h e 

s o y b e a n t o i n f e c t i o n s b y t h e m o u l d P h v t o p h t h o r a m e g a s p e r m a . I n 

our o r i g i n a l s y n t h e s i s o f t h i s h e p t a s a c c h a r i d e (J_3), w e r a n i n t o 

t h e p r o b l e m o f h a v i n g t o c o n v e r t a t e t r a s a c c h a r i d e i n t o a 

g l y c o s y l h a l i d e . E x t e n s i v e e x p e r i m e n t a t i o n d i d n o t p e r m i t u s t o 

r a i s e t h e y i e l d i n t h a t s t e p a b o v e 24"/.. G r a m q u a n t i t i e s o f t h e 

h e p t a s a c c h a r i d e w e r e r e q u i r e d f o r t h e c o n t i n u e d p h y t o c h e m i c a l 

i n v e s t i g a t i o n s , a n d o u r o r i g i n a l s y n t h e s i s w a s c l e a r l y n o t s u i t a b l e 

f o r t h a t p u r p o s e . R e c o u r s e w a s t h e r e f o r e t a k e n t o t h e u s e o f 

t h i o g l y c o s i d e s a n d a n o v e l g l y c o s y l a t i o n p r o c e d u r e r e c e n t l y 

d e v e l o p e d b y L o n n i n t h i s l a b o r a t o r y ( 2 0 . 2 1 ). 

T h e s y n t h e s i s w a s b a s e d u p o n t h e f o l l o w i n g k e y m e t h o d s : (a) 

t h e u s e o f g l u c o s y l b r o m i d e s c a r r y i n g p a r t i c i p a t i n g b e n z o y l g r o u p s 

i n t h e 2 - p o s i t i o n a n d s i l v e r t r i f l a t e - p r o m o t e d g l y c o s y l a t i o n 

( 2 4 ) f o r m a k i n g t h e s m a l l e r f r a g m e n t s ; (b.) t h e u s e o f r e g i o -

s e l e c t i v e r e d u c t i v e c l e a v a g e o f b e n z y h d e n e a c e t a l s (25i); a n d (c ) 

t h e u s e o f t h i o g l y c o s i d e s a c t i v a t e d b y m e t h y l t r i f l a t e i n 

g l y c o s y l a t i o n r e a c t i o n s i n v o l v i n g l a r g e b l o c k s . T h e s y n t h e s i s i s 

o u t l i n e d i n S c h e m e 1 ( 2 6 ) . 

?,:ν· ,Fi- T e i . r a 0 b e n z o y l α D - g l u c o p y r a n o s y l b r o m i d e ( 2 7 ) (1 
m o l a r e q u i v a l e n t ) w a s c o n d f > n s e d w i t h m e t h y l 4 , 6 - 0 - b e n z y l i d e n e -

1- t h i o - ( 3 O - g i u c o p y r a n o s i d e , m . p . 1 8 4 - 1 8 5 ° , Q a J D ( £ U . 6 , 

t 'MCI ), m d i c h l o r o m e t h a n e i n t h e p r e s e n c e o f s i l v e r t r i f l a t e t o 

y i e l d 557. o f t h e 1 , 3 - - β - l i n k e d d i s a c c h a r i d e 2 , ΓαΊ f 6 ° (c 1 . 1 , 
0 — 

C H C . i ^ ) . T h i s r o u t e w a s p r e f e r a b l e t o o n e i n v o l v i n g i n i t i a l 
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p r o t e c t i o n b y p a r t i a l b e n z o y l a t i o n o f t h e 2 - h y d r o x y l g r o u p i n t h e 

g l y c o s y l a c c e p t o r . T h e r e m a i n i n g f r e e h y d r o x y l g r o u p i n t h e 

2 p o s i t i o n o f 2 w a s b e n z o y l a t e d . T r e a t m e n t o t t h e p r o d u c t 3, 
m . p . 2 2 8 - 2 2 9 ° , [ a ] f 1 5 ° (c 1 .1 . CHCI ). w i t h b o t a n e — 

t r i m e t h y l a m i n e a n d a l u m i n u m c h l o r i d e (25) i n d i c h l o r o m e t h a n e 

a f f o r d e d 4 h a v i n g a f r e e h y d r o x y l g r o u p i n t h e Π•• p o s i t i o n i n 90"/. 

y i e l d ; [ a J d + 5 ° (c 1 .2 . C H O } ) . 

1 . 2 . 3 . 4 T e t r a - 0 b e n z o y ! ~ ( 3 D g l u c o p y r a n o s e , m . p . 1 7 9 1 8 1 ° , 

L a , n
 ( c - 1 · 7 · CHCI ), w a s c h l o r o a c e t y l a t e d (28 ) a n d t h e n 

c o n v e r t e d i n t o t h e α b r o m i d e i n n e a r q u a n t i t a t i v e y i e l d b y 

t r e a t m e n t w i t h h y d r o g e n b r o m i d e i n a c e t i c a c i d . C o n d e n s a t i o n o f 

t h i s g l y c o s y l b r o m i d e w i t h 4 i n d i c h l o r o m e t h a n e u s i n g s i l v e r 

t r i f l a t e a s p r o m o t e r y i e l d e d t h e k e y c o m p o u n d 5 m 837. y i e l d ; 

[) 6 *~ n * ^ ' C H ( : : l 3 ^ T h l 5 w a s t h e g l y c o s y l d o n o r i n t h e f i n a l 
c o n d e n s a t i o n . I t w a s a l s o t h e p r e c u r s o r f o r t h e g l y c o s y l a c c e p t o r
o b t a i n e d a s f o l l o w s : 

C o n d e n s a t i o n o f 5
p y r a n o s e i n d i c h l o r o m e t h a n e u s i n g m e t h y l t r i f l a t e a s p r o m o t e r 

a f f o r d e d t e t r a s a c c h a r i d e 6 i n 837. y i e l d ; " a " * - 1 8 ° (c 1.0, C H C I ^ ) . 

T h e c h l o r o a c e t y l g r o u p i n 6 w a s r e m o v e d b y t r e a t m e n t w i t h 

h y d r a z i n e d i t h i o c a r b o n a t e i n a c e t o n i t r i l e t o g i v e 7 i n 887. y i e l d 

T h e f i n a l c o n d e n s a t i o n o f t h e g l y c o s y l d o n o r 5 w i t h t h e 

a c c e p t o r 7 i n d i c h l o r o m e t h a n e , a g a i n u s i n g m e t h y l t r i f l a t e a s 

p r o m o t e r , g a v e t h e p r o t e c t e d h e p t a s a c c h a r i d e i n 937. y i e l d ; l a 
ο " ^ 

2 0 ( ç 1 .2 , C H C I ^ ) . T h i s w a s t h e n d e p r o t e c t e d b y h y d r o g e n o l y s i s 

a n d d e b e n z o y l a t i o n t o g i v e t h e h e p t a s a c c h a r i d e 1. w h i c h h a d 

o p t i c a l r o t a t i o n , n . m . r . s p e c t r a , I . e . r e t e n t i o n t i m e a n d p h y t o -

e l i c i t o r a c t i v i t y i d e n t i c a l t o t h e m a t e r i a l p r e v i o u s l y s y n t h e s i z e d ( 1 3 . 2 9 ) . 

T h e f o r e g o i n g s y n t h e s i s c l e a r l y d e m o n s t r a t e s t h e u t i l i t y o f 

t h i o g l y c o s i d e s f o r t h e b l o c k s y n t h e s i s o f o l i g o s a c c h a r i d e s . H o w e v e r . 

i n o t h e r w o r k i n t h i s l a b o r a t o r y i t w a s f o u n d t h a t , q u i t e a p a r t 

f r o m t h e h e a l t h h a z a r d i n v o l v e d i n t h e r o u t i n e h a n d l i n g o f m e t h y l 

t r i f l a t e a s a g l y c o s y l a t i o n p r o m o t e r , o t h e r d i s a d v a n t a g e s m a y b e 

e n c o u n t e r e d , n a m e l y , e l i m i n a t i o n r e a c t i o n s l e a d i n g t o 2 - h y d r o x y -

g l y c a l d e r i v a t i v e s a s b y p r o d u c t s , a n d t h e p o s s i b i l i t y o f c o m p e t i n g 

m e t h y l a t i o n o f t h e h y d r o x y l g r o u p ( s ) i n t h e g l y c o s y l a c c e p t o r , 

e x p e c t e d t o b e m o r e s e v e r e w i t h u n r e a c t i v e g l y c o s y l d o n o r s . 

A t t e n t i o n w a s t h e r e f o r e t u r n e d t o m o r e - s p e c i f i c a l l y t h i o p h i l i c 

r e a g e n t s . 

R e g i o s p e c i f i c a c t i v a t i o n o f a s u l f u r c e n t e r s h o u l d r e q u i r e t h e 

u s e o f a " s o f t " L e w i s a c i d . D i m e t h y l ( m e t h y l t h i o ) s u l f o n i u m t e t r a 

f l u o r o b o r o n a t e (.30) r e a c t s r a p i d l y w i t h d i m e t h y l s u l f i d e (3J_) a n d 

i t h a s m a n y s y n t h e t i c a p p l i c a t i o n s ( 3 2 , 3 3 ) . I n p i l o t e x p e r i m e n t s , i t 

w a s i n d e e d e f f e c t i v e i n a c t i v a t i n g a l k y l 1 - t h i o g l y c o s i d e s , b u t t h e 

y i e l d s i n g l y c o s y l a t i o n w e r e m o d e r a t e . T r i f l a t e s h a v e b e e n f o u n d 

m o s t u s e f u l i n g l y c o s y l a t i o n r e a c t i o n s (2_2 -24,, 3j4-3jB) a n d t h e a n i o n 

w a s t h e r e f o r e r e p l a c e d b y t r i f l a t e . D i m e t h y l ( m e t h y l t h i o ) s u l f o n i u m 

t r i f l a t e ( D M T S T ) (37 ) w a s t h e r e b y f o u n d t o b e a m o s t e f f i c i e n t 

p r o m o t e r i n g l y c o s y l a t i o n r e a c t i o n s . 
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T h e r e s u l t o f a n u m b e r o f m o d e l e x p e r i m e n t s t e s t i n g t h e 

u s e f u l n e s s o f D M T S T a s a p r o m o t e r i n 1 .2- t r a n s - g t y c o s y l a t i o n 

r e a c t i o n s i n v o l v i n g t h e g l y c o s y l a t i o n o f h y d r o x y l g r o u p s i n t h e 

2 , 3 - , 4 a n d 6 - p o s i t i o n s o f s u i t a b l e h e x o p y r a n o s i d e g l y c o s y l 

a c c e p t o r s i s s h o w n i n S c h e m e 2 (.38). I n t h e s e e x p e r i m e n t s , D M T S T 

(4 — 5 e q u i v a l e n t s ) w a s a d d e d t o a m i x t u r e o f t h e t h i o g l y c o s i d e 

( 1 . 2 e q u i v a l e n t s ) a n d t h e g l y c o s y l a c c e p t o r (1 e q u i v a l e n t ) i n 

d i c h l o r o m e t h a n e c o n t a i n i n g 4Â m o l e c u l a r s i e v e s a t r o o m 

t e m p e r a t u r e . Y i e l d s o f i s o l a t e d , p u r e c o m p o u n d s ( £ a ] ^ m CHC.I^) 

a r e g i v e n i n S c h e m e 2 . I n a c c o r d a n c e w i t h p r e v i o u s f i n d i n g s , a 

p a r t i c i p a t i n g b e n z o y l g r o u p i n t h e 2 - p o s i t i o n o f t h e g l y c o s y l 

d o n o r g i v e s h i g h e r y i e l d s t h a n d o e s a n a c e t y l g r o u p . T h e u s e o f 

a n N - p h t h a l o y l g r o u p i n t h e 2 p o s i t i o n a f f o r d s a n e f f i c i e n t 

s y n t h e s i s o f a p r o t e c t e d 2 a m i n o - 2 - d e o x y - ( 3 D - g i u c o s y l a t e d 

p r o d u c t . T h e y i e l d s a r e u n i f o r m l y h i g h . T h i s g l y c o s y l a t i o n 

p r o c e d u r e i s p o t e n t i a l l y

t h e s y n t h e s i s o f 1 . 2 - t r a n

T h e u s e f u l n e s s o f t h e m e t h o d i s f u r t h e r i l l u s t r a t e d i n t h e 

f o l l o w i n g t w o e x a m p l e s o f u n p u b l i s h e d s y n t h e s e s b y o t h e r w o r k e r s 

m t h i s l a b o r a t o r y . I n a s y n t h e s i s o f a t r i s a c c h a r i d e f r a g m e n t 

c o r r e s p o n d i n g t o t h e r e p e a t i n g u n i t i n a f u c o l i p i d a c c u m u l a t i n g i n 

h u m a n c o l o n i c a n d l i v e r a d e n o c a r c i n o m a , t h e t h i o g l y c o s i d e 2 5 w a s 

t o b e c o n d e n s e d w i t h t h e a c c e p t o r 2 6 ( S c h e m e 3 ) . I n t h i s 

i n s t a n c e , t h e u s e o f m e t h y l t r i f l a t e p r o d u c e d a c o m p l i c a t e d 

m i x t u r e c o n t a i n i n g c o n s i d e r a b l e q u a n t i t i e s o f t h e 1 , 2 - e l i m i n a t i o n 

p r o d u c t f r o m 2 5 . I n a n o t h e r e x p e r i m e n t , 2 5 w a s t r e a t e d w i t h 

b r o m i n e t o g i v e t h e c o r r e s p o n d i n g a-bromide, w h i c h w a s t h e n 

c o n d e n s e d w i t h 2 6 i n t h e p r e s e n c e o f s i l v e r t r i f l a t e . O n l y 

m o d e r a t e y i e l d s o f t h e p r o d u c t 27 w a s o b t a i n e d . H o w e v e r , u n d e r 

t h e f o r e g o i n g c o n d i t i o n s , D M T S T g a v e a n a c c e p t a b l e y i e l d o f t h e 

p r o d u c t 27 ( 3 9 ) . 

I n t h e o t h e r e x a m p l e ( S c h e m e 4 ) , i n v o l v i n g t h e s i m u l t a n e o u s 

g l y c o s y l a t i o n o f t w o h y d r o x y l g r o u p s , ( c o m p o u n d 2 9 ) a n 

a - m a n n o s y l a t i o n i n v o l v i n g a g l y c o s y l d o n o r (28) h a v i n g a n o n -

p a r t i c i p a t i n g b e n z y l g r o u p i n t h e a x i a l 2 - p o s i t i o n w a s a t t e m p t e d . 

T h e s y n t h e s i s i l l u s t r a t e s t h e c o m p a t i b i l i t y o f t h e p r o m o t e r w i t h 

t h e p r e s e n c e o f a p h o s p h o r i c t r i e s t e r g r o u p i n t h e g l y c o s y l 

d o n o r . I n t h i s p a r t i c u l a r e x a m p l e , D M T S T w a s g e n e r a t e d i n s i t u i n 

t h e m i x t u r e . T h e d e p r o t e c t e d p e n t a s a c c h a r i d e p r o v i d e s a m o d e l 

f o r s t u d i e s o f m a n n o s e 6 p h o s p h a t e - s p e c i f i c r e c e p t o r s a n d t h e 

u p t a k e b y f i b r o b l a s t s ( 4 0 ) . 

T h e m a n n o s y l a t i o n e x p e r i m e n t r a i s e s t h e q u e s t i o n o f t h e u s e 

o f D M T S T a s a g e n e r a l p r o m o t e r f o r t h e s y n t h e s i s o f 1 , 2 - c i s -

- g l y c o s i d e s u s i n g t h i o g l y c o s y l d o n o r s w i t h a n o n p a r t i c i p a t i n g ( s u c h 

a s b e n z y l ) g r o u p i n t h e 2 - p o s i t i o n . T h u s t h e D M T S T (4 — 5 m o l a r 

e q u i v a l e n t s ) w a s a d d e d t o a m i x t u r e o f t h e t h i o g l y c o s i d e d o n o r 31 

(41 ) ( 1 . 2 e q u i v a l e n t s ) a n d t h e g l y c o s y l a c c e p t o r s 10 ( 4 2 ) , 16 ( 2 0 ) . 

a n d 3 4 (j43) (1 e q u i v a l e n t ) i n d i c h l o r o m e t h a n e c o n t a i n i n g 4Â 

m o l e c u l a r s i e v e s a t r o o m t e m p e r a t u r e . Y i e l d s o f i s o l a t e d p r o d u c t , 

s e p a r a t e d b y m e a n s o f c o l u m n c h r o m a t o g r a p h y o n s i l i c a g e l , a r e 
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OH 

MeSSMe, Mel 
AgOTf, 4A 

Scheme ^ . 

shown in Scheme 5. The o v e r a l l y i e l d s a r e good, b u t n o t t h e 
s t e r e o s p e c i f i c i t y , w h i c h is s i m i l a r t o t h a t f o u n d in t h i s s o l v e n t 
using m e t h y l t r i f l a t e as p r o m o t e r (2J_) and t o t h a t n o r m a l l y 
e n c o u n t e r e d using s i l v e r t r i f l a t e as p r o m o t e r in g l y c o s i d a t i o n 
r e a c t i o n s w i t h 2-0 b e n z y l g l y c o s y l b r o m i d e s as donors. A most 
s t e r e o s e l e c t i v e , a l b e i t slow, 1,2-c_is-glycosylation p r o c e d u r e is t h e 
h a h d e a s s i s t e d m e thod (44.). In o r d e r t o see i f DMTST c o u l d be 
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u s e d i n c o n j u n c t i o n w i t h 2 - 0 - b e n z y l a t e d t h i o g l y c o s i d e s f o r t h e m 

â l - t u g e n e r a t i o n o f a h a l i d e - a s s i s t e d r e a c t i o n , t h e c o n d e n s a t i o n o f 

t h i o g l y c o s i d e 31 w i t h t h e a c c e p t o r 34 a c t i v a t e d b y D M T S T w a s 

r e p e a t e d i n t h e p r e s e n c e o f 5 e q u i v a l e n t s o f t e t r a b u t y l a m m o n i u m 

b r o m i d e . T h e r e a c t i o n w a s m o n i t o r e d b y t l x . , w h i c h s h o w e d t h a t 

t h e t h i o g l y c o s i d e i m m e d i a t e l y d i s a p p e a r e d f r o m t h e m i x t u r e a n d 

g a v e r i s e t o 2 . 3 , 4 , 6 - t e t r a - 0 b e n z y l - - α - ϋ - g l y c o p y r a n o s y I b r o m i d e , 

w h i c h t h e n e f f e c t e d a s l o w , b u t s t e r e o s p e c i f i c , g l y c o s y l a t i o n o f 

34, g i v i n g a n 85'/. y i e l d o f t h e a - l i n k e d p r o d u c t 35. I n a c o n t r o l 

e x p e r i m e n t , t h e s a m e g l y c o s y l b r o m i d e w a s t r e a t e d w i t h t h e 

a c c e p t o r 34 u n d e r h a l i d e - a s s i s t e d c o n d i t i o n s ( e x c l u d i n g D M T S T ) . A 

s i m i l a r r e a c t i o n - r a t e a n d s t e r e o s p e c i f i c i t y w a s o b s e r v e d ; t h e 

p r o d u c t 35 w a s i s o l a t e d i n 83"/. y i e l d ( 4 5 ) . 

T h e s e f i n a l m o d e l e x p e r i m e n t s i n d i c a t e t h a t t h i o g l y c o s i d e s 

m a y b e u s e d i n t h e b l o c k s y n t h e s i s o f 1 , 2 - ç j _ s l i n k e d g l y c o s i d e s 

w i t h D M T S T a s p r o m o t e r

a d v i s a b l e t o r e f r a i n f r o

h a l i d e - a s s i s t e d o n e b y a d d i n g h a h d e i o n t o t h e m i x t u r e . W h e n t h e 

a c c e p t o r r e a c t i v i t y i s s u f f i c i e n t l y h i g h , h o w e v e r , t h e p r e s e n c e o f 

h a l i d e i o n m a y s i g n i f i c a n t l y i m p r o v e t h e s t e r e o s p e c i f i c i t y a n d t h e 

y i e l d o f t h e d e s i r e d p r o d u c t . 
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Chapter 8 

Approaches to Deoxy Oligosaccharides 
of Antibiotics and Cytostatics 

by Stereoselective Glycosylations 

Joachim Thiem 

Organisch-Chemisches Institut, Westfälische Wilhelms-Universität, 
Orléans-Ring 23, D-4400 Münster, Federal Republic of Germany 

Problems associated with stereoselective glycosy
lations in the 2-deoxy sugar series are outlined 
and exemplified. General solutions are provided 
for the 2-deoxy-α-glycosides employing the N
-iodosuccinimide glycosylation. The 2-deoxy-β-
glycosides are available via certain 2-bromo
-2-deoxyglycosyl bromides accessible from simple 
isopropylidene derivatives by dibromomethyl 
methyl ether reactions. Syntheses of four 
different E-D-C trisaccharides of the various 
aureolic acids are reported that make extensive 
use of these procedures. A novel approach for 
the preparation of the G-B-A trisaccharide gly
coside of class II anthracyclines is described. 
Here the combined azide --N-iodosuccinimide 
procedure is applied to construct a precursor 
of the aminodeoxy sugar unit. After subsequent 
N-iodosuccinimide glycosylations, the precursor 
trisaccharide is converted straightforwardly 
into the target molecule. 

The b a s i c concepts of g l y c o s y l a t i o n have been known 
f o r more than e i g h t y y e a r s . N e v e r t h e l e s s , the s e l e c t i v e 
formation of a f u l l a c e t a l c o n s t i t u t e s and remains one of 
the major c h a l l e n g e s i n carbohydrate chemistry. Within 
the c u r r e n t decade, a number of a t t r a c t i v e approaches f o r 
the g l y c o s y l a t i o n of simple a l c o h o l s and a l s o more-com
pl e x aglycons ( i n c l u d i n g sugar d e r i v a t i v e s ) have been 
developed (e.g. 1,2). In a l l cases a high s t e r e o s e l e c -
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t i v i t y i s d e s i r e d , and as has been abundantly shown, the 
simple t r a n s f e r of a procedure worked out f o r a c e r t a i n 
sugar s e r i e s does not n e c e s s a r i l y apply to another, i s o 
meric s e r i e s . A l l of the p r e s e n t l y used and e f f e c t i v e 
g l y c o s y l a t i o n procedures i n the normal sugar s e r i e s i n 
g e n e r a l make use of a n e i g h b o r i n g group at the p o s i t i o n 
next to the anomeric cent e r , be i t by a r e a l anchimeric 
a s s i s t a n c e or by the o p e r a t i o n of s t e r i c i n f l u e n c e . 

The present c o n t r i b u t i o n c e n t e r s on s t e r e o s e l e c t i v e 
syntheses of mono- and i n p a r t i c u l a r o l i g o - s a c c h a r i d e s of 
the 2-deoxy- and the 2,6-dideoxy s e r i e s as w e l l as some 
branched-chain s p e c i e s . These are the p r i n c i p a l sugar 
p o r t i o n s i n a l a r g e number of important n a t u r a l g l y c o 
s i d e s , such as the c a r d i a c g l y c o s i d e s (3), the orthosomy-
c i n s (£), the t e t r o n i c a c i d s (5), the a u r e o l i c a c i d s (6, 
see below), and the a n t h r a c y c l i n e s (7, see below), to 
name j u s t a few. 

Nature's approac
i n v o l v e o x i d a t i o n o
oxidoreductase and subsequent r e d u c t i o n with NADPH (8.) · 
The i n t r o d u c t i o n of methylbranches was shown (9) to pro
ceed at the stage of the keto sugar i n t e r m e d i a t e s under 
the a c t i o n of " a c t i v e methionine" [S-(5 1-adenosyl)methio
nine] . There i s l i t t l e known about the formation of the 
2-deoxyfunction. The t r a n s f e r of c y t i d i n e diphosphate 
i n t o 2'-deoxycytidine 5 1-diphosphate i s c a t a l y z e d by CDP 
reductase i n E s c h e r i c h i a c o l i (10). A l s o d e s c r i b e d i s the 
formation of 2-deoxy-D-ervthro-pentofuranose 5'-phosphate 
c a t a l y z e d by an a l d o l a s e i n L a c t o b a c i l l u s plantarum (10). 
The d e t a i l e d mechanism i s unknown, and u n t i l now there 
have been no s t u d i e s i n the 2-deoxyhexose s e r i e s (H.G. 
F l o s s , p e r s o n a l communication 1986). 

E v i d e n t l y the p a r t i c u l a r problems i n the chemical 
s y n t h e s i s of 2-deoxy sugar g l y c o s i d e s are the m i s s i n g 
n e i g h b o r i n g group, and are a l s o a s s o c i a t e d with the en
hanced l a b i l i t y of t h e i r g l y c o s y l h a l i d e s . For i n s t a n c e , 
treatment of the a- or the β-glycosyl h a l i d e (the former 
beeing s l i g h t l y more s t a b l e because of the anomeric 
e f f e c t ) i n the 2,6-dideoxv-D-arabino s e r i e s ^ or 2 with 
an a l c o h o l i n the presence of a s i l v e r promoter i s sup
posed to proceed v i a the oxocarbenium i n t e r m e d i a t e 4,. 
A f t e r n u c l e o p h i l i c a t t a c k of the a l c o h o l , both of the 
protonated p r e c u r s o r s are formed, which a f t e r r e l e a s e of 
the proton g i v e the a- and the β-glycosides 5 and &. 
Mostly the former p r e v a i l s , probably again by the ope
r a t i o n of an anomeric e f f e c t . Another frequent s t a b i l i 
z a t i o n of 4 i n t h i s s e r i e s occurs by d i r e c t d e p r o t o n a t i o n 
to g i v e the c y c l i c enol ether ( g l y c a l ) 7. These g l y c a l s 
b e a r i n g a l e a v i n g group at the a l l y l i c p o s i t i o n (carbon 
3) can e a s i l y undergo a c i d - c a t a l y z e d g l y c o s y l a t i o n with 
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a l l y l i c rearrangement ( F e r r i e r r e a c t i o n , 11,12.) and g i v e 
the a l k y l a- and 6-D-ervthro-hex-2-enopyranosides 3, and 
6. I t i s not a t t r a c t i v e to r e f u n c t i o n a l i z e such a l k e n i c 
sugars as 3, or 6 i n t o the r e q u i r e d t a r g e t g l y c o s i d e s such 
as 5, or 8. ~ 

T h i s g e n e r a l overview may be i l l u s t r a t e d by an ex
ample: treatment of 3,4-di-0-acetyl-2,6-dideoxy-a-D- a r a -
bino-hexopvranosvl bromide (9) with methyl 4 - 0 - a c e t y l -
2,6-dideoxy-a-D-lyxo-hexopyranoside (10) under s y s t e m a t i 
c a l l y developed and a d j u s t e d conditions gave i n 56% o p t i 
mized y i e l d both the a - ( l - > 3 ) - and the β-(l->3)-linked 
disaccharides 11 and 12 i n the r a t i o of approximately 2:1 
(13.rU.) . ApartHÉrom tfîis delicate chemistry, at l e a s t one 
s e p a r a t i o n s t e p i s r e q u i r e d . Consequently, s t e r e o s e l e c 
t i v e or even b e t t e r s t e r e o s p e c i f i c s o l u t i o n s f o r the 
p r e p a r a t i o n of these o l i g o s a c c h a r i d e s would be c e r t a i n l y 
a p p r e c i a t e d . 

We have develope
l y o u t l i n e d i n g e n e r a l
13 with N-halosuccinimid€ î (X = Br,: 15.; X = I, 16.) sup
posedly g i v e s 1,2-halonium ions (perhaps i n resonance 
with a 2-halo-oxocarbenium i o n ) . These are a t t a c k e d by 
the n u c l e o p h i l e R'OH to g i v e mainly the 1,2-trans-2-halo 
g l y c o s i d e s 14. F u r t h e r r e d u c t i v e cleavage of the 2-halo 
s u b s t i t u e n t concludes an easy, a t t r a c t i v e and h i g h l y 
s t e r e o s e l e c t i v e approach to 2,6-dideoxy α-glycosides 1§ 
i n the D-arabino, - l y x o , and - r i b o s e r i e s . As demonstra
ted c o n c l u s i v e l y i n many examples (eg. 17) the use of NIS 
(16) i s c o n s i d e r a b l y s u p e r i o r to NBS (1£) with r e s p e c t to 
the y i e l d s of the g l y c o s y l a t i o n (13->14) as w e l l as the 
h a l i d e - c l e a v a g e step (14->15). The"NlS^procedure has a l s o 
been t r i e d f o r the s y n t h e s i s of 2 - d e o x y ^ - g l y c o s i d e s . 
Although t h i s c o u l d be r e a l i z e d , the method proved 
a t t r a c t i v e o n l y i n p a r t i c u l a r s i t u a t i o n s (18-20). 

The most a t t r a c t i v e approach f o r the 2-deoxy^-
g l y c o s i d e s s t a r t s with 2-bromo-2,6-dideoxyhexopyranosyl 
bromides (22.) such as 16,. These are a v a i l a b l e r e g i o - and 
s t e r e o - s p e c i f i c a l l y from r e a d i l y a c c e s s i b l e and simple 
p r e c u r s o r s by r e a c t i o n with dibromomethyl methyl ether 
(DBE) (22,£3). In p r i n c i p l e , the formation of r e l a t e d 
compounds may be a n t i c i p a t e d by the a d d i t i o n of bromine 
to g l y c a l p r e c u r s o r s . Previous s t u d i e s (24-27), however, 
proved these processes to y i e l d s e v e r a l isomers which 
renders t h i s approach of l i t t l e p r e p a r a t i v e v a l u e . 

Treatment of the h a l i d e s 16 with an a l c o h o l promoted 
by s i l v e r s a l t s does y i e l d mainly the β-glycosides 17 
(28., 29) . Obviously the bromo s u b s t i t u e n t d i r e c t s the" 
incoming n u c l e o p h i l e by s t e r i c reasons or p o s s i b l y v i a a 
1,2-bromonium<->bromo-oxocarbenium i n t e r m e d i a t e . F o l l o 
wing a r e d u c t i o n step, the syntheses of β-glycosides 18 
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i n the D-arabino (28,29) and - l v x o s e r i e s (30) were 
r e a l i z e d . Another approach f o r the D-ribo s e r i e s was 
demonstrated by Wiesner's group (3lT. S t a r t i n g from the 
t h i o g l y c o s i d e 1?, m e r c u r y - a s s i s t e d s o l v o l y s i s i s c o n s i 
dered to generate a 1,3-acyloxonium i n t e r m e d i a t e 2p which 
i s a t t a c k e d by the a l c o h o l p r i n c i p a l l y from the β-face to 
g i v e 21. Even though there remain some i n c o n s i s t e n c i e s 
with r e s p e c t to the anomeric r a t i o s o btained i n the 
s y n t h e s i s of mono- or o l i g o - s a c c h a r i d e g l y c o s i d e s , t h i s 
method proved u s e f u l i n the s e l e c t i v e p r e p a r a t i o n of 
c a r d i a c g l y c o s i d e s . 

Both procedures f o r s e l e c t i v e syntheses of 2,6-
dideoxy-α- and β-glycosides w i l l be o u t l i n e d i n the aure-
o l i c a c i d and a l s o the a n t h r a c y c l i n e o l i g o s a c c h a r i d e 
s e r i e s . 

A u r e o l i c A c i d O l i g o s a c c h a r i d e s 

These tetrahydroanthracenon
b i o t i c s r e c e i v e d t h e i r name from t h e i r c h a r a c t e r i s t i c 
golden appearance. The most prominent members, chromo-
mycin A3 (22), o l i v o m y c i n A (23), and mithramycin (24) 
c o n s t i t u t e potent c y t o s t a t i c agents which, even though 
they are extremely t o x i c , enjoy s e l e c t e d c l i n i c a l a p p l i 
c a t i o n i n the treatment of c e r t a i n tumors (6). The c y t o 
s t a t i c a c t i v i t y i s supposed to r e s u l t from a s t r o n g and 
s e l e c t i v e i n h i b i t i o n of the DNA-dependent RNA s y n t h e s i s 
(32., 33.) . In the presence of Mg2+, a complexation of 
g u a n o s i n e - r i c h DNA fragments was observed, and f u r t h e r 
i n f o r m a t i o n as to t h i s mechanism has been r e c e n t l y d i s 
cussed (34.) . 

E a r l i e r s t u d i e s proved the s t r u c t u r e of the almost 
s i m i l a r tetrahydrocenone aglycons i n 22-24 having the 
c h i r a l , f i v e - c a r b o n s i d e c h a i n at C - 3 ^ s ^ w e l l as those of 
the i n d i v i d u a l monosaccharides (35,36). Attempts were 
made to apply Klyne's r u l e and deduce the s t r u c t u r e of 
the o l i g o s a c c h a r i d e s and t h e i r attechment to the aglycon 
but t h i s was not u n i f o r m l y c o n v i n c i n g (37.) · T n e complete 
sugar sequence and the d i r e c t i o n and type of t h e i r i n t e r -
g l y c o s i d i c l i n k a g e s were assigned by extended n.m.r. 
spectrocopy and supported by syntheses (13,14,38., 39) . 
There are o n l y minor d e v i a t i o n s between 22 and 23, a l 
though they are produced by d i f f e r e n t streptomyces 
s t r a i n s . In both of these compounds a d i f f e r e n t l y sub
s t i t u t e d a - ( l - > 3 ) - l i n k e d b i s - 2 , 6 - d i d e o x y - D - l y x o - u n i t B-A 
i s a t t a ched to the p h e n o l i c s i t e at C-6. T h e i r E-D-C 
t r i s a c c h a r i d e shows a t e r m i n a l 3-C-methyl-branched sugar, 
L-olivomycose E, attached by an a - ( l - > 3 ) - l i n k a g e to the 
F~(l->3)-bound d i m e r i c o l i v o s y l - o l i v o s e D-C. In mithramy
c i n (24), the B-sugar i s a 2.6-dideoxv-D-arabino u n i t 
attacfied to A v i a a β-(l->3)-linkage. In the E-D-C t r i 
s a c c h a r i d e p a r t , only β-(l->3)-linkages occur. The D-C 
u n i t i s l i k e w i s e s i m i l a r , and the t e r m i n a l sugar again i s 
of the 3-C-methyl-branched type, but t h i s time i t i s D-
mycarose. 
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We have p r e v i o u s l y r e p o r t e d the p r e p a r a t i o n of the 
v a r i o u s B-A u n i t s (13., 40) and have a l s o developed synthe
ses f o r the E-D (41) as w e l l as the uniform D-C u n i t 
(42). T h i s p r e s e n t a t i o n focuses on a s e q u e n t i a l assemb
l i n g of these complex o l i g o s a c c h a r i d e u n i t s , and d i s c u s 
ses novel approaches to a number of E-D-C t r i s a c c h a r i d e s . 

S t a r t i n g with methyl α-D-mannopyranoside there i s 
ready access to the 2 , 3-O-isopropylidene rhamnoside 25. 
Treatment of 25 i n dichloromethane with DBE and z i n c 
bromide f o r 5.5 hours at room temperature g i v e s the 2,3-
O - i s o p r o p y l i d e n e rhamnosyl bromide 26 as a very r e a c t i v e 
i n t e r m e d i a t e which may prove u s e f u l i n f u r t h e r r e a c t i o n s 
to g i v e mannosides (29). A f t e r another 6.5 hours (12 
hours a l t o g e t h e r ) the 3-O-formylated 2-bromo -2 ,6-dideoxy-
α-g-glucopyranosyl bromide 27 i s o b t a i n e d i n h i g h y i e l d . 
The mechanism of formation may be supposed to proceed v i a 
2 ,3 -formoxonium i n t e r m e d i a t e s (21)  B e n z y l g l y c o s y l a t i o n 
of 27 leads v i r t u a l l
g l y c o s i d e 28. Treatmen
drop of concentrated h y d r o c h l o r i c a c i d achieves s e l e c t i v e 
cleavage of the formyl group and f u r n i s h e s the c r y s t a l 
l i n e monohydroxy compound 29,. The g l y c o s y l bromide 27 and 
the sugar a g l y c o n i c component were condensed under d i l i 
g e n t l y o p t i m i z e d c o n d i t i o n s with r e s p e c t to the s o l v e n t 
mixture (4:1 t o l u e n e — n i t r o m e t h a n e ) , the temperature 
range and r a t e of i n c r e a s e (-78° over 2 days to room 
temperature) , and the promoter ( s i l v e r t r i f l a t e , 43.) . 
T h i s r e s u l t e d i n a very good y i e l d (92%) and a f a v o u r a b l e 
α:β r a t i o of 30:31 - 1:6.5. F o r t u n a t e l y the d e s i r e d 
β-(l - > 3 )-linked d i s a c c h a r i d e 31 c o u l d be f r a c t i o n a l l y 
c r y s t a l l i z e d from the m i x t u r e ^ 

A f t e r having assembled the D-C p r e c u r s o r the 
a-(l->3 )-attachment of the Ε u n i t was to be performed by 
the NIS method. There f o r e a f a v o r a b l e access to the L-
o l i v o m y c a l 3J was needed. We had p r e v i o u s l y prepared t h i s 
compound by a f i v e step route from |±-arabinose (4£) . 
R e c e n t l y an advantageous p r e p a r a t i o n of 3J and i t s epimer 
t-mycaral (36) by treatment of methyl 2 , 3-O-benzylidene 
a-L-rhamnopyranoside (35) with m e t h y l l i t h i u m , was worked 
out ( 4 5 ) · ~ 

F o l l o w i n g the s e l e c t i v e removal of the 3'-formyloxy 
f u n c t i o n , the d i s a c c h a r i d e 32 was obtained and t h i s d i d 
not undergo any r e a c t i o n w i t h the g l y c a l 37 i n the p r e 
sence of NIS. The assumption was at hand t h a t the 2 ' -
bromo s u b s t i t u e n t might impede the a c c e s s i b i l i t y of the 
3 '-hydroxy group. However, t r i b u t y l s t a n n a n e r e d u c t i o n of 
32 gave compound 3^, and again, t h i s product showed no 
r e a c t i o n i n the NIS g l y c o s y l a t i o n with 37. Amazingly, i t 
was observed t h a t a d i s a c c h a r i d e g l y c a l made up from two 
molecules of 37 c o u l d be o b t a i n e d i n modest y i e l d (46). 
T h i s r e s u l t r e f l e c t s a h i g h e r n u c l e o p h i l i c i t y of the 
t e r t i a r y hydroxy group i n 37 than t h a t of the secondary 
one i n 33. 
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F i n a l l y , the 4'-benzoate f u n c t i o n was a l s o s a p o n i 
f i e d . The unblocked S ' ^ ' - d i o l component 3£ d i d indeed 
undergo a smooth NIS g l y c o s y l a t i o n with tfie L - o l i v o m y c a l 
37. T h i s occured r e g i o s p e c i f i c a l l y i n o v e r a l l 64% y i e l d 
w ith formation of only the i n t e r g l y c o s i d i c ( l " - > 3 ' ) -
l i n k a g e and a l s o proceeded s t e r e o s p e c i f i c a l l y towards the 
α-glycoside with r e s p e c t to the t e r m i n a l s a c c h a r i d e . The 
E-D-C d e r i v a t i v e w * s f u r t h e r hydrogenated to the t r i -
s a c c h a r i d e u n i t 39 of chromomycin A 3 (22) and o l i v o m y c i n 
A (23). ~ ~ 

Mithramycin (24) bears the t e r m i n a l sugar u n i t 
£-mycarose. By a s i m i l a r p r e p a r a t i o n as f o r the methyl-
branched g l y c a l s J§ a n d 37* the D^enantiomer of 36, 
namely the l a b i l e D-mycaral 40 was o b t a i n e d (45)?"'lts NIS 
condensation with the 3 ,,4 ,-<ïïol d i s a c c h a r i d e £4 proceeds 
smoothly, but the r e a c t i o n turned out to be r a t h e r slow 
with r e s p e c t to the s t a b i l i t y of the D-mycaral  T h i s 
r e s u l t s i n o n l y a modes
41 which was hydrogenolyze
c o n s t i t u t e s an isomer of the t r i s a c c h a r i d e sequence i n 
24. 

A novel approach f o r the mithramycin t r i s a c c h a r i d e 
r e q u i r e d a c o n c e p t i o n a l change. Thus, the u n i f o r m l y 
β - ( l - > 3 ) - l i n k e d three sugar u n i t s were to be assembled 
f i r s t , and o n l y then the branch i n the t e r m i n a l u n i t was 
to be generated. Indeed, g l y c o s y l a t i o n of the 3'-monohy-
droxy d i s a c c h a r i d e 32 with the g l y c o s y l bromide 2J, f o l 
lowing the p r e v i o u s l y e s t a b l i s h e d procedure proceeded 
with almost 70% y i e l d . The r a t i o α:β = 1:10 was again 
advantageous i n favor of the d e s i r e d d e r i v a t i v e 43, which 
c o u l d be c r y s t a l l i z e d from the mixture. F u r t h e r subse
quent steps (methanol—HC1) r e l e a s e d s e l e c t i v e l y the 
3 M-formyloxy group, reduced the three bromo f u n c t i o n s 
(BueSnH), and o x i d i z e d at C-3" which gave the t r i s a c c h a 
r i d e 3 " - u l o s i d e 44, i n h i g h o v e r a l l y i e l d . F i n a l l y , t r e a t 
ment of 44 with m e t h y l l i t h i u m gave s t e r e o s p e c i f i c a l l y the 
t r i s a c c h a r i d e s 45 and 46 ( p e c u l i a r l y with an a d d i t i o n a l 
benzoate group at C-3)'T/which bore e x c l u s i v e l y a t e r m i n a l 
g-olivomycose u n i t E. 

Previous branching r e a c t i o n s of a l k y l a-hexopyranos-
3- u l o s i d e s gave mainly or e x c l u s i v e l y the r i b o d e r i v a 
t i v e s (45», 47-49) . T h i s i s i n accordance with expecta
t i o n s , because of p a r t i a l b l o c k i n g of the n u c l e o p h i l e 
from the lower face of the molecule. Quite r e c e n t e x p e r i 
ments with the corresponding a l k y l β - 1 ι β χ ο ρ ν Γ 3 η ο 3-3 - ^ ο -
s i d e s such as 47 r e s u l t e d i n a r a b i n o : r i b o r a t i o s of 
approximately 2:1 ( J . Thiem, M. Gerken, B. Schôttmer, 
J.Weigand, Carbohydr. Res., i n p r e s s ) . Owing to the l a c k 
of an a x i a l anomeric s u b s t i t u e n t i n t h i s case, n u c l e o p h i -
l i c a t t a c k from below p r e v a i l s . A comparable r a t i o with 
the t r i s a c c h a r i d e u l o s i d e 44 would have been expected. 
The e x c l u s i v e n u c l e o p h i l i c ^ t t a c k from below may be 
assumed to be governed by secondary b i n d i n g s of the 
reagent i n the course of i t s approach to the c a r b o n y l 
s i t e . 
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Another route to a methyl-branched d e r i v a t i v e makes 
use of r e d u c t i v e cleavage of s p i r o epoxides ( 5 0 ). The 
r e a l i z a t i o n of t h i s process was t e s t e d i n the monosaccha
r i d e s e r i e s . W i t t i g o l e f i n a t i o n of 4 J , was used to form 
the e x o c y c l i c methylene compound 4 8 . T h i s sugar c o n t a i n s 
an i n h e r e n t a l l y l a l c o h o l f r a g m e n t the c h i r a l C - 4 a l c o 
h o l f u n c t i o n of which should be i d e a l y s u i t e d to d e t e r 
mine the c h i r a l i t y of the epoxide to be formed by the 
Sharpless method. With t e r t - b u t v l hydroperoxide, t i t a n i u m 
t e t r a i s o p r o p o x i d e and ( - ) - t a r t r a t e ( f o r a " l i k e mode" 
process) no r e a c t i o n occured. A f t e r a number of attempts, 
the Sharpless method was abandoned and extended back to 
the w e l l - e s t a b l i s h e d m-chloroperoxybenzoic a c i d epoxida-
t i o n . The (3R)-epoxide 4 £ was obtained s t e r e o s p e c i f i c a l l y 
i n e x c e l l e n t y i e l d ( 8 3%f; and t h i s c o u l d be r e a d i l y 
reduced to g i v e the D-ribo compound 50. The e x c l u s i v e 
formation of 4 9 i s unexpected and may be a s s o c i a t e d with 
a s t r o n g s t e r e o c h e m i c a
at C - l , C - 4 , and C

Subsequent to t h i s success, e x t e n s i o n to the t r i 
s a c c h a r i d e s e r i e s was attempted. In t h i s case, Peterson 
o l e f i n a t i o n of the 3 " - u l o s i d e 4 4 gave the 3"-exo-methy-
lene d e r i v a t i v e 51. Treatment of 5 1 with m.-chloroperoxy-
benzoic a c i d under c o n d i t i o n s s i m i l a r to those as e l u c i 
dated f o r the monosaccharides gave s t e r e o s p e c i f i c a l l y the 
( 3"R)-spiroepoxide compound 5 £ . Subsequent r e d u c t i o n 
f u r n i s h e d the c o r r e c t E-D-C t r i s a c c h a r i d e sequence 53 of 
m i t h r a m i c i n . 

A n t h r a c y c l i n e O l i g o s a c c h a r i d e s 

Daunorubicin ( 5 4 ) and the l e s s - t o x i c adriamycin ( 5 5 ) 
belong to the c l a s s I a n t h r a c y c l i n e a n t i b i o t i c s 

· Owing to t h e i r pronounced c y t o s t a t i c a c t i v i t y 
they are v a l u a b l e chemotherapeutic agents ( 5 3 - 5 5 ) . An-
t h r a c y c l i n e s having o l i g o s a c c h a r i d e chains, such as a c l a -
cinomycin (56) ( 5 6 ) or marcellomycin (57.) , named c l a s s I I 
a n t h r a c y c l i n e a n t i b i o t i c s , e x h i b i t a more-favorable the
r a p e u t i c breadth. Among other advantages, the c l a s s I I 
compounds are of s i m i l a r c y t o s t a t i c a c t i v i t y as the c l a s s 
I compounds but show c o n s i d e r a b l e l e s s cumulative c a r d i o -
t o x i c i t y ( £ 8 ) . A few s t r u c t u r e — a c t i v i t y c o r r e l a t i o n s 
have been o u t l i n e d , e.g. the importance of a 3-amino-
2 , 3 , 6 - t r i d e o x y - L - l y x o d e r i v a t i v e attached as the sugar A 
u n i t ( 5 8 ) . ~~ 

Thus, i t i s of i n t e r e s t to generate o l i g o s a c c h a r i d e s 
of the type C-B-A i n 56, a l l of which are l i n k e d i n t e r -
g l y c o s i d i c a l l y by a- ( 1 ^ > 4 )-bonds. We have p r e v i o u s l y syn
t h e s i z e d v a r i o u s d e r i v a t i v e s of the t e r m i n a l C-B d i -
s a c c h a r i d e s employing the F e r r i e r g l y c o s y l a t i o n approach 
( 5 9 , 6 0 ). At t h a t same time we c o u l d combine the a z i d e 
f u n c t i o n a l i z a t i o n of g l y c a l s ( 6 1 ) with the N - i o d o s u c c i n -
imide method ( 1 6 ) and develop a g e n e r a l approach to 3 -
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amino-2,3,6-trideoxy-a-glycosides (62). In essence t h i s 
process was f u r t h e r a p p l i e d to generate other p r e c u r s o r s 
i n t h i s f i e l d (63). 

Rather e a r l y i t became ev i d e n t t h a t the NIS g l y c o s y 
l a t i o n of an a x i a l 4-OH group, even i n a bloc k e d 3-amino 
sugar l i k e daunosamine or rhodosamine, c o u l d not be 
e f f e c t e d e f f i c i e n t l y (64). Consequently, a t r i s a c c h a r i d e 
s y n t h e s i s was r e q u i r e d t h a t allowed f a c i l e i n v e r s i o n of a 
pr e c u r s o r s t r u c t u r e subsequent to the advantageous use of 
NIS g l y c o s y l a t i o n s t e p s . 

The a z i d e — f i - i o d o s u c c i n i m i d e g l y c o s y l a t i o n (62) 
employed with t r i - O - a c e t y l - D ^ g l u c a l (57) and benzy l a l c o 
h o l gave i n 92% y i e l d a 2:1 mixture o'P'the 3-azido-2,3-
di d e o x y - 2 - i o d o - D - a l t r o and D-manno epimers (62 and 64). 
The r e a c t i o n process i s understood to i n v o l v e primary 
n u c l e o p h i l i c a t t a c k of the az i d e under a l l y l i c r e a r r a n g e 
ment to f u r n i s h the a- and the B-D-ervthro-hex-2-enopyra-
n o s y l a z i d e s 5§ and
[3.3]-sigmatropic rearrangemen
I)-ribo (60,) or D-arabino g l y c a l s (61) . The more-reactive 
enol e t h e r s are p a r t i c u l a r l y proneHEo a t t a c k by an e l e c -
t r o p h i l e l i k e I"K and the r e s u l t i n g iodonium (or 2-iodo 
oxocarbenium) i n t e r m e d i a t e s are subsequently a t t a c k e d by 
the n u c l e o p h i l e to g i v e predominantly the products of 
t r a n s - d i a x i a l geometry. F o l l o w i n g d e a c e t y l a t i o n , the D-
a l t r o d e r i v a t i v e 63 c o u l d by c r y s t a l l i z e d from the mix
tu r e . ^ 

Reductive d e i o d i n a t i o n with BusSnH smoothly gave the 
3-azido-D-ribo d e r i v a t i v e 66. I n v e r s i o n at C-5 and r e 
d u c t i o n at C-6 and of the azi d o f u n c t i o n should g i v e the 
L-lyx o t a r g e t molecule. The most convenient path f o r the 
C-5 i n v e r s i o n employs s t e r e o s p e c i f i c hydrogénation of an 
e x o c y c l i c g l y c a l (60, 65). A p p l i c a t i o n of the NIS/PI13P 
reagent (66, 61) and subsequent a c e t y l a t i o n gave the 6-
iodo component 67 i n good y i e l d . E l i m i n a t i o n of hydrogen 
i o d i d e i s g e n e r a l l y performed with s i l v e r f l u o r i d e i n 
anhydrous p y r i d i n e (68.) , but was e f f e c t e d here p r e f e r e n 
t i a l l y by use of DBU (69). T h i s gave the hex-5-enopyrano-
s i d e £g, i n v i r t u a l l y q u a n t i t a t i v e y i e l d . As the f i n a l 
s tep, the l a b i l e enol ether 68, was hydrogenated i n metha
n o l with p l a t i n u m / c h a r c o a l at 30 bar pres s u r e of hydro
gen. A c e t y l a t i o n then gave s t e r e o s p e c i f i c a l l y benzyl N-
acetyl-p-L-daunosaminide (70), obtained c r y s t a l l i n e i n 
good y i e l d . 

T h i s r e a c t i o n sequence was not meant at the o u t s e t 
to add another daunosaminide s y n t h e s i s to the number 
r e p o r t e d i n the l i t e r a t u r e (70.). However, with o n l y s i x 
s t r a i g h t f o r w a r d steps from D-glucose and an o v e r a l l y i e l d 
of approx. 20% i t may indeecT c o n s t i t u t e a r a t h e r 
f a v o r a b l e a l t e r n a t i v e . The main purpose f o r the develop
ment of t h i s sequence r e s i d e s i n the advantageous i n c o r 
p o r a t i o n of the p r e c u r s o r f o r the u n i t A i n t o the t r i s a c 
c h a r i d e s y n t h e s i s . 

By treatment of the D-ribo compound 66 with t e r t -
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b u t y l c h l o r o d i m e t h y l s i l a n e s e l e c t i v e b l o c k i n g of the p r i 
mary hydroxy group was achieved to g i v e 71. T h i s d e r i v a 
t i v e was to serve as the A u n i t p r e c u r s o r onto which the 
other sugars are attached, and which f i n a l l y was to be 
converted i n t o a product having the L-lvxo c o n f i g u r a t i o n . 

As the p r e c u r s o r f o r the Β u n i t , the s e l e c t i v e l y 
b e n z y l a t e d ^ - f u c a l d e r i v a t i v e TO, c o u l d be o b t a i n e d c r y 
s t a l l i n e from L - f u c a l by a p p l y i n g a p h a s e - t r a n s f e r - c a t a 
l y z e d process T64). By a F e r r i e r r e a c t i o n of d i - O - a c e t y l -
L-rhamnal and a subsequent r e t r o enol ether formation 
through h y d r i d e a t t a c k at C-3 (71.) the t - a m i c e t a l 7 2 w a s 

obtained (64.) ; t h i s r e a c t i o n was c o n c u r r e n t l y also^cies-
c r i b e d by others (72). 

G l y c o s y l a t i o n of the g l y c a l 70 with the sugar a g l y -
con 71 i n the presence of N-iodosuccinimide proceeded 
smoothly and i n good y i e l d to g i v e the d i s a c c h a r i d e d e r i v a 
t i v e 73. Cleavage of the 4'-acetoxy group y i e l d e d the new 
d i s a c c h a r i d e aglyco
by the NIS procedur
t h i s gave the trisaccharTde 75. I n t e r e s t i n g l y , there i s 
no problem i n g l y c o s y l a t i o n oii the a x i a l h y d r o x y l group 
at the 4 ' - p o s i t i o n of the t e r m i n a l I r - a a l a c t o r e s i d u e i n 
7£, i n c o n t r a s t to those d e r i v a t i v e s having a 3-amino 
s u b s t i t u e n t and otherwise s i m i l a r s t r u c t u r e . 

A f t e r having assembled the three sugar u n i t s they 
had to be transformed i n t o the deoxy- and aminodeoxy-L-
lv x o s t r u c t u r e s . The iodo f u n c t i o n s are r e a d i l y removed 
by the r a d i c a l l y - i n d u c e d r e d u c t i o n with BU3 SnH to g i v e 
JS. Treatment of 76 with f l u o r i d e i n anhydrous t e t r a h y -
d r o f u r a n y i e l d e d q u a n t i t a t i v e l y the d e r i v a t i v e 77, which 
i n t u r n was s e l e c t i v e l y i o d i n a t e d at p o s i t i o n 6 to g i v e 
J§. The dehydrohalogenation with DBU proceeded even 
b e t t e r than i n the monosaccharide s e r i e s and gave the 
e x o c y c l i c t r i s a c c h a r i d e enol ether, compound 79. Hydrogé
n a t i o n under pressure with p l a t i n u m / c h a r c o a l i n methanol 
and subsequent a c e t y l a t i o n accomplished the s y n t h e s i s of 
the C-B-A t r i s a c c h a r i d e g l y c o s i d e 80, i n s a t i s f a c t o r y 
y i e l d . T h i s compound c o n s t i t u t e s tiie carbohydrate 
sequence of d i h y d r o a c l a c i n o m y c i n . I t may c e r t a i n l y be 
f u r t h e r processed i n t o the t r i s a c c h a r i d e p a r t of a c l a c i -
nomycin (5§). The main advantage of t h i s n o v el approach 
r e s i d e s i n i t s v e r s a t i l i t y f o r the c o n s t r u c t i o n of s e l e c 
t i v e l y v a r i e d oligomers s i m i l a r to that i n 56. 

F i n a l l y , c r e d i t should be g i v e n to Monheret's group 
who were the f i r s t (73.) to assemble C-B-A t r i s a c c h a r i d e 
p r e c u r s o r s of c l a s s I I a n t h r a c y c l i n e s . The f u c o s y l bro
mide 82 was obtained from the methyl g l y c o s i d e 81 f o l l o 
wing our b r o m o t r i m e t h y l s i l a n e procedure (74.) . TÎîe b e n z y l 
oc-daunosaminide 84 o b t a i n e d from the d i f f i c u l t l y acces
s i b l e compound 83 served as the aglycon sugar u n i t . 
Condensation of^Éhese components made use of the H e l f e -
r i c h c o n d i t i o n s and gave the a - ( l - > 4 ) - l i n k e d d i s a c c h a r i d e 
85 i n only 40% y i e l d . The t e r m i n a l step was again a NIS 
g l y c o s y l a t i o n (16.) of the L - a m i c e t a l 72, which gave the 
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t r i s a c c h a r i d e component 86. Another corresponding prepa
r a t i o n of the marcellomycm t r i s a c c h a r i d e u n i t s was r e 
c e n t l y p u b l i s h e d by the same group (75). 

A few f i n a l words focus on the g l y c o s y l a t i o n of 
a n t h r a c y c l i n o n e s . A number of e a r l i e r r e p o r t s . u s e d the 
g l y c o s y l h a l i d e s prepared i n s i t u from 1-acyloxy d e r i v a 
t i v e s of 3-amino-2,3,6-trideoxy-sugar d e r i v a t i v e s and 
f o l l o w e d the Koenigs-Knorr c o n d i t i o n s with amazing s t e 
r e o s e l e c t i v i t i e s ( c f . 52). Recently the d i r e c t condensa
t i o n of the 1-acyloxy compounds to a n t h r a c y c l i n o n e s was 
r e p o r t e d to operate with t r i m e t h y l s i l y l t r i f l u o r o m e t h a n e 
s u l f o n a t e (TMSOTf) i n extremly h i g h y i e l d (76). Another 
approach s u c c e s s f u l y used the F e r r i e r g l y c o s y l a t i o n pro
cedure (64). Obviously dependent on the type of anthracy-
c l i n o n e , the NIS procedure may a l s o be a p p l i e d . As a 
p a r t i c u l a r n i c e a p p l i c a t i o n , the NIS g l y c o s y l a t i o n of 
d i a c e t y l - ^ - r h a m n a l 87 w i t h the racemic a n t h r a c y c l i n o n e 88 
should be mentionedΓ'Thi
reomeric (7S,9S) an
c o u l d be separated r e a d i l y (77, c f . a l s o ^ 7 8 ) , thus con
s t i t u t i n g a convenient r e s o l u t i o n step i n the t o t a l syn
t h e s i s of a n t h r a c y c l i n e g l y c o s i d e s . 

HO NHC0CF3 

0 

rac. 14 -Q -TBOMS-4 - demethoxyadriamycinone 

87 

ΌΗ 
OTBDMS 

89 (9S) 29% 
90 19 R 1 27% 
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Total Synthesis of Cyclodextrins 
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An approach to th  total synthesi f cyclodextrin  i
outlined. Intramolecula
are investigated
protected malto-oligosyl fluorides, for successful 
synthesis of completely protected cyclomalto-hexa-, 
hepta-, and -octaoses. Deprotection of these 
intermediates afforded the desired, unsubsituted 
cyclodextrins. 

Cyclodextrins, products of the degradation of starch by an 
amylase of Bacillus macerans(1), have been studied in terms of 
chemical modifications, mainly for the purpose of developing 
efficient enzyme mimics(2). Not only their unique cyclic structures, 
but also their a b i l i t y to form inclusion complexes with suitable 
organic molecules, led us to investigate the total synthesis of this 
class of molecules(3)· We describe here an approach to a total 
synthesis of alpha ( l ) , gamma(2), and "iso-alpha" cyclodextrin (3). 
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Retrosynthetic analysis of cyclodextrins led us to design a 
l inear, key intermediate 4 which could be suitable for a possible 
intramolecular glycosylation for the synthesis of alpha, gamma, and 
some isomeric cyclodextrins, according to the kind of protective 
group at C-6 of the nonreducing glucopyranosyl residue. 

[A] Synthesis of eyeloma1tohexaose (alpha cyclodextrin) 
We f i r s t describe a synthesis of alpha cyclodextrin. The 

synthetic plan is shown in Scheme 1 . An immediate precursor for 1 
could be the perbenzylated precursor 5, which could be cleaved to 
give a l inear glucohexaosyl f luoride 6. This key intermediate 6 is 
obtainable from the maltose derivatives 8 and 9 through the 
intermediacy of the glucohexaose derivative 7. 

Synthetic transformation of β-maltose octaacetate (10) into the 
glycosyl acceptor 8 and glycosyl donor 9 is shown in Scheme 2. 
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Compound 10 was converted into a l l y l glycoside 11 in 73% y i e l d in two 
steps, (a) Bu^SnOCH2CH=CH2—SnCly (^), and (b) MeONa—MeOH. Treatment 
of 11 with dimethoxypropane and TsOH, and then with benzyl bromide— 
NaH—DMF afforded compound 12 in 51% y ie ld . Solvolysis of compound 
12 in MeOH—AcOH, and then monobenzylation by the stannylation— 
alkylat ion method(5) gave the desired glycosyl acceptor 8 in 67% 
y ie ld . Acetylation of compound 8 and then dea l ly la t ion with PdCl 2 — 
AcONa in aq.AcOH(6) afforded a 93% y ie ld of hemiacetal 13, which was 
treated with (a) S0C12—DMF in dichloroethane(7) and (b) AgF— 
CH^CN(8) to give the desired fluoride 9 in 73% o v e r a l l y i e ld . 

8 13 9 

Scheme 2. Synthesis of the glycosyl acceptor and donor. 

Having a glucobiosylf luoride 9 and a glycosyl acceptor 8 thus 
e f f ic ient ly prepared, glycosylation conditions using both compounds 
were examined with respect to the kind of solvent and Lewis acid to 
be employed. In the presence of SnCl2(9)1 AgOS02CF^, and powdered 
molecular sieves in Et 20, compounds 8 and 9 afforded a 1.8:1 mixture 
of 14 and 15 in 80% y i e l d as well as the 1,6-anhydro derivative 16 
(15%)· Other glycosyl donors carrying either chlorine or 
trichloroacetimidate in place of fluorine gave inferior results in 
this particular instance. 

Further elongation of the glucan chain on the glucotetraose 
derivative 14- was studied in two ways. F i r s t , compound 14 was 
transformed into a glycosyl acceptor 17, which was then glycosylated 
by use of 2 equivalents of the donor 9 under the same conditions 
as already described to give a 2:1 mixture of 7 and 18 in 65% y ie ld . 
Second, compound H was transformed into the glucotetraosyl donor 19 
in 50% overa l l y i e l d in 3 steps, (a) PdCl2—AcONa—aq.AcOH, (b) 
S0C12—DMF, and (c) AgF—CH3CN. Glycosylation of the glycosyl 
acceptor 8 with 0.9 equivalent of the glycosyl donor 19 afforded a 
1.7:1 mixture of 7 and 20 in 55% yie ld . From the preparative 
viewpoint, the f i r s t route using glucotetraosyl acceptor 17 and 
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14 15 16 

Scheme 3 · 

17 

Scheme ^. Glucohexaosyl intermediate via the glucobiosyl-donor 
and glucotetraosyl-acceptor route. 

20 

Scheme 5· Glucohexaosyl intermediate via the glucotetraosyl-
donor and glucobiosyl-acceptor route. 
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glucobiosyl donor 9 i s more efficient than the second one. 
Conversion of the glucohexaosyl derivative 7 into the desired key 
intermediate 6 i s shown in Scheme 6. Treatment of 7 with (a) NaOMe— 
MeOH, (b) (C1CH2C0)20— pyridine afforded in 70% y i e l d the 
monochloroacetyl derivative 21, which was deal ly lated with PdCl 2 — 
NaOAc—aq.AcOH to give the hemiacetal 22 in 60% y i e l d . The 
transformation of 22 into fluoride 23 was achieved in 73% y i e l d in 2 
steps: (a) S0C1?—DMF and (b) AgF—CHoCN. Compound 23 was deacylated 
with NaOMe—MeOH—THF to give 6 in 95% y i e ld . 

f*Nu f*Nu f-*V 
^ 

Ζ 21 22 

0 RO-^ROO-

R O J ^ O f 
W_ OMCA JJ C 

^ 
5̂ R=Bn 
1 R=H 

Scheme 6. (MCA = C1CH2C0). 

The crucia l intramolecular glycosylation of 6 with SnCl 2 — 
AgOS02CF^ afforded a 20% y ie ld of compound 5; the lat ter was 
debenzylated with Pd-C—HC02H—Me0H(1_0) to give cyclomaltohexaose 
(alpha cyclodextrin) quantitatively. 

[B] Synthesis of cyclomaltooctaose (gamma cyclodextrin) 
A synthetic approach to gamma cyclodextrin was also examined by 

use of the technology developed in [A]. Two routes for the 
preparation of a glucooctaosyl intermediate 25 were examined. In a 
f i r s t approach, the glucohexaosyl acceptor 24-, readi ly obtained from 
7 (Scheme 6) was glycosylated with 5·5 equivalents of the donor 9 to 
give a 21% y i e l d of the desired intermediate 25 as wel l as a 5-4-% 
y i e l d of the isomeric product 26. As a second approach, the 
glucotetraosyl f luoride 19 was treated with an equivalent amount of 
the glucotetraosyl acceptor 17 to give a 27% y i e l d of a 3:1 mixture 
of 25 and the β-anomer. 

However, in this reaction, a major product was found to be the 
undesired 1,6-anhydro derivative 27, isolated in 30% y ie ld . 

As the y i e l d of the desired product 25 by both routes was 
comparable and the preparation of glucotetraosyl donor 19 requires 3 
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Scheme 8. 

steps from the intermediate 14 (Scheme 5), i t was more pract ical to 
use an excess of the glucobiosyl donor 9> as described in the f i r s t 
approach. 

The glucooctaosyl derivative 25 was converted into the f luoride 
28, in 4.7% overa l l y i e l d , in 3 steps (a) PdCl 2 — AcONa— aq.AcOH, (b) 
S0C12—DMF, and (ç) AgF. Deacylation of 28 with MeONa— MeOH— THF 
afforded a 92% y ie ld of the key intermediate 29· Compound 29 was 
cyclized in the presence of SnCl2—AgOSO-pCF^—Ά molecular sieves in 
Et 20—C1(CH 2) 2C1 to give an 8.4% y i e ld of perbenzylated gamma 
cyclodextrin, which was debenzylated with 10% Pd-C in HC02H—MeOH— 
THF—H20 to give an 80% y ie ld of gamma cyclodextrin (2). 

[C] Synthesis of iso-alpha cyclodextrin 
In the previous section we observed that intramolecular 

glycosylative cycl izat ion leading to alpha cyclodextrin was 2.Λ times 
more efficient in terms of the y i e l d obtained than that leading to 
gamma cyclodextrin. We have examined how regioselective this type of 
cycl izat ion is when the 4->6-diol derivative 30 is used to give 31 and 
32. Product 32 may be regarded as an iso-alpha cyclodextrin 
derivative. 

The synthetic plan is shown in Scheme 10. When used in 
combination with a glycosyl acceptor 17, the glucobiosyl donor 33 
(which carries different kinds of acyl protective groups on 0-Λ! and 
0-6'), may be suitable for the preparation not only of 30 but also 
of other intermediates carrying different functional groups at C-6 of 
the nonreducing-end glucopyranosyl residue of 30. 
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32 
Scheme 10. 

Diol 3Λ, readily obtainable from 12 (Scheme 2), was converted 
into the fluoride 33 in 5 steps in 35% o v e r a l l y i e ld . Glycosylation 
of compound 17 with 4.6 equivalents of the donor 33 afforded the 
desired glucohexaosyl derivative 35 in 18% y ie ld , together with the 
β-isomer 36 in 8.2% y ie ld . 
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H 0 "- \A_-a r OMCA 

~ Β „ " ^ - V - V 

OMCA 

3 5 
— 36 

Scheme 11. Synthesis of a glucohexaosyl intermediate. 

The transformation
in 50% overa l l y i e l d vi
(b) S0C12—DMF, (c) AgF, and (d) MeONa—MeOH—THF. The crucia l 
glycosylative ring-closure was achieved e f f ic ient ly in the presence 
of SnCl 2—AgOS0 2CF 3—4Â molecular sieves in C1(CH2)2C1 in 65% y i e l d 
to give a 1:2.5 mixture of 31 and 32. The structure of 31 was 
readi ly determined by i t s transformation into the perbenzyl 
derivative 5, which was identif ied with the same compound obtained 
previously in Scheme 6. The isomeric product 32 was transformed into 
the monoacetate 38, which showed a signal for acetyl methyl at δ 
1.901 in i t s ^H n.m.r. spectrum, and was also debenzylated 
quantitatively to give "iso-alpha cyclodextrin" 3, [O^D +81° (c 0.05, 
H 20). 

,OWCA ,OMCA 

3 5 37 

Λ ο 

30 31 R = B n / R'=OH 32 R = B n , R'=0l i 
" 5 R=R'=Bn 38 R = B n , R'=Ac 
~ Ί> R=R'=H 

Scheme 12. Glycosylative r ing closure. 
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In conclusion, by employing three key intermediates 6, 29, and 
30, intramolecular glycosylative ring closures were executed to 
afford alpha, gamma, and "iso-alpha" cyclodextrins, respectively-.^ 1 ) 
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Chapter 10 

Total Synthesis of ±-N-Acetylneuraminic 
Acid 

A New Strategy for the Synthesis of Glycosides 
of Sialic Acids 

Samuel J. Danishefsky1, Michael P. DeNinno1, James E. Audia1, 
and Gayle Schulte2 

1Department of Chemistry, Yale University, New Haven, CT 06511 
2Yale Chemical Instrumentatio

A total synthesis of the title compound has been achieved. One of the 
key strategic elements involved the use of a furan ring as a surrogate 
for a carboxylic acid. This logic has been applied, on a model basis, 
to the synthesis of sialo and KDO conjugates. 

Gottschalk was the first to encounter N-acetylneuraminic acid (Neu5Ac) during the 
course of his examination of the action of influenza viruses on various mucins (I). It 
is a member of a more widely occurring group of compounds known as sialic acids, 
which are N- and sometimes O- acylated derivatives of neuraminic acid (2.3). The 
sialic acids usually occur on the non reducing end of several oligosaccharide families. 
Most notable is the appearance of sialic acid residues in glycoproteins and glycolipids 
(gangliosides). The identification and evaluation of the full range of functions of 
sialic acids is an ongoing pursuit. In a general way they have been implicated in 
determining aggregation phenomena, viscosity and agglutination. The extent of 
sialylation of glyconjugates apparently has implications in governing their 
recognizability by various biological receptors, including those involved in 
immunological surveillance (4). 

Our interest in the synthesis of Neu5Ac involved a confluence of several 
considerations ( £). The program we envisioned would test issues pertinent to the 
use of the diene-aldehyde cyclocondensation reaction in the synthesis of 
polyoxygenated natural products, including the higher order monosaccharides (©. 
Also, the need to deal with attainment of the required side chain configurations at C7 
and Cg would pose some fresh challenges to another capability, i.e., that of 
transmitting chirality from a pyranose ring to stereogenic centers emerging on a side 
chain (2). Moreover, there evolved the possibility that the chemical logic which was 
basic to the synthesis of Neu5Ac (i.e., use of the furyl function, vide infra) might 
find application in the construction of sialoconjugates. Three important examples of 
such conjugates are described in Figure 1. 
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OLIGOSACCHARIDE 

COOH 

GLYCOPROTEIN 
O-SUGARS ι 

PROTEIN 

OH OH 

O-SUGARS 

GANGLIOStDE CERAMIDE 

Figure 1. Structures of representative sialoconjugates. 
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We considered application of the logic inherent in the Lewis acid catalyzed diene-
aldehyde cyclocondensation to the synthesis of Neu5Ac. In principle, an erythrose 
aldehyde of the type 2 might react with an appropriate version of diene 3 in which a 
C\ carboxy equivalent has been incorporated. At this juncture we had very little 
information as to the facial selectivity of suitably protected versions of 2 (P = 
protecting group) and as to the ratio of cis : trans dihydropyrone derivatives which 
might arise from such a cyclocondensation reaction. Also uncertain was the 
usefulness of the construct which relies on a diene of the type 3. Smooth access to 
such a system might not be a simple matter. Even more serious was the question of 
the magnitude and even direction of regiochemical preference which might be 
expected from such a diene with a typical aldehyde in the cyclocondensation reaction. 

Furthermore, it would be useful if the projected dihydropyrone of the type 4 
could be converted to a glycoside (cf. 5) during the steps required to reach Neu5Ac. 
The prospects of generating such a glycoside from a system such as 4, and of 
maintaining a Οχ carboxyl-containing function during the course of the program, 
were not very promising . 

It seemed that several concerns about the viability of the strategy based on diene 
3 could be simultaneously addressed via the use of a furyl diene. Through this 
conceptual variation, the electronic nature of the C\ fragment was changed in a 
fundamental way (cf. 3 and 6). This strategic reformulation was seen to have 
potentially favorable ramifications for all of the uncertainties expressed above 
relevant to 3 (see Figure 2) 

The total synthesis of racemic KDO provided the opportunity to test some of 
these concepts in the field (£). While much simpler than Neu5Ac, KDO, and 
glycosides thereof, are potentially very important. TTiey are present as substructural 
units in the cellular system of Gram negative bacteria (9.10). Of importance to us at 
the moment is that during the course of the KDO effort, the synthesis of diene 7 was 
achieved from 2-acetylfuran. Lewis acid (BFa) catalyzed cvclocondensation 
reaction of 8 with α-phenyselenopropionaldehyde was realized, though the cis : 
trans ratio in methylene chloride at -78° C was a disappointing 2.4 : 1. The 
synthesis also established several other feasibility demonstrations. Simple 
glycosides containing the C\ furyl fragment could indeed be readily generated and 
maintained. Moreover, oxidative fragmentation of the furan with retrieval of the C i 
carboxy group at a strategic point was workable (see Figure 3). 

We were thus ready to apply these findings to the more difficult Neu5Ac 
problem. At the planning stage, we did not want to add the question of the facial 
selectivity of an aldehyde such as 2 to an already formidable list of uncertainties. 
Therefore, in this testing stage, we first examined the cyclocondensation of the 
achiral aldehyde 8 with diene 7. In so doing we would be obliged to address later 
the issue of communicating relative stereochemistry from a pyranose ring to its side 
chain. As noted at the outset, the solution to such a problem was of some interest to 
us. 
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Figure 2. The concept of the furan surrogate. 
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PhSe 

TMSO 7 Ο K D O 

9 X = OBz; Y = H; Z = 0 

9a X = H; Y = OBz; Z = 0 
10 X = OBz; Y = H; Z= ΡΟΗ, aH 

11 R = Η 
12 R = TBS 

Figure 3. The synthesis of a furyl glycoside. 
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Of course, with the drastic simplification inherent in the use of aldehyde 8 as 
the "real world" equivalent of the hypothetical threose 2, came the postponement of 
the goal of the synthesis of the natural enantiomer of Neu5Ac. The only way to 
strive for enantiospecificity would involve replacing 7 with another diene equipped 
with a chiral auxilliary ( i l ) . At this exploratory stage, we preferred to accept a 
downscaling of goals, confident that lessons learned in the synthesis of racemic 
Neu5Ac could be applied to the preparation of enantiomer 1 (synthesis of (-) Neu5Ac 
has been accomplished; DeNinno, M. P., Yale University, unpublished data). 

Results 

The Total Synthesis of Racemic Neu5Ac. An important practical advance was 
attained when it was found that cyclocondensation of 7 + 8 in toluene as solvent at -
78° C afforded ca. a 5.1 : 1 yield of 9 : 9a in 78-80% yield. Reduction of the 
mixture with sodium borohydride in the presence of cerium (ΙΠ) chloride trihydrate 
gave an 80% yield of 10, isolate
projected, the vinylogous keteneacetal-lik
smooth addition of methanol under catalysis by camphorsulfonic acid in MeOH-
toluene. Compound 11 was obtained in 82% yield. The alcohol function at C 4 was 
converted (95%) to its TBS ether, 12, via reaction with tert-butyldimethylsilylmflate 
and 2,6-lutidine. The advantages of the unique silyl protection of the C 4 hydroxyl 
group were to be exploited later in the synthesis, as a device to distinguish the 
adjacent alcohol at C5. The early steps of the synthesis are summarized in Figure 3. 

The next phase focused on the goal of elaboration of the side chain in the 
desired sense. The primary alcohol function at C7 was unveiled by hydrogenolysis 
(Pd(OH)2/EtOAc-MeOH). Oxidation of the resultant compound 13 with chromic 
oxide- pyridine afforded aldehyde 14, which was now to be elongated through some 
variation of a Horner-Emmons type of reaction. Shortly before these investigations 
were launched, Still had demonstrated the use of phosphonate 15 as a device to 
achieve the two-carbon extension of an aldehyde to a Z-enoate (12). Happily, 
application of the Still method to compound 14 afforded the desired 16, mp 120-
121° C, in 80% yield as a 20 : 1 mixture of Ζ : Ε enoates. 

One way in which the Ζ-α,β-unsaturated carbonyl functionality could be 
exploited would be via its incorporation into lactone 17. It could be predicted with 
some confidence that external reagents would attack the bicyclic lactonic system from 
its convex face. Such an α attack by osmium tetroxide would provide the correct 
7,8-erythro diol stereochemistry required to reach Neu5Ac. This anticipation turned 
out to be well founded. 

The method by which lactone 17 was obtained was not without its own 
implications for the synthesis. Treatment of 16 with dry tetra n-butylammonium 
fluoride in acetonitrile achieved desilylation. Not unexpectedly, this process 
triggered migration of the C5 benzoyl group to the newly unveiled C 4 alcohol. The 
C5 alcohol thereby liberated underwent lactonization to the desired 17 (61% yield 
from 16). Indeed, reaction of 17 with stoichiometric osmium tetroxide in pyridine-
THF afforded a single diol formulated as 18 in 97% yield (see Figure 4). 
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Figure 4. The lactone option for stereochemical control at 
carbons 7 and 8. 
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The next stage would involve conversion of 18 to a tetra acylated pentaol 
with a uniquely exposed axial alcohol at C5 . Early difficulties were encountered in 
attempts to cleave the lactone to its corresponding hydroxy ester. Difficulties were 
also experienced in manipulating the highly polar compounds arising from attempted 
reductive opening of 18. 

Lack of success during these preliminary skirmishes occasioned us to 
examine a more direct, if less predictable, possibility, i.e., the osmylation of Z-
enoate 16 itself. Obviously, the capacity to foresee the diastereofacial outcome of 
such a reaction on a substrate containing an acyclic double bond is less than is the 
case in a conformationally restricted cyclic setting such as lactone 17. Our hope with 
compound 16 was that it would assume an antiperiplanar arrangement (see 16a) and 
that such a rotamer would be attacked from its less hindered α-face. At the time the 
experiment was performed, there was virtually no direct analogy to guide us in this 
matter. An X-ray crystallographic determination of a conceptually related compound, 
i.e.. aldehyde 19, showed it to assume a nearly antiperiplanar conformation  The 
α,ρ-unsaturated ester coul
preference. It was our conjectur
pyranosidal oxygen atom is orthogonal to the π-orbitals, would provide the least 
depletion of the already electronically deficient enoate double bond (12). 

In the event, osmylation of compound 16 in pyridine, followed by the usual 
workup, afforded a 92% yield of an 18 : 1 mixture of two diols. That the major one, 
mp 136-139° C, has the stereochemistry implied in 20 need not be debated in light of 
a single crystal determination of its 7,8-bis-3,5-dinitrobenzoate derivative 21, mp 
114.5-115.5° C (see Figure 5). f 

It should be noted that the success of a prediction does not, per se, validate 
the underlying reasoning. We have investigated the matter in greater detail. The 
issues of ground state conformation and vectoral sense of attack on compounds such 
as 16 are treated elsewhere (DeNinno, M. P.; Danishefsky, S. J.; Schulte, G. L 
Am. Chem. Soc.. manuscript submitted). Suffice it to be said here that the ground 
state conformation of compound 16, as determined by X-ray crystallography, reveal 
it to be of the antiperiplanar type (0-C6-C7-Cg dihedral angle = 162°). Thus, there is 
no experimental reason to douot the model of α-attack on conformer 16a, though the 
matter cannot be considered to be established. 

While there is ample room for debate at the theoretical level, the importance of 
this straightforward route to compound 20 could hardly be missed. Attention could 
now be directed to the necessary functional group adjustments. Reduction of the 
ester (lithium triethoxyborohydride) followed by benzoylation (benzoyl chloride, 
DMAP) afforded an 80% yield of 22. Treatment of this compound with ruthenium 
dioxide in the presence of sodium metaperiodate, followed by diazomethane, 
provided ester 23 in 90% yield. 

The overall strategy for installation of the C5 equatorial acetamido group was 
foreshadowed by the manner in which lactone 17 was constructed (vide supra). 
Thus, treatment of 23 with HF in methanol led to desilylation and partial benzoyl 
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Figure 5. Stereospecific osmylation of the acyclic Z - C 7 - C 8 
olefin. 
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migration from C 5 . The latter process was furthered by treatment of a methylene 
chloride solution of the C 4 alcohol with potassium carbonate. It was noted that 
during this treatment there was a further tendency for benzoyl migration from C7 to 
occur. The relative thermodynamic stability of the C^.Cj diol monobenzoate 
permutants has not been determined. Given the C7—»C5 benzoyl migration problem, 
and given the need to avoid adventitious debenzoylation, the 65% yield realized in the 
transformation of 23 to 24 was acceptable. 

The uniquely distinguished axial alcohol at C5 was activated by triflation and 
the resultant triflate was displaced by the action of tetra n-butylammonium azide in 
benzene at room temperature. Compound 25 was thus available in 86% yield from 
alcohol 24. Hydrogenolysis ((H2/Pd(OH)2Q followed by acetylation afforded 
compound 26 in 96% yield. The richly detailed NMR spectrum (490 MHz) of 26 
was identical in every respect with that of the L-antipode derived from reaction of 
Neu5Ac, first with acidic methanol and then with benzoyl chloride under the 
influence of DMAP. The infrared and mass spectra  as well as the chromatographic 
characteristics of the two materials

Finally, saponification of ±26 followed by acid treatment (Dowex resin) 
afforded racemic Neu5Ac, whose NMR spectrum (490 MHz) and chromatographic 
properties were identical with those of authentic Neu5Ac. An efficient and 
stereoselective total synthesis of ±Neu5Ac had been accomplished as shown in 
Figure 6. 

A New Approach to Sialic Acid Glycosides. One of the key steps in our synthesis of 
Neu5Ac was the addition of methanol to 10. The furan presumably stabilizes the 
cation formed by protonation of the β-carbon of the glycal. Indeed, as discussed at 
the outset, the de facto nucleophilic character of the furan was one feature which 
recommended its use. 

The possibility presented itself that carboxyglycosides of the KDO or 
sialoconjugate type might be synthesized from a C-furyl substituted glycosylating 
agent such as 27 (14-Γ6). If all went well, 27 would react with a unique alcohol 
of an otherwise protected sugar, to produce 28. Oxidation of the furan would give 
rise to 29. The thought was that, at least in certain respects, this sequence might 
have advantages over the rather more conventional use of system 30 (see Figure 7). 

Of course, to put such an idea to use in the construction of sialoconjugates, 
the non-trivial matter of synthesizing the C-furyl sialylating agent would have to be 
addressed. In principle, this could be accomplished by total synthesis, using 
methodology described above. However, implementation of such a conception 
would have to await the realization of our ideas for an enantiocontrolled version of 
the above synthesis. The prospect of using a racemic sialyl donor was not attractive. 
In principle, the possibility of installing the furan via modification of Neu5Ac itself 
could be entertained. 
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Figure 6. Completion of the synthesis of racemic Neu5Ac. 
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Sugar OH 

- HOL 
Sugar Ο 

28 R « 2-furyl 

R0 2C ο 

LO 

30 
0 L » leaving group 29 R = C02Me 

Figure 7. Furan promotion of glycosylation. 

Before embarking on either of these routes, it seemed appropriate to 
investigate the feasibility of the central hypothesis in more accessible model systems. 
To this end, lactones 31 and 32, prepared as shown from D-glucal and D-galactal 
respectively, were converted to the corresponding Ci-furyl substituted methyl 
glycosides 33 and 34. We note that in each case the immediate furyllithium addition 
product existed substantially in open chain form. It was the mixed acetalization 
process, occasioned by the action of methanol and trimethylorthoformate in the 
presence of camphorsulfonic acid, which brought about the ring closure. 

It was pleasing to find that simple acid-catalyzed exchange between furyl 
methyl glycoside 33 and the galactose equivalent donor 35 proceeded quite smoothly 
in benzene under the influence of camphorsulfonic acid. A 60% yield of 
disaccharides 36 and 37 was obtained. Oxidative cleavage of the mixture followed 
by esterification gave a 3 : 1 mixture of 38 and 39. That the major product 
corresponds to the one with an equatorial glycosidic bond (which is the case with the 
natural sialoconjugate) was established by NMR analysis in comparison with 
sialoglycosides of known configuration (1£). These results are summarized in 
Figure 8. 

A still more promising result was achieved through the use of compound 40 
as the nucleophile (17). The coupling of 40 with 33 and 34 moderated by 
trimethysilyltriflate occurred in methylene chloride at -78° C to afford substantially a 
single isomer in each case in 65-70% yield. The products 36 and 41 were 
converted, by oxidation-esterification as described above, into 38 and 41, 
respectively (see Figure 9). 

Thus the furan surrogate provides a promising route to complex conjugates 
bearing an anomeric C-carboxyl group. It will be recognized that the model systems 
obtained therefrom correspond, in the relative configurations of the two hexose 
rings, to that found in complex KDO conjugates. Presumably, with accessibility to 
the antipodal furyl substituted sialylating agents, the relative configurations found in 
sialoconjugates could be fashioned. Ongoing studies in our laboratory seek to 
develop and exploit these themes more fully. 
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Chapter 11 

Total Synthesis of the Biologically Active 
Form of N-Acetylneuraminic Acid 
A Stereospecific Route to the Construction 

of N-Acetylneuraminic Acid Glycosides 

Samuel J. Danishefsky and Michael P. DeNinno 

Department of Chemistry, Yale University, New Haven, CT 06511 

The use of S-2-phenylselenopropanal in the synthesis of the naturally 
occurring (8R) antipode of the title compound is described. This 
chemistry was adapted to achieve a total synthesis of a sialic acid 
glycoside in a stereospecific fashion. 

In the preceding chapter, (1-3) we described a total synthesis of racemic (±) N-
acetylneuraminic acid (Neu5Ac). In that report we summarized the history of 
Neu5Ac and its involvement, via glycosides, in a host of important biological 
functions. We also described some preliminary studies which demonstrated the 
feasibility of exchanges of the methoxyl group of furyl glycosides (cf. 1 and 2) with 
a variety of alcohols including primary OH groups of hexose derivatives (see 
formation of 3 and 4). The furyl residues are readily oxidized to carboxylic acids 
(cf. 3 —> 3a). The sequence of exchange with a hexose based hydroxyl group, 
followed by oxidation, constituted a possible route to analogs of sialic acid 
glycosides. Adding to the attractiveness of this strategy was the finding that the 
exchange reaction was stereospecific, leading to equatorial glycosides of the type 4. 

Of course C-glycosylfurans bearing the functionality pattern suitable for 
construction of Neu5Ac were intermediates in our total synthesis (3). Recourse to 
such intermediates for the exchange reaction would provide products which are 
more realistic in terms of obtaining the full structural and stereochemical detail of 
Neu5Ac glycosides than was the case for model systems 1 and 2 described in Part I 
of this volume (1) Indeed, the absolute configurations of the pyranose rings of 1 
and 2 are antipodal to the corresponding ring of Neu5 Ac glycosides. However, the 
total synthesis was being conducted in the racemic series. Thus the proposition of 
using these advanced, fully synthetic intermediates as substrates for the exchange 
reaction would face the usual awkwardness in coupling a racemate with a single 
antipode. 

The goal of a total synthesis of a biologically active natural product should 
never be regarded as fully realized until the relevant enantiomer is obtained in 
homogeneous form. In the case at hand, the attainment of the goal was a 
particularly urgent matter, since the synthesis of Neu5Ac glycosides was the 
primary thrust of the effort. 

0097-6156/89/0386-0176$06.00/0 
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Neu5Ac 

The convergence of two findings simplified the synthesis of naturally 
occurring Neu5Ac (with the CsS configuration). The first discovery arose during 
our synthesis of racemic KDO, wherein the cyclocondensation of racemic 5 with 
diene 6 afforded, as the principal product, dihydropyrone 7(4). Indeed compound 
7 was accompanied by varying amounts of the corresponding trans disubstituted 
dihydropyrone. However, the important information (not obscured by the fact that 
the reaction was conducted on racemic material) was the total diastereofacial 
connectivity, in the Cram Felkin sense (5-6). between the selenium-bearing 
stereogenic center of 5 and the absolute configuration of the resultant pyranose. For 
the synthesis of racemic KDO this connectivity was helpful in that it simplified 
characterization of products, but clearly was not crucial. For the program at hand, it 
meant that access to the appropriate (S) antipode of the aldehyde (i.e., 5S) would 
allow for a route to the natural form of Neu5Ac. 

The second finding was a disclosure from the laboratory of Paul Hopkins 
(2) which provided experimental protocols wherein either the S or R enantiomers of 
compound 5 could be obtained from ethyl lactate. Thus the combination of the 
discoveries of Pearson (4) and Hopkins provided the basis for a synthesis of both 
the naturally occurring (8R) Neu5Ac and (7R) KDO. 
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Me 

PhSe- PhSe-

X 

Ο 

7 X = βΟΒζ; aH 

β X = αΟΒζ; βΗ 

•Η 

•Ο 

TMSO 
6 

The Synthesis of Neu5Ac 
Cyclocondensation of 5S prepared according to Hopkins with diene 6 using 
BF3-OEt2 in methylene chloride at -78° C afforded a 5:1 ratio of 7 to its trans 
isomer, 8. Compound 7 was substantially optically pure (enantiomeric 
homogeneity was eventually achieved after crystallization of enoate 15). The next 
sequence of steps was closely patterned after those employed in the racemic KDO 
synthesis (4). Reduction wit
alcohol 9 which upon methanolysi
smooth methanolysis reaction was a favorable precedent for the feasibility of the 
exchange reaction (vide infra) in that it suggested stabilization by the furan of the 
oxonium ion character. Compound 10 was converted to its tert-butyldimethylsilyl 
ether 11. Oxidative elimination of the selenoxide, derived from treating 11 with 
aqueous hydrogen peroxide, afforded overwhelmingly the vinyl compound 12. 
Treatment of 12 with osmium tetroxide afforded 13 which, upon exposure to lead 
tetraacetate, gave aldehyde 14. The racemic version of 14 was an intermediate in 
our preparation of racemic Neu5Ac Q). Accordingly, it was a simple matter to 
retrace these steps in the enantiomorphically homogeneous series to produce 
optically pure Neu5Ac. 

It is of interest to consider in retrospect the logic of the chirality transfers 
involved in this synthesis. In essence stereochemical information was passed from 
the stereogenic center of 5S to control the sense of emergence of the pyranose ring 
in compound 8. Eventually, at the stage of Z-enoate 15, stereochemical information 
is passed from the ring back to the double bond in the all critical osmylation reaction 
(9). 

The Synthesis of KDO 
This synthesis was accomplished using selenoaldehyde 5R. Again, 
cyclocondensation with 6 gave ent 7. Using the same steps as were used for the 
Neu5Ac synthesis, ent 7 was converted to ent 13. From there the steps to the 
naturally occurring (7R) antipode of KDO merely involved retracing steps followed 
in the synthesis of the racemate. 

The Synthesis of Sialic Acid Glycosides 
After considerable trial and error, compound 16 was identified as the latest 
intermediate in the Neu5Ac synthesis on which one could achieve the exchange 
glycosylation. The exchange reaction was carried out using four substrate alcohols. 
The conditions and results are shown in Table I. In the three carbohydrate cases the 
furan ring was converted to the corresponding methyl ester by oxidation with 
ruthenium tetroxide followed by esterification with diazomethane. In each case the 
equatorial glycoside was obtained stereospecifically. This specificity might well be 
the result of thermodynamic equilibration at the stage of the furan. 
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TMSO' 

7 X = βΟΒζ; oH;Y = 0 
8 X = αΟΒζ; βΗ; Y = 0 
9 Χ = βΟΒζ;αΗ;Υ = βΟΗ;αΗ 

MeOH/H* 

14 

Finally, in the case of compound 17, the system was transformed to the 
sialic acid glycoside 20. The key step in this regard was the benzoyl migration 
shown as 18 -» 19. This planned axial benzoate -> equatorial benzoate 
rearrangement served to liberate the single axial alcohol at C5 for activation 
(triflylation) and displacement (tetra-N-butylammonium azide). An analogous 
sequence had been employed in the total synthesis of racemic Neu5Ac (3). 
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The successful application of compound 16 to the synthesis o f sialic acid 
glycosides points to the need for a more direct and efficient route to such systems. 
Partial synthesis from carbohydrate sources would be a promising alternative to total 
synthesis. This goal and the goal of extending the scope of the exchange reaction to 
include secondary sugar alcohol substrates, are now important objectives of our 
laboratory. 

OBz 

17 

R 
20 

18 R = H; R* = PHCO 
19 R=PhCO; R* = H 
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Chapter 12 

Stereoselective Synthesis of Carbohydrates 
from Acyclic Precursors 

R. R. Schmidt 

Fakultät Chemie, Universität Konstanz, D-7750 Konstanz, Federal 
Republic of Germany 

Inverse typ
between β -acy loxy-α-phenyl th i
a, β-unsaturated cabonyl compounds as 1-oxa-
1,3-dienes, enol ethers, α-alkoxy acryl-
ates, and styrenes, respectively, as 
hetero-dienophiles result in an efficient 
one step synthesis of highly func-
tionalized 3,4-dihydro-2H-pyrans (hex-4-
enopyranosides). These compounds are 
diastereospecifically transformed into 
deoxy and amino-deoxy sugars such as the 
antibiotic ramulosin, in pyridines having 
a variety of electron donating substi-
tuents, in the important 3-deoxy-2-gly-
culosonates, in precursors for macrolide 
synthesis, and in C-aryl-glucopyranosides. 

Carbohydrate derivatives and related natural products 
are mainly synthesized by transformation of readily avai
lable sugars ( 1 - 2 ) . However, the high denisty of func
t i o n a l groups of comparable r e a c t i v i t y requires regio-
selective protection and deprotection measures arid 
stereospecific functional group exchange reactions which 
often result in multistep syntheses. Several methods have 
been developed over the last years which are useful in 
the diastereoselective and the enantioselective gene
ration of new stereocenters (4.) . Therefore "de novo syn
theses" or "to t a l syntheses" of carbohydrate derivatives 
and related natural products from achiral starting mate
r i a l s may be competitive or even superior (5.-10.) · 

NOTE: This chapter is part 31 in the series, "De Nnvo Synthesis of Carbohydrates and Related 
Natural Products". 
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For the generation of several contiguous c h i r a l cen
ters, two alternative key step reactions can be applied: 
(i) stereoselective CC-bond formation; and (i i ) stereo
selective functionalization of compounds having already 
the required carbon skeleton. In the de novo-synthesis of 
carbohydrates and related natural products v i a inverse-
type hetero-Diels-Alder reactions both of these prin
ciples are especially well documented as w i l l be shown 
below (8-10). 

Aiming at the pyranose form of sugars, normal type 
hetero-Diels-Alder reactions were extensively used for 
the synthesis of functionally substituted dihydropyran 
and tetrahydropyran systems (5-10) (see routes A - D in 
the general Scheme 1) which are also important targets in 
the "chiron approach" to natural product syntheses (3.) . 
Hetero-Diels-Alder reactions with inverse electron demand 
such as a, β-unsaturated carbonyl compounds (l-oxa-1,3-
dienes) as heterodiene
dienophiles, are an
3, 4-dihydro-2u-pyrans (H) . 

RO--<^ V-OR ε φ 

RO OR 

RO 

RO 
RO-

-OR 

0=0 
® ROv + -, — /r~t-
Φ Φ R ^ 

(Z-OR, H) 

X = 0 R : 1 S T E P ID'- SEVERAL STEPS 

>=° 

R0-^jr-0R Ο 1 
IX=0R I 

"Ο © κ + 

X - < >—OR ι 0 Χ—ΧΛ //—OR 
( X = H ( A l k y l ) 
(Y H , 0 R ) 

Scheme 1 

Recent investigations have demonstrated that electron 
withdrawing substituents at the α-position increase the 
rate of this reaction strongly (12.) .This reaction would 
have great potential for natural product syntheses provi
ded that additional electron donating functional substi
tuents could be introduced in the β- and α-positions, that 
enol ethers, enediol ethers, ketene acetals could react 
as dienophiles (see route Ε in Scheme 1) . In addition, 
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high d i a s t e r e o s e l e c t i v i t i e s are required in the bond 
formations. 

g-Acyl^-methoxv Substituted 1-Oxa-l,3-dienes. 

We f i r s t turned our attention to the reaction of a-
methoxymethylene substituted carbonyl compounds such as 
1-oxa-l,3-dienes (Scheme 2) with enediol ethers providing 
the desired 3,4-dihydro-2H-pyrans (hex-4-enopyrano-
sides)in high yields (12-14). However, the endo/exo-
s e l e c t i v i t y was very often low. Correspondingly, low dia
s t e r e o s e l e c t i v i t i e s were already observed in more simple 
cases (11); they were explained in terms of secondary 
o r b i t a l overlap of the HOMO of the dienophile and the 
LUMO of the 1-oxa-l,3-diene (11.). According to t h i s prin
c i p l e the endo-selectivity could be increased by having 
better electron donatin
and/or stronger electro
heterodiene. This was exemplified in several reactions, 
for instance in the case of a ot-nitro substituted α,β-
unsaturated carbonyl compound reacting with methyl ene
d i o l ehter (10, 12) (Scheme 2). 

Scheme 2 

The scope of this cycloaddition reaction was very 
promising. Subsequently, removal of the CC-double bond 
and stereoselective functionalizations at positions 4 and 
5 (carbohydrate numbering) was investigated for the syn
thesis of carbohydrates and related natural products, to 
provide C-3 branched carbohydrate derivatives (or C-4 
heteroatom substituted derivatives after carbon/he-
teroatom exchange reactions). However, the desired 
hydrogénation of such systems with various hydrogen 
donors has mainly resulted in low yields and/or side 
reactions due to the inherent s t a b i l i t y of the formal CC-
double bond (12, 15). 
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β-Acyloxy-g-phenvlthio Substituted 1-Oxa-l,3-dienes 

The aim of using the inverse type hetero-Diels-Alder 
strategy with 1-oxa-l,3-dienes for the synthesis of 
carbohydrates and related natural products was to make a 
carbon substituent at the 4-position redundant. Instead, 
a functional heterosubstituent would be more advanta
geous. Because β-alkoxy a, β-unsaturated carbonyl compounds 
having no electron withdrawing substituent at the a-
position are very unreactive towards enol ethers (JL6.) , 
we undertook investigations to introduce a functional 
substituent at the α-position (appearing in 4-position of 
the cycloadduct) which (i) increases the rate and the 
diastereoselectivity of the cycloaddition reaction, and 
(ii ) enables a straight forward introduction of hydroxy, 
amino, methyl, hydrogen, and perhaps other substituents 
in a diastereospecifi
phenylthio a, β-unsaturate
1,3- dienes demonstrate that the α-phenylthio group in 
combination with a β-acyloxy group f u l f i l l s these require
ments (Scheme 3) (12., 15., 17-19) . 4-Functionalization and 
derivatization in general i s predisposed by the 
phenyltioenol ether structure. 

Scheme 3 
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The starting materials j2 were readily obtained from 
phenylthioacetyl derivatives'^. The 1-oxa-l,3-dienes 2a-e 
exhibited satisfactory r e a c t i v i t y at 50 to 70 °C provi
ding the expected dihydropyrans 3a-e in high yields. 
Compound 2f furnished the correspondig dihydropyran 3f at 
room temperature demonstrating an exceptionally high 
r e a c t i v i t y for this starting material. The endo/exo-
diastereoselectivity in these reactions, on the other 
hand, was found to vary; however, in the most important 
cases, such as a, d, and f, a high endo-preference was 
observed. From these results i t can be concluded that i t 
i s not the extent of the electron withdrawing character 
of the carbonyl substituents, but the overall electron 
polarization in the 1-oxa-l,3-diene system, balanced by 
the attached substituents, and thei r stereochemical 
demand, that lead to a favorable HOMO-LUMO interaction in 
the endo-transition state (18., ϋ ) · With the O-methyl 
mandeloyl group as
fe r e n t i a l formatio
achieved. 

OBn 

OEt 

OMe 

RaNi,EtOH (69 V.) 

1. R a N i , THF 

2. BH3-SMe 2 

H202/NaOH 

(75 V.) 

.Οθη / O H . Ο θ η 

HO 

R = TBS — ι 
TBAF (qui 

R - Η 1 

2- DEOXY- L- GLUCOSE 

Scheme 4 
As indicated in Scheme 4, removal of the 3-O-acyl 

group and protection of the 3-hydroxy group as t e r t . -
butyldimenthylsilyl or benzyl ethers gave the two 3,4-
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dihydropyran intermediates which were diastereospecifi-
c a l l y converted into 2, 4-dideoxy-L-threo- and 2-deoxy-L-
arajbino-hexopyranosides (2-deoxy-L-glucopyranoside) , re
spectively (J/7) . As indicated in the box of Scheme 4, due 
to the anomeric and the a l l y l i c effect one conformer i s 
preferred which i s dia s t e r e o s p e c i f i c a l l y attacked by the 
borane reagent and also by Raney nickel from the less 
hindered s i t e . This reaction was recently extended to the 
use of 1-oxa-l,3-dienes having an acylamino instead of an 
acyloxy substituent which successfully provided 3-amino-
3-deoxy sugars (20.) . 

Thus, the inverse-type hetero-Diels-Alder reaction 
based hexopyranoside synthesis i s high yielding and 
permits the diastereospecific generation of up to four 
c h i r a l centers. Concomitant stereocontrolled generation 
of a f i f t h c h i r a l center at the 2-position i s also 
possible as i s shown below  The direct access to 
p a r t i a l l y O-protecte
protecting groups (se
tage of this method because carbohydrates are usually 
required for regioselective glycoside bond formations in 
the form of glycosyl donors and acceptors. 

Modification of the 1-Oxa-l,3-diene 

The attachment of a c h i r a l group in the 2-position of 
the 1-oxa-l,3-diene should be a simple means for diaste-
reoselective syntheses of higher sugars. This i s exempli
f i e d in Scheme 5 for the synthesis of a 2-deoxy-D-
galacto-heptose derivative (De Gaudenzi, L; Apparao, S.; 
Schmidt, R.R.; unpublished r e s u l t s ) . From methyl glyce-
rate the required o p t i c a l l y active 1-oxa-l,3-diene with 
Ό-glycero configuration was obtained. With enol ether as 
a heterodienophile, the D-erythro-dihydropyran was formed 
pr e f e r e n t i a l l y . The diastereomer ratio could be even 
increased with the help of the O-methyl-L-mandeloyl group 
as c h i r a l auxiliary by double diastereoselection. The 
usual transformations provided the 4-0-unprotected 2-
deoxy-D-galacto-heptose derivative as an ethyl glycoside. 
The structure was assigned through transformation to the 
known ethyl 3,4,6, -tri-0-benzyl-2-deoxy-ot-L-glucopyrano-
side (15). 

The general usefulness of the developed methodology 
can be v e r i f i e d also in different areas. Thus chemoselec-
ti v e reactions could be also carried out with β-unsubsti-
tuted α-phenylthio substituted a, β-unsaturated carbonyl 
compounds and enol ethers as outlined in Scheme 6 (21) . 
Naturally occuring 2,3,6-trideoxy and 4-amino-2,3,4,6-
tetradeoxy sugars are obtained quite readily from this 
methodology. 
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Scheme 6 
The e f f i c i e n c y of t h i s approach with carbon substi

tuents at the β-position was demonstrated in the synthesis 
of the a n t i b i o t i c ramulosin (Scheme 7) (10, 21) . This 
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approach should also be applicable to the synthesis of 
the biogenetically related a n t i b i o t i c s hydroxyramulosin 
and actinobolin which recently gained importance because 
of interesting b i o l o g i c a l properties. Ramulosin i n h i b i t s 
the germination of seeds and spores of microorganisms 
(22). Actinobolin has broad spectrum a n t i b i o t i c and mode
rate antitumor a c t i v i t y . It i s a potential c a r i o s t a t i c 
agent (23.) . This compound i s str u c t u r a l l y related to the 
very promising antitumor agent bactobolin (24.) . As out
lined in the retrosynthesis (Scheme 7) the required 1-
oxa-1,3-diene precursor Β should be readily available 
from a 4-formylbutanoate derivative and phenylthio-
acetone. Hetero-Diels-Alder reaction with enol ether or 
ketene acetal derivatives should then provide the desired 
dihydropyran intermediate A which after diastereose-
l e c t i v e CC-double bond transformation and chemoselective 
ring closure yields the target molecule

a c t i n o b o l i n 

Scheme 7 (Reprinted with permission from ref. 21. Copyright 
1988 Pergamon.) 

The required 1-oxa-l,3-diene precursor was synthesi
zed according to the synthesis design (Scheme 8) . 
Cycloadditon with enol ether furnished exclusively the 
endo-isomer. Raney nickel treatment in refluxing ethanol 
yielded in one step the desired tetrahydropyran 
derivative in a favorable 6:1 cis/trans r a t i o . 
Transformation into the lactone and ring closure with 
potassium tert.-butoxide afforded (±) -ramulosin. 
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Alternatively, in an even shorter route through ketene 
dithioacetal cycloaddition this molecule was obtained 
(Scheme 8) (10, 21). 

S P h 
( ± ) - R A M U L O S I N 

0 H 

L D A , Z n C t 2 J H F ( 75 V.) 

, S P h 
Μ β Ο ν 

Η Γ" " OEt 
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( 7 2 V.) 

S P h 
Me 

o y o 
M e S SMe 

ΜβΟ Λ Η 

y V V y M i 1.CF 3 -CQQH(6^/.
0 T ° 2 . PCC ,A I 2 0 3 ( 55V . ) 

OEt 

HgC l 2,Hgo|(qu) 

1 ( 8 0 V . , 7:1) 0 Υ 0 

K O B u * T H F ( B O V . ) 

Scheme 8 (Reprinted with permission from ref. 21. Copyright 
1988 Pergamon.) 

Modification of the Heterodienophile 

The inverse type hetero-Diels-Alder reaction of func
t i o n a l l y substituted a, β-unsaturated carbonyl compounds 
was also possible with C-alkyl substituted enol ethers 
(Scheme 9) (25) . This was demonstrated in the synthesis 
of pyridines required for the formation of potential 
ATPase i n h i b i t o r s . Deacylation of the cycloadducts, oxi
dation of the hydroxy group, alcohol elimination, and 
ammonia treatment provided γ-pyridones. They were trans
formed upon O-alkylation into pyridines possessing an 
interesting array of different electron donating substi-
tuents. 

Also propiogeninic type macrolide moieties should be 
accessible via t h i s inverse type hetero-Diels-Alder 
methodology. This was recently exhibited starting from 
cis-propenylether as heterodienophile (Schmidt, R.R.; 
Haag-Zeino, B.; Hoch, M./ Liebigs Ann. Chem., in press). 
In a highly endo-selective cycloaddition reaction and in 
subsequent diastereoselective transformations of the 
methyl substituted dihydropyran obtained a 2,4-dimethyl-
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3,5, 6-trihydroxy-hexanal structure could be generated 
with stereocontrol over five consecutive c h i r a l centers. 
The r e l a t i v e stereochemistry of carbon atoms C-2 to C-5 
matches a p a r t i a l structure of rifamycin S. 
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Scheme 9 

3-Deoxy-2-glyculosonates are biochemically generated 
from phosphoenol pyruvate and phosphorylated sugars in an 
aldol type reaction (Scheme 10, routes A - C) (26) · They 
are an important class of natural products: 3-deoxy-D-
arajbi/io-2-heptulosonate (pathway A) i s a metabolic int e r 
mediate in the shikimate pathway, providing aromatic 
amino acids (Phe, Tyr, Trp) and f i n a l l y proteins thereof; 
3-deoxy-D-/nanno-2-octulosonate (KDO) (pathway B) i s an 
integral constituent of the lipopoly-saccharides of Gram-
negative bacteria (27.) ; 5-acetylamino-3,5-dideoxy-D-
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grlycero-D-gralcto-2-nonulosonate, commonly known by i t s 
t r i v i a l name N-acetyl-neuraminic acid (NeuNAc) (pathway 
C) , i s an integral part of many glycosphingolipids and 
glycoproteins (2_6, 28.) . 

cocr 
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11 -
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LIP0P0LY -
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GLYCOPROTEINS 
GLYCOL I PI DS 

(g -phosphat

(c) — Ν - Acetyl-D-mannosamin-6-phosphate 

Scheme 10 

The b i o l o g i c a l importance of these compounds prompted 
development of several synthetic approaches, mainly for 
KDO and NeuNAc and derivatives thereof {26, 27, 29-32). 

We devised a de novo-synthesis approach to t h i s class 
of compounds based on the inverse-type hetero-Diels-Alder 
methodology, which i s exhibited in the retrosynthetic 
Scheme 11. 

X = 0H ( NHAc Y=0R, NR 2,Het 

R 1 = CH 2 0H, CH-CH?, C H - C H - C H 2 I I I I I c 

OH OH OH OH OH 

Scheme 11 

The e f f i c i e n c y of this strategy for the synthesis of 
3-deoxy-D-ara£>ino-2-heptulosonates i s outlined in Scheme 
12 (53) . 
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The basis of this strategy i s a cycloaddition reac
tion between the β-acyloxy-oc-phenylthio substituted 1-oxa-
1, 3-diene and α-alkoxy acrylates as heterodienophiles. 
Because of low r e a c t i v i t y , the reaction had to be carried 
out under higher pressure, thus providing r e g i o s p e c i f i -
c a l l y and with e/ido-preference the desired dihydropyran. 
The usual transformations either v i a O-deacylation or 
d i r e c t l y in an overall three step route furnished the 
target molecule again in a valuable partly protected 
form. Preliminary investigations towards asymmetric 
induction of the cycloaddition reaction with the help of 
the c h i r a l ^O-methyl mandeloyl group showed a good endo-
preference; however, the s i t e - s e l e c t i v i t y i n the endo-
product was only 3:2 and has to be improved in further 
investigations (J33) . This general strategy i s also 
exploited for the synthesis of KDO and of NeuNAc 
(Apparao, S.; De Gaudenzi, L.; Haag-Zeino, B; Schmidt, 
R.R. unpublished r e s u l t s ) . 

C-Aryl-glycosides are wide-spread in Nature (34., 35.) . 
The b i o l o g i c a l importance led to various synthetic 
approaches. Mainly glycosyl donors and activated benzene 
derivatives in Friedel-Crafts type reactions were applied 
(36, 37) , however, many d i f f i c u l t i e s were encountered in 
these reactions. Therefore we investigated the addition 
of styrenes as heterodienophile with the above described 
1-oxa-l,3-dienes. Again under higher pressure an endo-
s p e c i f i c cycloaddition reaction was observed, providing 
interesting intermediates for convenient C-aryl-glycoside 
syntheses. For instance, C-aryl glucopyranosides and 2-
deoxyglucopyranosides were obtained v i a t h i s route (33) . 
This i s demonstrated in Scheme 13 for a 2-deoxy-p-gluco-
pyranosyl derivative of 1,2-dimethoxybenzene. 
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Chapter 13 

Synthesis of Carbohydrates and Derivatives 
from 7-Oxanorbornenes ("Naked Sugars") 

Pierre Vogel, Yves Auberson, Mampuya Bimwala, 
Etienne de Guchteneere, Eric Vieira, and Jürgen Wagner 

Institut de Chimie Organique de l'Université', 2 Rue de la Barre, 
CH 1005 Lausanne, Switzerland 

The regioselectivit
bond in 7-oxabicyclo[2.2.1]hept-5-en-2-y
derivatives depends on the nature of the substituents at C(2). The 
adducts so-obtained can be transformed into the corresponding 
5,6-disubstituted 7-oxanorbornan-2-ones, which can be mono-
substituted at C(3) stereoselectively, giving products with the same 
stereochemical information as hexoses. Thus, optically pure 
7-oxanorborn-5-en-2-yl derivatives can be viewed as "naked sugars" 
Applications to the total, asymmetric syntheses of L-daunosamine, 
2-deoxy-L-fucose, D- and L-allose, D- and L-talose, D- and L-ribose, 
D- and L-methyl 2,5-anhydroallonate, cyclohexenepolyols, 
(4R,5R,6R)-2-crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone, 
(+)- and (-)-methyl nonactate are presented. 

An increasing number of rare, natural, carbohydrate derivatives are being 
discovered. Some of them show interesting biological properties. Others are part of 
important molecules such as antibiotics or enzyme inhibitors.1 Because of their 
rarity, there is a need to develop synthetic technologies that allow one to prepare 
them in significant amounts. Furthermore, many unnatural carbohydrate derivatives 
also show interesting biological activities and thus justify the invention of new 
synthetic methods for their preparation. Many natural sugars (e.g., D-glactose, 
D-glucose) are obvious starting materials because they are inexpensive and optically 
pure. However, structural modification of their skeletons and/or changes in their 
substitution often requires many protection and deprotection steps that may lead to 
lengthy procedures of no practical value. Alternatively, more efficient procedures 
can be envisioned through total, asymmetric synthesis. The concept of "naked 
sugars" that is presented here is one approach towards that goal. 

From MO Calculations to the "Naked Sugars" 

Methyl propynoate adds to 5,6-dimethylidenebicyclo[2.2.1]heptan-2-one (1) with 

0097-6156/89/0386-0197$12.25/0 
c 1989 American Chemical Society 
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relatively good "para" regioselectivity, giving the major Diels-Alder adduct 2? The 
results were in agreement with predictions based on FMO theory which considers 
the HOMO(diene) - LUMO(dienophile) orbital interaction to control the 
regioselectivity of the cycloaddition.3 The HOMO of 1 showed a significant 
difference in the size of the ρ atomic coefficients between those at C(5)=CH2 and 
those at C(6)=CH2.2 Furthermore, the shape of this HOMO suggested also an 
important hyperconjugative interaction of n(CO) <-> oC(l),C(2) <-» KC(5),C(6) in 1 
that makes the carbonyl group act as an electron-donating homoconjugated 
substituent. Photoelectron spectra of 1, 2,3,5,6-tetramethylidenebicyclo[2.2.1]-
heptan-7-one and related β,γ-unsaturated ketones and alkenes4 confirmed the 
significant interactions between the lone-pair orbital n(CO) and the homoconjugated 
double-bond π orbitals4,5 which are due mostly to a "through-bond" mechanism.6 

Semi-empirical calculations first,7 and then ab initio STO 3G MO calculations,8 

confirmed the hypothesis that a homoconjugated carbonyl group can act as an 
electron-donating substituent  as it was found that the 6-oxobicyclo[2.2.1]hept-2-yl 
cation (3) is more stable
geometries). 

1 E = COOCH 3 2 (major) 

φ ο ^ ο * e ο* 

y 3 4 

ΔΕ = + 8 kcal/mol (MINDO/3)7 

+ 2.8 kcal/mol (MNDO)7 

+ 3.0 kcal/mol (AMI) 
+ 7 kcal/mol (STO 3G)8 

The relatively long C(l)-C(6) (2.247 À) and short C(l)-C(2) (1.427 À) bond 
calculated for 3 were in agreement with the hyperconjugative stabilizing interaction 
n(CO) «-» oC(l),C(2) pC(6) which can be represented by the limiting structures 3 

3'. These features were not present in the case of 5-cyano- and 
6-cyanobicyclo[2.2.1]hept-2-yl cations, the former ion being calculated to be more 
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stable than the latter,8 as expected for carbocations remotely pertubed by an 
electron-withdrawing group such as the CN-substituent (field effect).9 Following 
these calculations, we predicted that additions of electrophiles E + X" to the olefinic 
moieties of bicyclo[2.2.n]aUc-5-en-2-ones 5 - 7 should be regioselective and give 
preferentially adducts 11 under conditions of kinetic control. In contrast, their 
synthetic precursors such as the corresponding chlorocarbonitriles 12, 13 or 
cyano-acetates 14,15 should give preferentially adducts 19. 

o t o o ' 6 c / φ J ο χ 
11 

v ο 
5 Ζ = CH2 8 
6 Z = CH2CH2 

7 Z = 0 

10 

12 Y = CI Ζ = CH2 16 17 18 19 
13 Y = CI Z = CH2CH2 

14 Y = OAc Z = CH2 

15 Y = OAc Z = 0 

A sulfur or selenium electrophile, E + , is expected to engender bridged cationic 
intermediates 9 1 0 when reacting with enones 5 - 7 . The onium ions 9 are then 
attacked preferentially at C(6) by the nucleophile, or counter-ion, X", because the 
corresponding limiting structures 10 contribute more than 8, the former being 
stabilized by the electron-donating ability of the homoconjugated carbonyl group. In 
the case of the electrophilic additions of alkenes 12 - 15, the corresponding cationic 
intermediates 17 are expected to be attacked by the nucleophile X ' preferentially at 
C(5) because the corresponding limiting structures 18 should contribute more than 
16 by virtue of the electron-withdrawing effect of the substituents at C(2). 
Alternatively, the regiochemistry of addition to 12 - 15 could be sterically controlled 
by repulsion between the incoming endo nucleophile and the endo C(2) substituent. 
Completely optimized geometries obtained by the ab initio STO 3G calculation 
technique for the model 2,3-episulfoniobicyclo[2.2.1]heptanes 20 - 24 (see Table 1) 
confirmed our hypotheses.8 

The difference in bond length between C(3)-S+ and C(2)-S+ in 20 is calculated 
to be 0.004 À. Although very small, it is indicative of the contribution from limiting 
structures of type 20 *-* 25 to the stabilization of the ion. This interpretation was 
confirmed by the "extra" long C(4)-C(5) bond (1.573 Â) in 20, which should be 
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compared with that calculated for the 5-dicyanomethylidene-2,3-episulfonionor-
bornane (21, 1.54 Â). The data suggest that homoconjugation 20 *-» 26 is of little 
importance in contrast with homoconjugation 22 27 which was suggested for the 
5-methylidene-2,3-episulfonionorbomane (22). In agreement with this latter 
hypothesis, the C(3)-S+ bond in 22 was calculated to be 0.007 À longer than the 
C(2)-S+ bond. Furthermore, the C(3)-C(5) distance is significantly reduced in 
comparison with that in 5-£JC0-cyano-2,3-episulfonionorbornane (23) and the parent 
cation 24. 

Table 1. Ab initio STO 3G minimized geometries of episulfonium cations 20 -
24. Bond lengths in Â 8 

CN 
Bond: 20 21 22 23 24 

C(l)-C(2) 1.546 
C(2)-S+ 1.869 
C(3)-S+ 1.873 
C(3)-C(4) 1.541 
C(4)-C(5) 1.573 
C(6)-C(l) 1.556 
C(6)-C(2) 2.438 
C(5)-C(3) 2.409 

1.546 1.544 
1.868 1.870 
1.867 1.877 
1.549 1.547 
1.540 1.542 
1.561 1.561 
2.438 2.434 
2.390 2.393 

1.544 1.543 
1.870 1.871 
1.867 1.871 
1.543 1.543 
1.572 1.561 
1.560 1.561 
2.434 2.431 
2.435 2.430 

SH 

25 26 27 

The episulfonium ions 20 - 23 are expected to be quenched by a nucleophile 
(X) onto the endo face at the most polarizable center, i.e. the center C(2) or C(3) 
attached to the sulfur atom with the longest bond. Thus 20 and 22 were predicted to 
add X" preferentially onto C(3) whereas 23 would add X" preferentially onto C(2). In 
the case of 21, no regioselectivity was expected. These predictions were in 
agreement with the experimental regioselectivities observed for the additions of 
sulfur and selenium electrophilic agents to norborn-5-en-2-one (bicyclo[2.2.1]-
hept-5-en-2-one (5)), bicyclo[2.2.2]oct-5-en-2-one (6),11 7-oxanorborn-5-en-2-one 
(7),12 and to the corresponding synthetic precursors 12 - 15 1 1 ' 1 2 and to 5-dicyano-
methylidenenorbom-2-ene.13 

These results demonstrated that direct substitution of centers C(5) and C(6) in 
7-oxanorbom-5-en-2-yl derivatives 7 and 15 can be carried out with high stereo- and 
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regioselectivity.12 As expected for bicyclo[2.2.1]hept-2-ene derivatives,14 the 
electrophiles attack preferentially onto the exo face of the double bond. An 
exception to that rule has been observed for the PhSeCl addition to the endo alcohol 
28 which gave adduct 29 as the major product.15 Interestingly, addition of PhSCl to 
28 preferred the exo face of the olefin and led to the tricyclic derivative 30.15 

As we shall see, optically pure 7-oxanorborn-5-en-2-yl derivatives 31 1 6 and 
32 1 7 can be obtained readily. Saponification of acetate 31 or camphanate 32 gives 
(lR)-7-oxanorbom-5-en-2-one ((+)-7). In the latter reaction (32 —> (+)-7) the chiral 
auxiliary (R*OH = (lS)-camphanic acid) is recovered. It can be recycled into 32. 
The regioselectivity of the electrophilic additions are controlled by the nature of the 
substituents at C(2) (e.g. 32 —» 33, (+)-7 34, Scheme 1). Saponification of 
adducts 33 gives the corresponding ketone 35 and the chiral auxiliary R*OH. 34 and 
35 can be substituted at C(3) stereoselectively into derivatives 36 and 37, 
respectively, by direct procedures. The 7-oxanorbom-5-en-2-yl derivatives (+)-7, 31 
and 33 possess the same stereochemical informatio  hexose  and  therefore
be viewed as "naked sugars"
(lS)-camphanic acid (R*OH) as chiral auxiliary, the "naked sugars  38 and (-)-7 are 
also available. 

Preparations of the "naked sugars" and their application to the synthesis of 
carbohydrate derivatives and other natural products are presented below. 

Synthesis of Optically Pure 7-Oxanorbornane Derivatives 

Derivatives of 7-oxanorbornane18 have been used as starting materials in the 
synthesis of racemic carbohydrates,19 nucleosides,20 muscarine derivatives,21 

prostaglandins,22 methyl shikimate 2 3 anthracyclines,24 cis-maneonenes-A and -B , 2 5 

Citreoviral,26 inositols2615 and other products of biological interest.27 Some 
7-oxanorbomane derivatives have biological activities.28 These bicyclic systems are 
available most simply through intermolecular Diels-Alder additions of furans to 
activated dienophiles,29 and these often sluggish cycloadditions can be accelerated 
by applying very high pressure30 or, more simply, by adding catalytical amounts of a 
Lewis acid. 1 6 ' 1 7 ' 3 1 , 3 2 Care must be taken when chosing an acidic catalyst as 
polymerization of the furans and/or rearrangement of the adducts can be competitive 
processes.33 A priori, the ideal method for generating optically pure 
7-oxanorbom-5-en-2-yl derivatives would be to add furan to a mono- or 
1,1-disubstituted olefin in the presence of an optically pure, chiral catalyst capable 
of inducing an asymmetric cycloaddition.34 Because the retro-Diels-Alder reaction 
of 7-oxanorbornenes can compete with the forward reaction (aromaticity of furan), 
causing equilibration of enantiomeric and diastereomeric adducts, the catalyst must 
be active at relatively low temperature (< 20 °C). To our knowledge no such catalyst 
has been found yet. 

In the presence of a catalytical amount of Znl 2, (-)-l-cyanovinyl camphanate, 
derived from the commercially available (-)-(lS)-camphanoyl chloride and 
2-oxopropionitrile, added to furan (an inexpensive starting material derived from the 
biomass35) and afforded a 45:45:5:5 mixture of adducts 32/40/41/42 in 90 % yield 
from which 32 could be isolated (98 % d.e.) in 29 % yield after repetitive 
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recrystallizatioii from hexane/ethyl acetate. The remaining adducts were recycled 
nearly quantitatively into furan and dienophile 39 on heating in toluene. 
Saponification of 32 furnished (+)-7(96 %) and (-)-camphanic acid (76 %). 1 7 

39 R = R* 32 R = R* 
43 R = H 
47 R = Ac 

40 R = R* 
44 R = H 
48 R = Ac 

41 R = R* 

45 R = H 

31 R = Ac 

Ο 

CN 

42 R = R* 

46 R = Η 

49 R = Ac 

Another practical method for the preparation of "naked sugars" (+)-7 
((+)-(lg,4R)-7-oxabicyclo[2.2.1]hept-5-en-2-one) and 31 ((+)-( 1R,2S,4R)-2-* wfo-
cyano-7-oxabicyclo[2.2.1]hept-5-en-2-exo-yl acetate) involves the diastereo-
selective formation of a brucine complex with the corresponding cyanohydrins 43 -
46, obtained by saponification of the adducts 31, 47 - 49 resulting from the 
Znl2-catalyzed Die Is-Alder addition of furan to 1-cyanovinyl acetate.16 When 0.5 
equivalents of brucine was added to a basic, methanolic, solution of 43 - 46, a white 
complex precipitated (36 %). Treatment with MeONa in MeOH (20 °C, 2 h) and 
then formalin (40 % aq. H2CO) afforded (+)-7 (93 %) in 86 % optical purity. When 
the above complex was treated with Ac20/pyridine in CHC13 (20 °C, 24 h) the 
acetate, 31 (>99 % e.e), was isolated in 20 % yield after recrystallization from 
ether/petroleum ether.36 Brucine was also recovered. Mother-liquors were 
concentrated and treated with Ac20/pyridine, giving a mixture of 31, 47 - 49 that 
could be thermolysed into furan and 1-cyanovinyl acetate. Optically pure (+)-7 (>99 
% e.e.) was also obtained by saponification of 31. 

High diastereoselectivity was reported recently by Koizumi and co-workers37 

for the uncatalyzed Diels-Alder addition (0 °C, 6 days) of 2-methoxyfuran (a diene 
more electron-rich and thus more reactive than furan38) to (S)-S-menthyl 
trifluoromethylpyridin-2-ylsulfinyl)acrylate (50) which afforded adduct 51 almost 
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exclusively. The latter compound was transformed into Glyoxalase I inhibitor (52, 
COTC), a product isolated first from the culture broth of Streptomyces 
griseosporens by Umezawa et al. 3 9 and which has attracted considerable interest 
because of its cytotoxic and cancerostatic activity.40 

R = menthyl 

OH 52 

Enzymic discriminations of enantiopic groups of m ŝo-compounds have been 
widely exploited in asymmetric synthesis.41 Ohno and co-workers42 reported a total 
synthesis of L- and D-ribose, showdomycin and cordycepin based on the optically 
active half-esters 56 and 57, which were obtained enzymatically (Pig Liver 
Esterase:PLE) from the corresponding meso-aitsttxs 54 and 55, respectively, 
derived from the Diels-Alder adduct 53 of furan to dimethyl acetylenedicar-
boxylate. The diesters 58 - 60 were also found to be good substrates for PLE leading 
to the corresponding half-esters 61 - 63 with high enantiomeric purities.43 

Ε = COOCH 3 55 57 (77 % e.e) 
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ha h:** hi 
58 

Ο 

59 

PLE PLE 

COOH 

61 62 

Ο ο 

(-)-64 

Ο ο 

(-)-65 Ψ 
Ο 

(+)-64 (+)-65 

60 

PLE 

Ο 

Ο 

The latter were transformed into (+)-64, (-)-65 and (+)-66, respectively, in good 
yields. Lactone (+)-66 was also prepared in 37 % yield 4 1 a by stereospecific Horse 
Liver Alcohol Dehydrogenase (HLADH) catalyzed oxidation44 of the meso-diol 67. 
Lactones (-)-64 and (+)-64 are potentially interesting starting materials for the 
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asymmetric synthesis of natural products and branched carbohydrates as we have 
found that electrophilic additions to their double bonds are stereo- and 
regioselective, the major adducts being 68 (EX : Br 2, PhSCl, 2-N0 2-C 6H 4SCl, 
2,4-(N02)2C6H3SCl, PhSeCl). The best regioselectivity (68/69 8:1) was observed 
with the most electrophilic reagent EX = 2,4-(N02)-C6H3SCl (in CH 3CN, -40 °C), 
thus suggesting that electronic factors intervene in the long-range substituent 
effects.45 

Ο Ο Ο Ο Ο Ο 

Χ £ 
Χ 

64 6

Ο Ο Ο 

χ 

70 R = Et 71 72 (major) 

73 R = Η 

74 R = menthyl 

In contrast, electrophilic additions to the double bond of acetal 70 (derived 
from 6422) gave adduct mixtures 71/72 with regioselectivities opposite to those of 
reactions 64 + EX —> 68 + 69, 72 being the major adducts. Tests were carried out to 
confirm that adducts 68 + 69 and 71 + 72 were formed under conditions of kinetic 
control. Acetal 70 was obtained optically pure via resolution of lactol 73 by medium 
pressure chromatographic (silica gel) separation of the diastereomeric acetals 74 
derived from (-)-menthol.45 

Optically pure methyl-(lR,4S)-7-oxanorborn-2-ene-carboxylate ((+)-75)46 was 
obtained via resolution of the β-nitroacid 76 derived from the major Diels-Alder 
adduct 77 of furan to methyl β-nitroacrylate.47 Coupling of racemic acid 76 with 
D-(-)-a-phenylglycinol gave amides 78 and 79 which were separated by preparative 
high pressure liquid chromatography. Hydrolysis of 78 gave ester 80 (48 % based on 
(±)-76). Elimination of nitrous acid from 80 provided (+)-23 (75 %) which was used 
as the starting material in a total synthesis of the hypocholesterolemic agent 
(+)-Compactin.46 Ester (-)-75 was obtained in a similar way from amide 79. 

The method of Johnson and Zeller4* for the optical resolution of ketones has 
been applied successfully to the preparations of (+) and (-)-7-oxanorbornan-2-one 
((+)-81, (-)-81)36 and (+) and (-)-5-£*0,6-£X0-isopropylidenedioxy-7-oxanor-
bornan-2-one ((+)-82 and (-)-82).49 
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N 0 2 N 0 2 

(+)-75 76 R = H 77 

80 R = CH 3 

Ph H " ° 

79 Ε = COOCH, 

Ο \ Ο \ Ο Λ° ιχ ^ Λ,°, 
^ ο ο 

(+)-81 (-)-81 (+)-82 (-)-82 

The reaction of racemic 7-oxanorbom-5-en-2-one ((±)-7) with the conjugate 
base of (+)-(S)-N,S-dimethyl-S-phenylsulfoximide50 gave a 1:1 mixture of 
corresponding diastereomeric sulfoximides 83 (43.4 %) and 84 (41.4 %) which were 
separated by low-pressure chromatography on silica gel (ARf = 0.08). Thermolysis 
(120 °C/20 Torr) of 83 and 84 gave (+)-7 and (-)-7, respectively, in low yield (10 -
15 %) due to competitive decomposition. When the same technique was applied to 
(±)-81, the pure sulfoximides 85 (42.2 %) and 86 (41.5 %) were obtained (ARf = 
0.09). In this case, the thermolysis (180 °C/15 Torr) of 85 and 86 afforded ketones 
(+)-81 and (-)-81, respectively, in good yield (80 % based on (±)-81) and excellent 
optical purity (>99 % e.e.). (+)-81 and (-)-8I were also obtained by catalytical 
hydrogénation of the C-C double bond in (+)-7 and (-)-7, respectively. We shall see 
that (+)-81 and (-)-81 can be transformed in 5 synthetic steps to (+)- and (-)-methyl 
nonactate, respectively.36 The sulfoximides 87 and 88 derived from (±)-82 were also 
readily separated by elution chromatography on silica gel (ARf = 0.13) and afforded 
ketones (+)-82 and (-)-82, respectively, on thermolysis (230 °C/15 Torr). As we 
shall see, these compounds are starting material for the synthesis of a variety of 
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natural compounds including D- and L-ribose, D- and L-allose, D- and L-talose, 
conduritols and COTC (52). 

83 (1R,2R,4R) 

85 (1R,2R,4S) 

Ζ = CH=CH 

Ζ = CH 2 -CH 2 

84 (1S,2S,4S) 

86 (1S,2S,4R) 

Ζ = CH=CH 

Ζ = CH 2 -CH 2 

87 (1R,2R,4R,5R,6R) Ζ = CH- CH 
/ \ 

Ο 0 

88 (1S,2S,4S,5S,6S) Ζ = CH- CH 
/ \ 

The optical resolution of (+)- and (-)-7-oxanorborn-5-en-2-£rtd0-carboxylic 
acid ((+)-89 and (-)-89) has been accomplished by the use of (+)-(R)- and 
(-)-(S)-a-methylbenzylamine, respectively. Treatment of (-)-89 with 90 % aq. 
HCOOH and 35 % H 2 0 2 gave lactone 90 (66 %). LiAlH 4 reduction followed by 
acetylation afforded the triacetate 91. Acetolysis of 91 (Ac 20/AcOH/H 2S0 4, 80 
°C, 20 h) gave a mixture of the fully acetylated pseudo-sugars 92 (27 %) and 93 
(34 %). Triacetate 91 was also transformed into the protected validamine 94.51 

(-)-89 was the starting material for total syntheses of (+)-pipoxide and 
(+)-p-senepoxide.52 

Ο 

(+)-89 

Ο /6 Jb 
COOH I 

(-)-89 

0 AcO 0 

COOH Ο 

90 

OAc O A c 

91 

AcO 
ι .OAc 

\ J ^ \ AcO 
A c O ^ A ^ ^ \ AcO 

AcO I 

92 
OAc 

OAc 

93 

NHo 

94 
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The reaction of 7-oxabenzonorbornadiene 95 with (-)-diisopinocamphenyl-
borane (96) gave the corresponding trialkylborane which, on treatment with 
acetaldehyde, followed by oxidation with HjO^aOH, afforded (+)-(lR,2S,4R)-
7-oxabenzonorborn-5-en-2-£jcc>-ol (97) in 80 % yield and 100 % enantiomeric 
purity.53 

95 96 97 

Total Synthesis of D- and L-Deoxy-Sugar

We present now some applications of the "naked sugars  to the total synthesis of 
important deoxycarbohydrates. L-Daunosamine (98 3-amino-2,3,6-trideoxy-L-
/yjttf-hexose)54 is the carbohydrate component of antitumor anthracycline antibiotics 
such as Adriamycin and Daunomycin.55 Several ingenious syntheses of 98 have 
been reported starting from carbohydrate56 and noncarbohydrate substrates.57 The 
technology described here (Scheme 2) is highly stereoselective and is amenable to 
large the scale preparation of 98 and of related derivatives such as 2-deoxy-L-fucose 
(99),58 the carbohydrate component of a large number of antibiotics.lb'59 

Addition of benzeneselenenyl chloride to camphanate 32 gave adduct 100 in 
97 % yield. On treatment with a ten-fold excess of 30 % aqueous H2O2,60 100 was 
oxidized to 101 (92 %). Saponification followed by treatment with formaline yielded 
the β,γ-unsaturated chloro ketone 102 (99 %). The (-)-camphanic acid was recovered 
at this stage in 85 % yield. Quantitative and stereospecific hydrogénation of the 
chloroalkene 102 to the chloro ketone 103 was achieved with diimide.59 Upon 
addition of a small excess of t-BuOK to a mixture of ketone 103 and methyl iodide 
in anhydrous THF, the monomethylated derivative 104 was obtained in 71 % yield. 
The 360 MHz *H-NMR spectrum confirmed the exo position of the methyl group at 
C(3) (no vicinal 3 J H H coupling constant observed between H-C(3) and H-C(4)). 
Pure 104 was isolated by crystallization from CHC13 at - 20 °C. HPLC of the mother 
liquor allowed one to isolate 4 - 8 % of a dimethylated derivative. No trace of the 
eAwfo-monomethyl isomer of 104 could be detected in the reaction mixture. 
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Baeyer-Villiger oxidation of ketone 104 with metachloroperbenzoic (MCPBA) 
acid afforded lactone 105 (86 %). There was no detectable trace of the product 
resulting from oxygen insertion between centers C(2) and C(3).60 On treatment with 
acidic methanol,61 105 was transformed into a 90:4 mixture of a- and β-acetal-acids 
106 (94 %). Treatment with 2 equivalents of MeLi 6 2 afforded methyl ketone 107 
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(63%). Bayer-Villiger oxidation of 107 yielded the desired acetate 108 (85 %) with 
complete retention of configuration at C(5).63 Attempts to obtain 108 directly from 
the acids 106 through oxidative decarboxylation with Pb(OAc)4

6 4 gave low yields of 
a mixture of acetates. The chloride 108 was displaced in a SN2 fashion566'65 with 
NaN 3 (DMF, 120 °C, 12 h) to give the azide 109 (80 %). Catalytic hydrogénation66 

of 109 gave the corresponding free amine which, on ammonolysis,57g afforded 110 
(94.5 %), the methyl furanoside form of L-daunosamine. 110 was transformed564 to 
the hydrochloride of L-daunosamine (67 %) on heating with HC1 in aqueous 
tetrahydrofuran. 

CI 

112 E = PhSe 114 

113 E = PhS 115 

Hoping to improve or to shorten our total synthesis of L-daunosamine, we 
explored the following reactions with 112 and 113, the adducts of the racemic 
7-oxanorbornene derivative 47 + 48 to PhSeCl and PhSCl, respectively. 
Saponification of 112 and 113, followed by treatment with formalin, afforded 
ketones 114 and 115, respectively. Treatment of with tributyltin hydride in 
toluene/benzene (ABBN 1 - 2%, 80 °C) 6 7 gave the key intermediate (±)-103 in 69 % 
yield. Under the same conditions, 115 was reduced to (±)-103 in 40 - 45 % yield. 
Raney nickel reduction68 of 115 afforded (±)-103 in 50 % yield together with 40 % 
of (±)-7-oxabicyclo[2.2.1]heptan-2-one. However, we found the multistep procedure 
3 2 ^ 1 0 0 ^ 1 0 1 — ^ 102 —» 103 easier to scale up. Several intermediates in our 
synthesis do not have to be isolated. For instance, transfomation of 32 into 102 can 
be carried out in the same pot in 94 % yield. 

The "naked sugar" 32 has been transformed into methyl 3-amino-2,3,6-
trideoxy-/vJC -̂L-hexofuranosides (110) in 21.8 % overall yield. The synthesis 
required the isolation of eight synthetic intermediates. Many of these are potential 
starting materials for the total synthesis of other natural products. For instance we 
found69 that displacement of the chloride 108 with AcOK (0.6 equiv. 18-crown-6 
ether, dimethylformamide, 110 °C) gave the diacetate 111 (35 - 40 %, 7 0 a precursor 
of 2-deoxy-L-fucose (99).71 2-Deoxy-L-fucose has been derived from other 
carbohydrates72 or by using tartaric acid as starting material.73 Chmielewskf4 

reported a synthesis of 2-deoxy-DL-fucose starting with the Diels-Alder addition of 
1- methoxybutadiene to tertiobutyl glyoxalate. The first total synthesis of 
2- deoxy-D-fucose has been presented by Rous h and Brown.15 It is based on the 
enantioselective S harp less epoxidation of allylic alcohols.76 Using our " naked 
sugar" 38 (derived from furan and (+)-(lR)-camphanic acid) instead of 32, the 
method outlined in Scheme 2 realizes a second total, asymmetric synthesis of 
2-deoxy-D-fucose. Similarly, D-daunosamine can be derived from 38. 
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The technology described in Scheme 2 is highly stereoselective, and the 
asymmetry is induced by commercially available chiral auxiliaries that are 
recovered at an earlier stage of the synthesis. Furthermore, it permits one to obtain 
the deoxysugars in both their fiiranose and pyranose form. It exploits the high 
stereoselectivity of the electrophilic additions of 7-oxanorborn-5-en-2-yl derivative 
38 that give exclusively adducts where the electrophile (E) sits in the exo position of 
center C(6) and the nucleophile (X) at the endo position of center C(5) (32 + EX —> 
33, see Scheme 1). This high regioselectivity was attributed to the electron-
withdrawing effect and/or to the bulk of the substituents at C(2). Ketone (+)-7 
(derived from 32) adds electrophilic agents onto its homoconjugated double bond 
with opposite regioselectivity (giving exclusively adducts 34, see Scheme 1). This 
was attributed to the electron-donating ability of the carbonyl group. We are 
exploring the application of that principle in a new approach to the total, asymmetric 
synthesis of D-lividosamine (116 : 2-ammo-2,3-dideoxy-D-nfo?-hexopyranose) a 
component of antibiotics Lividomycins A and B . l b Our preliminary results are 
presented in Scheme 3. 7 9 

Ο 

fir*^vv-vy 
ci Cl 

(+)-7 119 120 

Ο 
OH 

OCOAr 
OSiMe2tBu Q 

Ο 
Ο > I jw OMe 

Ο ^jjL^ COOMe 
C 1 OH 

OH 

121 122 123 124 
Scheme 3 

Benzeneselenyl chloride added to (+)-7 and gave adduct 119 nearly 
quantitatively. Treatment with N-methvl-N-tertbutyldimethvlsilvltrifluoroacetamide 
and triethylamine (dimethylformamide, molecular sieves, 40 °C, 15 h) afforded enol 
ether 120 in high yield (>90 %). Oxidation with an excess of MCPBA gave 121 
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resulting from oxidative elimination of the benzeneselenyl group and epoxidation of 
the enol ether. Catalytical hydrogénation of 121, followed by treatment with K 2 C 0 3 

in methanol furnished 122. Baeyer-Villiger oxidation of 122 with MCPBA afforded 
123. Attempts to displace the chloride in 123 and in 124 (obtained by acidic 
methanolysis of 123) led to epimerization of the alcohol. Studies are underway in 
our laboratory to explore the transformation of 124 into 118 which, by analogy with 
our synthesis of L-daunosamine (Scheme 2), should allow one to obtain the methyl 
furanoside of D-lividosamine. 

Several syntheses of D-lividosamine and its derivatives have already been 
reported. They use carbohydrates78'80 or optically pure but-3-ene-l,2-diol as starting 
materials.81 

Total Synthesis of D- and L-AUose, D- and L-Talose and of D- and L-Ribose 
Derivatives 

In their pioneering work, Just
transformations of the Diels-Alder adducts of furan to methyl nitroacrylate (77 + 
77') and to dimethyl acetylenedicarboxylate (53). The mixture of racemic adducts 
77 + 77' was hydroxylated into the exo-cis-diols 125 + 125', separable by 
crystallization. Treatment of the isopropylidene acetal obtained from 125 with 
diazabicyclo[5.4.0]undec-5-ene (DBU) gave a high yield of alkene 126. Ozonolysis 
followed by a reductive work-up with dimethylsulfide, then with NaBH 4, gave a 
mixture of epimeric triols 127. Cleavage with sodium periodate afforded 
2,5-anhydro-3,4-0-isopropylidene-DL-allose (128) in 15 % yield, based on methyl 
2-nitroacrylate used. The same allose derivative was obtained from adduct 53. 4 7 ' 8 2 

128 129 130 131 
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Lactol 128 has been converted into a variety of racemic C-nucleosides.83 The 
unstable aldehyde 130 was prepared8215 from 128 by way of oxazolidine 129. 
Lactone 131 was also derived from 128 and used as starting material in the synthesis 
of racemic C-nucleosides.84 Adducts 77 + 77' were transformed into epoxide 132. 
Opening of the epoxide, followed by ozonolysis and reduction allowed one to 

Ε Ε 

OR OAc 

132 13
Ε = COOMe R 2

prepare the keto-ester 133. The latter was applied in the synthesis of DL-2-epi~ 
showdomycin, and also of DL-2-ep/-pyrazofurin A. Similarly, adduct 77 was 
transformed into keto-ester 135 via acetate 134. 135 was applied in the synthesis of 
DL-2-deoxyshowdomycin.20a 

Inspired by the work of Just20*'*'*2'*4 and others 1 9 ' 2 0 c ' d we converted our 
"naked sugar" 32 into optically pure, protected methyl 2,5-anhydro-D-allonates 140, 
145, the acetal 141 and lactones 131 and 146 (Scheme 4). These systems are 
potential precursors for the total asymmetric synthesis of C-nucleosides.85'86 

Stereospecific cis-hydroxylation of 32 with H 2 0 2 and a catalytic amount of Os0 4

8 7 

gave diol 136 which was isolated in the form of the corresponding acetonide 137 
(65%) using acetone, 2,2-dimethoxypropane and para-toluenesulfonic acid in the 
work-up. Saponification of 137 (KOH/H20/THF), followed by treatment with 
formalin gave ketone 138 (92 %) and pure (-)-camphanic acid (83 %). Treatment of 
138 with tBuMe2SiN(Me)COCF3 and NEt3 in DMF (40 °C, 12 h) afforded the silyl 
enol ether 139 (85 %). Ozonolysis in MeOH/CH 2Cl 2 at -70 °C, followed by 
reduction with NaBH 4 (-70 °C, 1 h; then -10 °C, 30 min), acidification (pH = 3, 
HCl/MeOH), and treatment with diazomethane furnished 140 (65 %). Under more 
acidic work-up conditions and without addition of CH 2 N 2 , lactone 131 was isolated 
as the major product. Ozonolysis of 139, followed by acidic work-up (HCl/MeOH) 
afforded the dimethylacetal derivative 141 (65 %). Protection of diol 136 by 
tBuMe2Si groups gave 142 which was transformed, as above, into methyl 
2,5-anhydroallonate 145 (73 %) via the synthetic intennediates 143 and 144. The 
corresponding lactone 146 (65 %) was also derived from 144.88 

Silyl enol ether 139 has also been transformed into D-allose, as shown in 
Scheme 5. The same methods can be applied to the enantiomeric enol ether derived 
from camphanate 38, and this allows one to prepare L-allose and its derivatives.89 

Oxidation of 139 with MCPBA in THF (20 °C) led to the product of epoxide 
acidolysis 147 (69 %) which yielded 148 on heating to 200 °C for 15 min. 9 0 

Addition of 1.1 equiv. of MCPBA converted 148 into lactone 149 which in the 
presence of MeOH and K 2 C 0 3 (20 °C), gave selectively diester 150. Reactions 147 
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0 ™ RO Ο RO 0 

OR* ^ OR* 

32 136 R = Η 138 R,R = Me 2C 

137 R,R = Me 2C 

142 R = tBuMe2Si 143 R = tBuMe2Si 

139 R,R = Me 2C 
144 R = BuMe2Si 

140 R,R = Me 2C 141 146 
145 R = tBuMe2Si 

Scheme k 

—» 148 —» 149 —» 150 were carried out in "one-pot" with an overall yield of 78 %. 
The methyl furanoside 151 (92 %) was obtained on acidic methanolysis of 150. 
Reduction of 151 with 4.2 equiv. of LiAlH 4 (THF, 20 °C, 15 min) afforded 152 (71 
%). 9 1 Acidic hydrolysis (2 % H 2 S0 4 in H 2 0, 100 °C, 2 h) of 152 gave D-allose.92 

L-allose91 was prepared in the same manner starting with 38. 
In the presence of 1.1 equiv. of Br 2 in CH 2C1 2 (-50 °C), 139 gave the 

a-bromoketone 153 (78 %). Baeyer-Villiger oxidation of 153 with CF 3 C0 3 H 
(CH2C12, Na 2HP0 4, 20 °C) afforded lactone 154 (85 %). As for reaction 148 -» 149, 
the oxidation was highly selective yielding exclusively the product of oxygen 
insertion between the bridgehead center C(l) and the carbonyl group. Methanolysis 
of 154 in MeOH saturated with K 2 C 0 3 (20 °C, 45 min) gave 155 (95 %). The 
reaction implies the intermediacy of hemiacetal 156 which, in the presence of a base 
(K 2C0 3) undergoes intramolecular SN2 displacement of the bromide giving 155. 
This hypothesis was confirmed by the isolation of 156 when 154 was treated with 
MeOH at 20 °C containing a small amount of NaHC0 3. 156 afforded 155 on 
treatment with MeOH and K 2 C 0 3 . Reduction of 155 with LiAlH 4 (THF, 20 °C) 
gave l,4-anhydro-2,3-0-isopropylidene-ia/i?pyranose (157) in 82 % yield (for 
analogous 1,4-anhydropyranoses, see reference 93). Treatment with 1 Ν HC1 (20 °C, 
4 d) afforded L-talose.94 D-talose and its derivatives can be obtained in the same 

RO Ο I , 
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156 L-talose 

Scheme 6 
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manner starting with the "naked sugar" 38 derived from furan and (lR)-camphanic 
acid. (See Scheme 6.) 

The best syntheses of D-ribose (an important component of nucleic acids, 
polysaccharides, nucleosides, vitamins, co-enzymes and many antibiotics, etc.) use 
natural, optically pure starting materials. Stroh and co-workers95 on one hand, and 
Kiss and co-workers96 on the other hand, transformed D-glucose into D-ribose in 
five synthetic steps in 24 % and 18.1 % global yield, respectively. Yamada and 
co-workers97 transformed L-glutamic acid into a 2.7:1 mixture of methyl 
5-0-benzyl-2,3-0-isopropylidene-p-D-n7?i?furanoside and methyl 5-<9-benzyl-2,3-
O-isopropylidene-a-D-Zy^furanoside, the former product being obtained in 13 % 
overall yield (7 steps). More recently, Grignon-Dubois and co-workers98 have 
derived D-ribose from the inexpensive D-xylose in six synthetic steps and 21 % 
overall yield. Other syntheses99"101 of D-ribose use 2,3-O-isopropylidene-D-
glyceraldehyde102 as starting material. Using a chemicoenzymatic approach, Ohno 
and co-workers42 transformed dimethyl 7-oxanorboma-2,5-diene-2,3-dicarboxylat
(53) into methyl 2,3-0-isopropylidene-p-D-n^furanosid
11.8 % overall yield and 95 % e.e. They also prepared methyl 2,3-O-isopropyli
dene-p-L-nfrrfuranoside ((+)-162), 7 steps, 15.1 %, 77 % e.e.). To our knowledge, 
this constitutes the first total, asymmetric synthesis of these ribose derivatives with 
good enantiomeric purity. 

(-H59 X = COOMe (+H59 
()-160 X -COOH (+)-160 
()-161 X = Br (+)-161 
(-)-162 X = OH (+)-162 

Scheme 7 
L-Ribose is quite rare and the only practical method for its preparation is the 

transformation of L-arabinose by the method of Austin and Humoller.103 (4 steps, 
9.5 % overall yield). L-Ribose has also been derived from, 2,3-O-isopropylidene-
L-glyceraldehyde, (5 steps, 12 %) after separation from a mixture containing 
L-arabinose.99 In Scheme 7 we summarize our total syntheses of D- and L-ribose 
derivatives using the " naked sugars" 32 and 38, respectively.49 Ketone 138 (Scheme 
4) was oxidized into the corresponding lactone (-)-158 with MCPBA 8 7 in 98 % 
yield. Treatment with anhydrous methanol, 2,2-dimethoxypropane and a small 
amount of methanesulfonic acid afforded the methyl 5-deoxy-D-allonate (-)-159 
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(82%). Saponification (KOH/H20/THF) gave (-)-160 (98 %). The latter acid could 
also be obtained directly from (-)-158 in an "one pot" procedure in 80 % yield. 
Oxidative decarboxylation of (-)-160 with red HgO and Br 2 gave bromide (-)-161 
(60 %), a compound already prepared by Kiss and co-workers, that was shown to be 
an useful starting material for the preparation of 5-deoxy-D-ribose and its 
derivatives, including the anticancer agent 5'-deoxy-5-fluorouridine.104 Buffered 
hydrolysis of bromide (-)-161 gave the partially protected D-ribose derivative 
(-)-162 (75 %, 21 % overall yield based on 32). Starting with "naked sugar" 38, the 
L-ribose derivatives (+)-161 and (+)-162 can be obtained in a similar way.49 

Asymmetric Synthesis of Cyclohexenepolyols 

In the presence of a strong base 7-oxanorbornane-2-carboxylates and 7-oxanor-
born-2-yl alkyl ketones can be isomerized into the corresponding cyclohexenols.23 

In the presence of triethylamin  th  substituted 7-oxanorbornan-2-on  138 t 
isomerized. The opening o
triflate (TMSOTf) was added to the reaction mixture. Under these conditions (0 °C, 
benzene) 138 was rearranged into a mixture of cyclohex-2-enone 163 and 
cyclohexa-l,3-diene 164. After a prolonged reaction time and with a large excess of 
TMSOTf/Et3N, the unstable diene 164 was the major product. The isomerization of 
the 7-oxanorbornane was much smoother and better yielding when the diol at C(5) 
and C(6) was protected with tBuMe2Si groups. On treatment with two equivalents of 
TMSOTf and Et3N) 143 gave cyclohex-2-enone 165. Acid hydrolysis (MeOH/H20/-
HC1, 20 °C, 5 min) of 163 and 165 gave alcohols 166 (71 %) and 167 respectively. 

RO Ο 
RO 

OR' OTMS 
RO OTMS 

138 R,R = Me 2C 
143 R = tBuMe2Si 

163 R,R = Me2C; R' = TMS 
165 R = tBuMe2Si; R' = TMS 

164 

166 R,R = Me2C; R' = Η 
167 R = tBuMe2Si; R' = Η 

168 R = R' = Ac 

Reduction of 166 with NaBH4/CeCl3 in aqueous MeOH 1 0 5 afforded the protected, 
chiral derivative 169 of Conduritol-D in 73 % yield. Conduritol-D (170) was formed 
nearly quantitatively upon acid hydrolysis of 169. Treatment with Ac20/pyridine 
gave the crystalline tetracetate 171.106 Reduction of 165 with diisobutylaluminium 
hydride (DIBAL) in toluene (-80 °C, 6 h) gave 172, another chiral derivative of 
Conduritol-D, in 97 % yield. Alternatively, 167 was reduced with LiAlH 4 (THF, -90 
°C, 6 h) into 173 (95 %). Deprotection of 167 with tetrabutylammonium fluoride 
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(THF, 0 °C, 10 min), followed by acetylation gave all-c/s-4,5,6-triacetoxycyclohex-
2-enone (168, 95 %). Reduction of 168 with NaBH^CeC^ (-20 °C, 30 min), 
followed by acetylation gave 171 (51 %) and 171 (35 %). 174 is the tetracetate of 
Conduritol-C.106a 

OR' OAc OAc 

169 R,R = Me 2 C;R'=H 171 174 

170 R = R' = H 

172 R = TBuMe2Si;R' =

173 R = tBuMe2Si;R' = H 

In 1985, Vase lia and co-workers107 provided an efficient synthesis of COTC 
((4R,5R,6R)-2-crotonyloxymethyl-4,5,6-trihydroxycyclohex-2-enone : 52), a gly-
oxalase I inhibitor.39'40 Methyl α-D-mannopyranoside was transformed in three 
synthetic steps into the protected all c/.s-trihydroxycyclohex-2-enone 163 (34 %, 
overall) which was then transformed into COTC (52) in four steps. Thus, 
transformations of our "naked sugar" 32 to 137 —» 138 —̂  163 realize a total, 
asymmetric synthesis of COTC. Another total synthesis of this natural compound 
has been reported recently by Koizumi and co-workers,37 as mentioned earlier. 

In 1983, Mori and co-workers108 isolated the cyanoglucoside 175 from a 
medicinal plant : Ilex Warburgii Loesn. In Scheme 8 we present our preliminary 
results on the synthesis of 176, a partially protected form of the aglycone of 175. 
Wittig-Horner reaction of ketone 143 with (EtO)2POCH2CN/NaH (25 °C, 5 min) 
afforded a mixture of (E)- and (Z)-olefins 177 (98 %). In the presence of 1.5 
equivalents of (TMS)2NLi (THF, 0 °C), 177 was isomerized exclusively into the 
(E)-cyanodiene 178 in 73 % yield. Irradiation of 178 (quartz vessel, low pressure Hg 
lamp, CH 3CN, 20 °C) gave a photoequilibrium 178 176, the desired 
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(Z)-derivative 176 being separated from 178 by column chromatography on silica 
gel. 1 0 9 Glycosidation of 176 is under exploration in our laboratory. 

OH H 

R = tBuMe2Si 177 178 

Scheme 8 

Acid-catalyzed Rearrangements of 5,6-gjro-Epoxy-7-oxanorborn-2-yl Derivatives 

The 5,6-e;c0-epoxy-7-oxanorborny
sugars") are less reactive toward protic acids and nucleophiles. The "super-acid" 
H S O 3 F was required to induce ring opening of the oxiranes. Under these conditions 
all four reaction paths shown in Scheme 9 are possible for the protonated epoxides 
185. We have found that depending on the nature of the substituents at C(2), the 
1,2-shifts (Wagner-Meerwein rearrangements) of alkyl groups (path I) or acyl 
groups (path II) compete with the 1,3-shifts of the endo substituents at C(2) (path 
ΙΠ) and the oC(l), C(2) bond cleavage (path IV). Conditions have been found under 
which our "naked sugars" can be transformed with high stereoselectivity into 
polysubstituted cyclopentyl or 7-oxanorborn-2-yl derivatives that are potentially 
useful synthetic intermediates.110 

°s*bc w; w 
179 180 181 

182 R = Me 184 

183 R = CH2Ph 

Racemic Diels-Alder adducts 47/48 and 31/49 reacted with MCPBA in 
chloroform and afforded epoxides 179 (82 %) and 180 (86 %), respectively. 
Saponification of 179 with K 2 C 0 3 in aqueous methanol in the presence of fonnalin 
gave epoxy-ketone 181 (79 %). Treatment of 7-oxanorborn-5-en-2-one (7) with 
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Φ ° X 

ι π H °\̂ ŷ in IV 

Scheme 9 

MeOSiMe3, PhCH2OSiMe3 and Me3SiOCH2CH2OSiMe3 in the presence of 8 % 
mol equiv. of Me 3SiOS0 2CF 3 in CH2C12 afforded the corresponding acetals which 
were oxidized into epoxides 182 (91 %), 183 (87 %), and 184 (88 %), respectively, 
with MCPBA in chloroform. 

When 179 was treated with 0.2 equiv. of HS0 3F and 3 equiv. of Ac 2 0 in 
CH 2C1 2 at -25 °C, products 192 - 194 of acetolysis and Wagner-Meerwein 
rearrangement involving migration of the alkyl group oC(3), C(4) (path I) were 
isolated in 43 %, 11 % and 7 % yield respectively, after aqueous (NaHC03) work-up 
and chromatography on silica gel. Under similar conditions (0.4 equiv. of HS0 3F, 
12 equiv. of Ac 2 0, CH2C12, 20 °C), epoxide 180 yielded acylal 195 in 45 % isolated 
yield. It also arises from a Wagner-Meerwein rearrangement involving oC(3), C(4) 
bond migration (path I). No other isomeric products could be isolated or detected in 
the crude reaction mixtures. Products 192 - 195 are variously protected forms of the 
carba-analogue of (±)-lyxose 196. 

The acid-catalyzed acetolysis of epoxy-ketone 181 (0.4 equiv. of HS0 3F, 6 
equiv. of Ac 2 0, CH2C12 -51 °C) gave major products 197 (51 %) and 198 (8 %) 
resulting from a Wagner-Meerwein rearrangement involving the migration of the 
acyl group (path Π), and minor compounds 199 (1 %) and 200 (0.4 %) resulting 
from a Wagner-Meerwein rearrangement implying alkyl group migration (path I). 
The proportions of products 197/198/199/200 in the crude reaction mixture did not 
vary in a significant fashion by changing the amount of HS0 3F (0.1 to 0.4 equiv.), 
the temperature (-51° to -30 °C) and the reaction time (24 - 60 h). 
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H H 
197 (major) 198 199 (minor) 200 

Treatment of the dimethylacetal 182 with 0.2 equiv. of HS0 3F and 3 equiv. of 
Ac 2 0 in CH2C12 at -78 °C (12 h) afforded, after aqueous work-up (NaHC03), a 
mixture of 201 + 202 + 203 which were separated by column chromatography on 
silica gel and isolated in 30 %, 17 % and 5 % yield, respectively. The major 
products 201 and 202 arose from 1,3-migration of the endo MeO group (path ΠΙ) 
and the minor product 203 from the Wagner-Meerwein rearrangement implying the 
migration of the unsubstituted alkyl group oC(3), C(4) (path I). When the reaction 
was run at -40 °C, the acylmethylacetal 201 was not observed and ketone 202 was 
isolated in 55 % yield. In the presence of one equivalent of CD 3OD there was no 
incorporation of deuterium in 201 - 203, thus confirming the intramolecular nature 
of the methoxy group migration 182 -> 185 -* 188 189 -* 201 + 202. When 182 
was treated with 0.3 equiv. of HS0 3F and 4 equiv. of MeOH in CH2C12 at 20 °C (36 
h) the trans disubstituted 7-oxanorbornan-2-one 204 was obtained and isolated in 
good yield (83 %). Under the same conditions, the epoxy-ketone 181 gave first 182, 
and then 204. Similary, when the dibenzylacetal 183 was treated with 0.6 equiv. of 
HS0 3F and 8 equiv. of PhCH2OH in CH2C12 at 20 °C (14 h), the corresponding 
ketone 205 was formed and isolated in 88 % yield. Thus reactions 7 -» 181 —> 204, 
7 —» 182 —» 204 or 7 —• 183 —» 205 are efficient methods for introducing two 
different oxy functions at C(5) and C(6) of 7-oxanorbornan-2-one in a 
stereoselective, if not stereospecific, fashion. 
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AcO 
OAc 

201 202 R = Ac 
204 R = H 

203 R = Me 
207 R = PhCH2 

Ο Ο OCH2Ph RO Ο AcO 

OCH Ph OCH

205 R = H 
206 R = Ac 

208 

The treatment of the dibenzylacetal 183 with 0.5 equiv. of HS0 3F and 8 equiv. 
of Ac 2 0 in CH2C12 at -78 °C (90 min) gave a mixture from which ketone 206 and 
the product of acetolysis and rearrangement 207 were isolated in 57 % and 7 % 
yield, respectively. In some series, 1 - 8 % of the dibenzylacetal 208 was also 
isolated. Finally, treatment of the ethyleneacetal 184 with H S O 3 F and Ac 2 0 in 
CH2C12 at -50 °C led to the formation of a mixture of products from which the furan 
derivative 209 (41 %) arising from C(l)-C(2) bond cleavage (path IV) and the 
product of acetolysis and rearrangement 210 + 211 (24 %) (path I) were isolated. 
209 is an uncommon ethyleneacetal of the mixed anhydride derived from acetic acid 
and α-furyl acetic acid.1 1 1 

The necessity of "super acid" HS0 3F to induce ring opening of the oxiranes 
179 - 184 demonstrates the lack of reactivity of these epoxides compared with that 
of the corresponding e*0-epoxybicyclo[2.2.1]heptyl derivatives.112 It can be 
attributed to the inductive effect of the oxygen bridge 0(7) in 179 - 184.113 Yur'ev 
and Zefirov114 were able to esterify diacid 212 into epoxydiester 213 in MeOH and 
oleum, without ring opening of the oxirane. They also found that HBr adds to 212 in 
AcOH to furnish bromohydrin 214 (62 %). 1 1 5 The relatively high energy barrier 

209 210 211 
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associated with the hypothetical rearrangement 215 —» 216 (Scheme 10) must be 
attributed to the destabilizing effect of the electron-withdrawing COOH groups116 in 
215. In media of lower nucleophilicity than HBr/AcOH, the Wagner-Meerwein 
rearrangement 215 —» 216 was possible as product 217 was isolated in 65 % yield 
when 213 was treated with H 2 S0 4 in Ac 2 0 at 70 °C. 1 1 7 

COOR H B r > 
COOR 

212 R = H 
213 R = Me 

θ Ο 

COOH 
COOH 

B r ^ H O ? v COOH 
COOH 

215 
Br 214 

H S0

Ο θ 

2 £ * 
COOH 
COOH 

OAc 

° OAc 

COOMe 
MeOOC 

216 217 

Scheme 10 

Thus, in the light of these results, the preference for the cyanohydrin acetates 179 
and 180 to undergo Wagner-Meerwein rearrangements with migration of the 
unsubstituted alkyl group (path I) rather than with migration of the substituted alkyl 
group (path Π) is perfectly expected. 

The preference for the 1,3-migration of an endo-alkoxy group (path ΙΠ) in the 
case of the acetals 182 and 183 has been attributed to the relatively high stability of 
the 2-alkoxy-7-oxanorborn-2-yl cation intermediates 189. Similar rearrangement had 
been reported for the buffered acetolysis of dimethyl acetal 218 which afforded a 
11:20:39 mixture of 219:220:221. The results were interpreted in terms of fonnation 
of the oxonium ion intermediate 222,117 analogous to 188 (Scheme 9). In the case of 
the ethyleneacetal 184, the 1,3-migration of the endo alkoxy group is prohibited for 
steric reasons, thus making the bond breakage 185 —* 190 the preferred process as 
190, a dialkoxy-substituted carbenium ion intermediate is expected to be a relatively 
stable species. The latter then eliminates one equiv. of water, giving 191 (Scheme 9) 
which is then quenched with acetic acid or acetic anhydride and furnishes the major 
product 209. The minor products of the acid-promoted acetolyses of epoxy-ketals 
182, 183 and 184 arose from Wagner-Meerwein rearrangements (path I) implying 
migration of the non-substituted alkyl group, in agreement with the hypothesis that, 
because of the inductive effect of the acetal function, the substituted alkyl group 
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M e C K ^ O M e ^cOH 
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l\ OMe 

219 
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| \ OAc 

1,2-shift becomes a less favourabl
181 should be considered as an electron-withdrawing group similar to the ketal 
functions in 182 - 184 and acetoxy + cyano groups in 179 and 180 the 
acid-promoted rearrangement of 181 should have given preferentially the products 
of Wagner-Meerwein rearrangement 199 + 200 (path I) rather than products 197 and 
198 (path Π) the former arising from 1,2-shift of the alkyl group and the latter from 
1,2-shift of the acyl group. Our results demonstrate, on the contrary, that the acyl 
group migration is definitely a faster process that the alkyl group migration. 

1,2-Shifts of electron-withdrawing groups such as RC0 1 1 8 ' 1 1 9 or COOR 1 2 0 ' 1 2 1 

groups to electron-deficient centers have been observed in several carbenium ion 
rearrangements. This was possible because alternative migrations of hydride, alkyl 
or aryl groups would have led to much less stable carbenium ion intermediates. 
Recently, Gambacorta and co-workers122 have shown that acyl and alkyl group 
migrations were competitive processes in the acid-promoted rearrangements of 
9-hydroxybicyclo[3.3.1]nonan-2-ones into ds-fused hexahydroinden-l-ones. Since 
the cationic intermediates 223 - 226 have similar stabilities (all methylcyclohexyl 
cations are perturbed at a remote position by the carbonyl group), it was possible 
that the proportion of products observed expressed the relative stabilities of 224, 225 
and 226 (equilibration of tertiary carbenium ions) rather than the relative rate of 
their formation (non-equilibrating ions). This ambiguity does not exist in the case of 
the acid-promoted acetolysis of epoxy-ketone 181 for the following reason. Both 
reaction 185 —» 186 and 185 —» 187 (Scheme 9) are expected to be highly exother
mic because of the formation of the stable oxy-substituted carbenium ions 186 ^ 
186' and 187 <-» 187'. Quantum mechanical calculations (ab initio STO 6-31 G*, 
completely optimized geometries123) suggested that 186 (X,Y = O) and 187 (X,Y = 
O) have similar stabilities, the oxo group having a smaller differential substituent 
effect than in 6-oxo- and 5-oxo-bicyclo[2.2.1]hept-2-yl cations (3 and 4) because of 
the derealization of the positive charge in cations 186 186' and 187 <-> 187'. 
Therefore, the competition between Wagner-Meerwein rearrangements 185 —> 186 
(X,Y = O) (path I) and 185 -> 187 (X,Y = O) (path II) depends on the intrinsic 
migratory aptitudes (kinetic effect) of acyl vs. alkyl groups. Consequendy, the 
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223 224 225 226 

acid-promoted acetolysis of epoxyketone 181 is a unique situation which enables us 
to compare the "true" migratory aptitudes of acyl vs. alkyl groups in an 
"energetically unbiased" situation124 because of the similar exothermicities of 
reaction 185 -> 186 and 185 -* 187 (X,Y = O). The facile acyl group 1,2-shift can 
be attributed to the electron-donating ability (polarizability) of the C=0 function8,11 

which can be interpreted in terms of the canonical forms 3 «-> 3' in the case of the 
6-oxonorborn-2-yl cation. I
interaction does not dominat
in the epoxyacetals 182 - 184. 

In summary, we have established the following order of intrinsic migratory 
aptitudes for 1,2-shifts toward electron-deficient centers : acyl > alkyl > alkyl 
α-substituted with inductive electron-withdrawing groups. This order is valid for 
competitive Wagner-Meerwein rearrangements involving equilibria between 
carbocation intermediates with similar exothermicities. The acid-promoted 
rearrangement of epoxy-acetals 182 and 183 is an efficient method to substitute C(5) 
and C(6) of our "naked sugars" in a trans fashion. Importantly, the two oxy 
functions introduced that way bear different protecting groups (Me, PhCH2, Ac or 
none). Thus, optically pure 7-oxanorboman-2-one derivatives 204 and 205 are 
potentially useful starting materials for the asymmetric synthesis of carbohydrates, 
nucleosides and other natural products. 

Further Synthetic Application of the "Naked Sugars" : Total Synthesis of Nonactin 

Nonactin (227) is the lowest homologue of the actin family of antibiotics125 which 
has been isolated from a variety of Steptomyces.126 It is a macrotetrolide composed 
of two subunits of (-)-nonactic acid ((-)-228) and two subunits of (+)-nonactic acid 
((+)-228) arranged in an alternating order, as determined by Prelog and co-workers 
25 years ago.127 Their assignment (S4 symmetry128) was confirmed by crystallogra-
phic studies.129 Three syntheses of the natural ionophore 227 have been described. 
Gerlach and co-workers17 assembled the linear tetramer from racemic nonactic acid 
monomers; macrocyclization of the 2-pyridinethiol ester then gave a mixture of 
stereoisomeric macrotetrolides, from which 227 could be isolated in 10 % yield. In 
1975, the first synthesis of both enantiomers (-)- and (+)-228 of nonactic acid was 
reported by Schmidt and coworkers.131 They also realized the first "Reverse Coupe 
du Roi" 1 2 8 approach to the synthesis of 227 by coupling the tosylate of (+)-benzyl 
8-epinonactate with the potassium salt of (-)-nonactic acid through a SN2 
displacement, to produce a dimer which was then condensed to the tetrameric 
product 227 in 20 % yield. 1 3 2 A similar approach to the synthesis of 227 has been 
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presented more recently by Bartlett and coworkers.133 It requires the production of 
both (+)-nonactic acid ((+)-228) and the mesylate of (-)-methyl 8-epinonactate 
((-)-230).133 

Six syntheses of (-)-methyl nonactate ((-)-229) and (+)-methyl nonactate 
((+)-229) or of other ester derivatives of 228 have already been described. Schmidt 
et al . 1 3 1 used (-)-(S)-l,2-epoxypropane (derived from ethyl lactate) as starting 
material for both (-)- and (+)-229 (separation of diastereoisomers required). Sun and 
Fraser-Reid1*4 proposed an enantiodivergent approach135 (5 steps in common) of 
(-)- and (+)-229 D-ribose. Ireland and Vevert13,6 obtained a mixture of (-)-229 and 
(+)-230 from D-gulono-y-lactone. Bartlett and coworkers133 described an 
enantiodivergent synthesis (13 steps in common) of (-)- and (+)-229 starting with 
(-MS)-malic acid. Page et al . 1 3 7 derived (+)- and (-)-tert-butyl 8-0-[(tert-butyl)di-
methylsilyl]nonactates from (E)-but-2-enal and but-3-enyl bromide through a 
technique involving a kinetic resolution of enantiomers. Finally, Batmangerlich and 
Davidsonm prepared (+)- and (-)-tert-butyl nonactates and the corresponding 8-epi 
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^ - > ^ (-)-230 \ ^ I K O H 
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(•)-81 (_)_229 one pot Ε = COOMe 

isomers from L-glutamic acid in 8 steps. All but one of these syntheses required a 
chiral pool and, in some instances, difficult chromatographic separations. We report 
here a new and short stereoselective synthesis of (-)- and (+)-methyl 8-epinonactates 
((-)- and (+)-230). The latter can be transformed to (-)- and (+)-229, respectively,139 

by applying the Mitsunobu displacement reaction.140 Our approach36 (Scheme 11) 
employs (-)- and (+)-7-oxabicyclo[2.2.1]heptan-2-ones ((-)-81 and (+)-81), derived 
from our naked sugars 38 and 32, respectively, or from optical resolution of (±)-81 
using the Johnson and Zeller method48 (for other syntheses of racemic nonacic acid 
derivatives, see reference 141). 

Monomethylation of (+)-81 to (+)-231 was achieved in the following way. 
KHMDS (prepared from KH and hexamethyldisilizane) in THF was added to a 1:10 
mixture of (+)-81 and Mel (THF, -50 °C). Workup with 2 Ν HC1 and aq. Na 2 S 2 0 3 

soin, gave (+)-231 in 63 % yield. In some runs, 10 - 15 % of 3,3-dimethyl-7-oxa-
bicyclo[2.2.1]heptan-2-one was also formed. The latter compound was readily 
separated from 231 by medium-pressure chromatography (silica gel). Baeyer-
Villiger oxidation with 1 equiv. of MCPBA and NaHC0 3 (CHC13, 12 °C) gave the 
unstable oxo acetal (-)-232 in 94 % yield. Addition of 1 equiv. of 2-(trimethyl-
silyloxy)propene to a 1:1 mixture of (-)-232 and TiCl 4 (CH2C12, -78 °C, 3 h) 
furnished a 1:3 mixture of ketones (+)-233 and its trans isomer (+)-234. The latter 
was equilibrated into a 4:3 mixture (+)-233/(+)-234 on treatment with 2 Ν KOH (20 
°C, 2 h), acidification, and esterification with CH 2 N 2 . The isomers (+)-233/(+)-234 
were separated by medium-pressure chromatography (silica gel) and were isolated 
in 36 and 27 % yield, respectively. The minor product (+)-234 could be recycled as 
above into a 4:3 mixture (+)-233/(+)-234 in 85 % yield. The fact that a mixture of 
both possible stereoisomers is formed under conditions of kinetic control suggests 
the intervention of a SN1 mechanism alone, or competing with a SN2 mechanism. 
Steric effects are probably responsible for the favoured displacement reaction with 
inversion of configuration at the acetal C-centre (SN2 mechanism and/or SN1 
mechanism with preferential quenching of the cationic intermediate onto the face 
anti with respect to the carboxylic group). Reduction of (+)-234 with L-Selectride139 
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13. VOGEL ET AL. Synthesis front 7-Oxanorhornenes 229 

(THF, -78 °C) gave a 10:1 mixture of (+)-230 to (+)-229. Column chromatography 
(silica gel) afforded pure (+)-230 in 82 % yield. Treatment of (+)-230 with diethyl 
azodicarboxylate/triphenylphosphine/benzoic acid, followed by saponification 
(MeOH, MeONa), yielded (+)-229 in 85 % yield 1 3 9. The enantiomeric forms (-)-229 
and (-)-230 can be derived in a similar way from (-)-81. Our approach36 is, in 
principle, applicable to the synthesis of a variety of derivatives of methyl nonactates 
and methyl 8-epinonactate. This assumes that monoalkylation of 7-oxanorbornanone 
with groups larger than the methyl group can be achieved or/and that condensation 
(232 —» 233) of trimethylsilyl ethers of enols derived from ketones homologous to 
acetone are possible. Furthermore, since centers C(5) and C(6) in 7-oxanorbor-
nanones can be substituted stereoselectively by a variety of groups, our method also 
allows us to envision the total synthesis of nonactic acid derivatives substituted at 
C(4) and C(5) of the tetrahydrofuran ring. 

Conclusion 

Optically pure 7-oxanorbom-5-en-2-yl derivatives ("naked sugars") are readily 
available. Substitution of their centers C(3), C(5) and C(6) can be done with high 
stereo- and regioselectivity in a predictable fashion. The polysubstituted 7-oxanor-
bornan-2-ones so-obtained can be transformed into D- or L-carbohydrate 
derivatives, C-nucleoside precursors or polysubstituted cyclohex-2-enones and 
cyclohexenols (Scheme 12). Stereoselective rearrangements of the 7-oxanorborn-
2-yl systems into polyhydroxylated cyclopentyl derivatives are also possible. 

HO 

Β A Β A 

Scheme 12 
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Chapter 14 

Applications of Allylboronates 
in the Synthesis of Carbohydrates 

and Polyhydroxylated Natural Products 

William R. Roush 

Department of Chemistry, Indiana University, Bloomington, IN 47405 

Contributions from our laboratory concerning the use of 
allylboronates in the synthesis of carbohydrates and other 
polyhydroxylated compounds are reviewed. In work directed 
towards the synthesis of D-fucose derivative 3, the reaction 
of γ-methoxyallylboronate 14 and α,β-dialkoxyaldehyde 13 
proceeded with excellent diastereoselectivity (>20:1) leading 
to 15. This compound served as a key intermediate in a 
recently completed total synthesis of olivin. A similar reaction 
(18 + 19 --> 20) figured prominently in the highly 
diastereoselective synthesis of compound 22 corresponding 
to the Β ring of sesbanimide. Next, the stereochemistry of the 
reactions of substituted allylboronates and α-chiral 
aldehydes is discussed. Since many of these reactions are 
not sufficiently diastereoselective to be synthetically useful, 
the tartrate allylboronates 36-38 were developed and found 
to be exceptionally useful in controlling diastereofacial 
selectivity via the principle of a double asymmetric synthesis. 
The application of these reagents towards the synthesis of 
the C(19)- C(29) segment of the rifamycin S ansa chain is 
discussed. Tartrate allylboronate 36 also has been applied 
in the synthesis of the AB disaccharide unit of olivomycin A 
and in a completely general synthetic approach to 2-
deoxyhexoses via the reactions with chiral, nonracemic 2,3-
epoxyaldehydes. Finally, the origin of asymmetry of the 
tartrate allylboronates is discussed and illustrated by the 
design of a new auxiliary, N,N'-dibenzyl-N,N'-
ethylenetartramide (88), that is substantially more 
enantioselective than the parent tartrate esters. 

0097-6156/89/0386-0242$10.00/0 
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The stereoselective synthesis of carbohydrates from acyclic precursors is 
a research topic that has attracted considerable attention over the past 
decade.1 Efforts in this area are easily justified and have maximum impact 
particularly when directed toward rare sugars or other polyhydroxylated 
molecules that are not conveniently accessed via classical "chiron" 
approaches.2 An underlying theme of such efforts, of course, is the 
development of practical synthetic methodology that will find broad 
application in the enantio- and diastereoselective synthesis of natural 
products, their analogues, and other compounds of biological interest. 

We have been particularly interested for several years in the use of 
allylboron compounds as reagents for acyclic diastereoselective 
synthesis,3 and are pleased to have this opportunity to summarize our 
efforts in the carbohydrate arena. It is appropriate that a focal point of this 
discussion will be olivomycin A (Figure 1), a member of the aureolic acid 
family of antitumor antibiotics,4 since it was during our initial studies on the 
synthesis of the aglycone, olivin, that our interest in allylboron chemistry 
began to emerge. As will be shown subsequently  the allylboration 
reaction now also plays a
di- and trisaccharide unit
these studies, we have developed an exceedingly brief, highly selective 
and completely general synthesis of 2-deoxyhexoses and are currently 
exploring extensions of this chemistry to the parent hexoses themselves. 
Thus, we believe that the allylboration reaction will have as great an 
impact on the chemistry of polyglycolates as it has had on the 
polypropionates.3h«i 

Synthesis of a Functionalized D-Fucose Derivative: Initiation 
of a Program in Allylboronate Chemistry 

Several years ago we embarked on a total synthesis of olivin following the 
strategy summarized in Figure 2. 3 a » 5 The first problem we faced was how 
to synthesize D-fucose derivative 3 in an efficient manner. It is ironic that 
while the overall focus of this presentation is on the use of allylboron 
compounds in the diastereoselective synthesis of monosaccharides, 3 
was first synthesized in our laboratory via a classical "chiron" approach 
using D-galactose as the starting material. At the time this chemistry was 
initiated, it was not at all obvious to us that any diastereoselective 
synthesis could be more efficient than one originating from this readily 
available hexose. In fact, we initially regarded D-galactose to be the ideal 
starting material since each of the six carbon atoms and the four chiral 
centers mapped directly into 3; only the hydroxyl group at C(6) would 
need to be removed. That is, this seemed to be a situation where a 
'chiron' approach was clearly called for. 

The synthesis of 3 started from galactopyranoside 5, which was 
prepared from commercially available methyl β-D-galactopyransonide (4) 
by using slight modifications of a literature procedure (Figure 3).6 The free 
hydroxyl group was then methylated and the C(6) bromomethyl group 
reduced with U A I H 4 to give 6. After hydrolysis of the acetonide unit, the 
axial C(3)-hydroxyl group of 7 was selectively benzylated via the 
intermediacy of a 3,4-dibutylstannylene derivative.7 At this stage, we had 
hoped to perform Wittig reactions on the free sugars prepared from either 
7 or 8 (e.g., 10) as a means of generating unsaturated esters (e.g., 11) or 
enones desired for subsequent C-C bond forming reactions. 
Unfortunately, attempts to condense 10a with Ph3P=CHC02Me under a 
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Figure 1. Structures of olivomycin A and olivin. 

1) aromatic annulation 2 
2) hydroxylate C(2) 
3) deprotect 

introduction of C(3) manipulations 
stereocenter 

Figure 2. Original strategy for synthesis of olivin. 
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variety of conditions led to a mixture of pyran and furan derivatives, 12p 
and 12f, resulting from competitive internal Michael reactions,8 while 10b 
failed to react to any significant extent even when benzoic acid was added 
to catalyze the reaction (Figure 4).8a 

These problems were circumvented by protecting the C(4),C(5) diol 
prior to Wittig olefination step (Figure 3). Thus, treatment of 10b (a mixture 
of pyranose and furanose anomers prepared by hydrolysis of 8 with 
aqueous trifluoroacetic acid) with excess EtSH and concentrated HCI (as 
solvent) at 0°C 9 provided dithioacetal 9 in 50% yield, along with 25% of a 
mixture of thiopyranosides and thiofuranosides that was recycled to 10b 
in high yield by treatment with HgCfe and CaC03 in aqueous CH3CN. 
Finally, the diol unit was protected as a cyclohexylidene ketal, and then 
the thioacetal was hydrolyzed under oxidative conditions to arrive at the 
key aldehyde intermediate 3. 

Although we had achieved a synthesis of the targeted D-fucose 
derivative, we were not satisfied with what had been accomplished. First, 
this synthesis required 11 steps from D-galactose and was not nearl  so 
efficient as we would hav
available β-methyl galactopyranoside)
been developed. And, third, the brutally harsh conditions9 required for the 
conversion of 8 to 9 prevented introduction of more desirable protecting 
groups for C(3)-OH. Intermediates containing a TBDMS ether at this 
position ultimately were used in completing the olivin synthesis.5 

We thus turned to alternative strategies for synthesizing aldehyde 3. 
Particularly attractive was the proposal that sugar-like materials could be 
constructed via the reaction of an allyl ether anion and an a-
alkoxyaldehyde (Figure 5 ) . 1 0 · 1 1 For this approach to be successful, it 
would be necessary to control (i) the regioselectivity of the reaction of the 
allyl ether anion,10 (ii) the syn (threo) or anti (erythro) relationship 
generated in concert with the new C-C bond, and (iii) this new C(2)-C(3) 
relationship with respect to the chiral center (C(4)) already present in the 
aldehyde reaction partner. 

Solutions to problems (i) and (ii) were already available as a result 
of studies by Hoffmann and Wuts on the reactions of γ-alkoxyallyl-
boronates with achiral aldehydes (Figure 6).11"13 Relatively little 
information was available, however, regarding the stereochemistry of such 
reactions with chiral aldehydes. Hoffman had published several examples 
of reactions of (E)- and (Z)-crotylboronates (methyl replacing OMe in 
Figure 6) with chiral aldehydes such as 2-methylbutanal, but the best 
diastereofacial selectivity that had been reported was only 83:17.14 Thus, 
it was by no means certain that the chemistry summarized in Figure 7 
would be successful.33 

Aldehyde 13, readily prepared by a four step synthesis from L-
threonine,33'15 was treated with the known (Z)-y-methoxyallylboronate 
1 4 1 2 a - c . This reaction, as with other reactions of pinacol allylboronates, 
was relatively slow and required 24-48 h at room temperature to reach 
completion. It was, however, extremely selective and provided homoallyl 
alcohol 15 in 70% yield with greater than 95% diastereoselectivity. The 
stereochemistry of this compound was quickly verified by conversion to 3 
as shown in Figure 7.3 a We now believe that this reaction proceeds by 
way of the Conforth-like transition state depicted in Figure 7, and not by 
way of a Felkin transition state as suggested in our original publication, 
since a serious nonbonded interaction exists between the (Z)-methoxyl 
group and the C(3) substituents of 13 in the Felkin transition state. A 
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Figure 3. Synthesis of D-fucose derivative 3. 

competitive 

Michael ring 
closure 

12p 12f 

Figure 4. Condensation of 10a with 
Ph3P=CHC02Me. 
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Figure 5. A new strategy for carbohydrate synthesis. 
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Figure 6. Reactions of 7-alkoxyallylboronates with achiral aldehydes. 
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transition state. 
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detailed analysis of our thoughts concerning 1,2-diastereoselection in the 
reactions of allylboronates and chiral aldehydes appears in reference 3c, 
and the reader is referred to this source for additional discussion of this 
point. 

This diastereoselective synthesis of 3 is relatively brief (seven steps 
from L-threonine) and considerably more efficient (25% overall) in 
comparison to the D-galactose based synthesis described at the outset. 
One problem with this new sequence, however, was the synthesis of 
reagent 14 which proved to be low yielding, tedious, and not readily 
amenable to scale up. 1 2 a- c We subsequently found that in situ generated 
dimethyl (Z)-y-methoxyallylboronate (17) 1 2 b is extremely convenient to 
use and actually provides 15 in higher yield (75-83%) than the original 
method involving 14 (Figure 8). 

The synthesis of olivin was recently completed in our laboratories at 
Indiana University using homoallyl alcohol 15 as a key intermediate.5 It is 
beyond the scope of this presentation, however, for us to discuss this 
synthesis in detail here. For now  therefore  we leave the topic of olivin 
and consider instead additiona
synthesis of carbohydrate

Synthesis of B-Ring of Sesbanimide 

A second application of a reaction of a γ-alkoxyallylboronate and an α,β-
dialkoxyaldehyde was developed in connection with our work on the total 
synthesis of sesbanimide (Figure 9).39 In this case, the reaction of in situ 
generated allylboronate 18 and glyceraldehyde cyclohexyl ketal (19) 
provided 20 as the only observed stereoisomer. This reaction establishes 
the erythro relationship between C(8) and C(9) of the natural product 
target and, further, produces a homoallylic alcohol unit that when oxidized 
by using the VO(acac)2-TBHP system1^ yields epoxide 21 possessing the 
desired stereochemistry at C(7), again as the sole reaction product. The 
stereochemistry of 21, and hence 22 as well, was assigned by conversion 
to glucitol hexaacetate as indicated at the bottom of Figure 9. Thus, the 
combination of these two highly diastereoselective transformations 
enabled us to gain very rapid access to intermediate 22 containing the Β 
ring of the sesbanimides. It is conceivable that this allylboration-
epoxidation sequence will also be useful in the context of other problems 
in carbohydrate chemistry. 

Stereochemical Studies with Allylboronates. Development of 
the Tartrate Allylboronates 

We were intrigued by the high level of selectivity of the reactions of 
aldehydes 13 and 19 with γ-alkoxyallylboronates 14 and 18 and 
realized that if it was general we would be able to synthesize a wide range 
of carbohydrate and propionate derived materials. We initiated studies, 
therefore, on the reactions of allyl and crotylboronates with D-
glyceraldehyde acetonide (23) and the threonine derived aldehyde 13 as 
a means of probing the generality of these earlier results. We were 
surprised to find, however, that high diastereoselectivity was unique to 
reactions involving (Z)-crotyl or (Z)-y-alkoxyallylboronates. 
Stereoselectivity diminished or disappeared altogether as the C(3) 
substituent was removed (allyl reagent 25) or inverted ((E)-crotylboronate 
26; see Figure 10).3e 
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Figure 8. Preparation of homoallyl alcohol 15 via in situ generated 
allylboronate 17. 
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Figure 9. Preparation of intermediate 22 containing the Β ring of the 
sesbanimides. 
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That aldehyde diastereofacial selectivity is dependent on the 
substitution pattern and geometry of the allylboron reagent appears to be 
general. Table I summarizes additional results published by Hoffmann 
and Wuts that support this thesis.17 These data show further that 
diastereofacial selectivity also depends on the electronic makeup of the 
aldehyde reaction partner.30.17a Notice that the percent of anti 
diastereoface selectivity decreases as one moves to the right or down any 
column in the Table. Both we and Hoffman have come to the same 
conclusion that diastereofacial selectivity is governed, in part, by 
minimization of nonbonded interactions between olefinic substituents on 
the allylboronates and substituents α to the aldehydic carbonyl.3e>17 In 
the reaction of α-oxygenated aldehydes like 23 and 34, the transition 
states that appear to be lowest in energy correspond to the Cornforth 
model (for one example, refer to Figure 7). The increased anti selectivity 
with 34 and 23 presumably reflects an electronic activation of the favored 
Cornforth transition state.3® 

In spite of the poor diastereoselectivity realized in reactions with 
most chiral aldehydes, allylboronate
organic synthesis.3'1 ·>
and are convenient to use.18 They are nonbasic, relatively non-
nucleophilic, and hence are highly chemoselective in their reactions. 
From all perspectives they are well behaved chemical entities. 

The poor diastereoselectivity of the reactions of chiral aldehydes 
and achiral allylboronates appeared to be a problem that could be solved 
by recourse to the strategy of double asymmetric synthesis.19 Our studies 
thus moved into this new arena of asymmetric synthesis, our objective 
being the development of a chiral allylboron reagent capable of controlling 
the stereochemical outcome of reactions with chiral aldehydes 
independent of any diastereofacial preference on the part of the carbonyl 
reaction partner. 

Here, too, our work was preceded by that of Hoffmann, who had 
examined a number of terpene derived chiral diols20 and had shown that 
chiral allylboronates incorporating encfo-3-phenyl-exo-2,3-bomandiol 
were moderately successful in increasing the diastereofacial selectivity of 
several aldehyde addition reactions (matched cases).14'17b This 
auxiliary, however, was not sufficiently enantioselective to be effective in 
mismatched double asymmetric reactions - cases in which the 
stereochemical preferences dictated by the auxiliary and chiral aldehyde 
are dissonant.2 ' Since C2 symmetric diols had not been explored, we 
decided to focus our efforts on reagents incorporating this strategically 
significant symmetry element.22 

The use of tartrate esters was an obvious place to start, especially 
since both enantiomers are readily available commercially and had already 
found widespread application in asymmetric synthesis (Figure 11) (e.g., 
Sharpless asymmetric epoxidation).23-24 Reagents 36-38 are easily 
prepared and are reasonably enantioselective in reactions with achiral, 
unhindered aliphatic aldehydes (82-86% ee); typical results are given in 
Figure 12. 3 c« h Aromatic and α,β-unsaturated aldehydes, unfortunately, 
give lower levels of enantioselection (55-70% e.e.). It is also interesting to 
note that all other O2 symmetric diols that we have examined (2,3-
butanediol, 2,4-pentanediol, 1,2-diisopropylethanediol, hydrobenzoin, and 
mannitol diacetonide, among others) are relatively ineffective in 
comparison to the tartrate esters (see Table II).25 

These chiral reagents are especially useful in the context of double 
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Me 24 

25 

26 

9 - V 
O H C ^ ° ( 2 3 ) 

CH2CI2, 23°C 
75-85% 

as above 

as above 

Me ? — \ ^ Μ θ ° ~ ~ V ^ 

27 OH 97 : 3 OH 28 

Figure 10. Reaction
D-glyceraldehyde acetonide (23). 

Table I. Representative Diastereofacial Selectivities (anti : syn) 
in Reactions of Allyl Boronates and Chiral Aldehydes8 

MeO 

Μ*0^^,*.0^ (33) 

OBzl 

OHC 

97 : 3 

>95 : 5 

80 : 20 

55 : 45 

82 : 18 

65 : 35 

40 : 60 

Me 

<23> O H C ^ - <34> O H C " ^ ( 3 5 ) 

70 : 30 

38 : 62 

17 : 83 

aThe data represent the ratio of 4,5-anti to 4,5-syn carbonyl addition products; 
see, for example, Figure 10. 
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(R,R)-36 (R,R)-3

Figure 11. Tartrate allylboronates. 
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Figure 12. Products of the reactions of tartrate allylboronates with 

achiral, unhindered aliphatic aldehydes. 
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asymmetric synthesis.30-^11'' For example, whereas the reaction of D-
glyceraldehyde acetonide (23) and pinacol allylboronate (25) provides 
the erythro diastereomer (29) as the major component of an 80:20 mixture 
(Figure 10), the reaction of 23 and (R,R)-36 provides this same product 
with up to 98:2 selectivity (matched case).30-26 When (S,S)-36 is used, 
however, the diastereoselectivity is reversed (mismatched combination) 
and the threo diastereomer 30 is the major component of a 92:8 mixture 
(Figure 13).3d>26 

Thus, as this example clearly shows, reagent 36 (and 37 as 
well)3c'h is sufficiently enantioselective to control the stereochemical 
outcome of reactions with aldehydes that possess only modest intrinsic 
diastereofacial preferences. The consequences of this increased 
selectivity for organic synthesis are obvious. In the present case, 
compounds 29 and 30, which are synthetic precursors to 2-deoxyribose 
and 2-deoxylyxose,17b are each now easily prepared with excellent 
selectivity from readily available precursors. 

A more striking example of the potential of these reagents in 
organic synthesis is provide
segment of the rifamycin S
around four key C-C bond forming steps. The first (39 + 37) is a 
mismatched double asymmetric reaction that provides diastereomer 40 as 
the major component of an 88:11:1 mixture. The second (41 + 37), third 
(43 + 37) and fourth (45 + 36) proved to be matched double asymmetric 
reactions and provided 42, 44, and 46, respectively, with 98%, 95% and 
91% diastereoselectivity. It is interesting to note that the minor 
diastereomers produced in steps 2 and 3 are the hydroxyl epimers of 42 
and 44, and probably derive from reactions of the (Z)-crotyl reagent 38 
that is a minor contaminant (3-5%) in the batches of (E)-crotyl reagent 37 
used in this synthesis. Finally, with the exception of the first reaction 
leading to 40, the stereoselectivity is unoptimized: no effort has been 
made to "fine tune" any of the more advanced synthetic intermediates in 
order to enhance the diastereoselectivity of these C-C bond forming steps. 

The synthesis of aldehyde 48 proceeds in 16 steps from (S)-39 in 
15% yield and 75% stereoselectivity. The brevity, efficiency, and 
selectivity of this synthesis rivals alternative acyclic diastereoselective 
approaches to the rifamycin ansa chain, (see footnote 4 in reference 3i), 
thereby providing a clear testimony to the potential of the tartrate 
allylboronates as reagents for complex synthetic problems. 

Additional applications of this methodology in the synthesis of 
carbohydrates will be discussed in subsequent sections in this chapter. 

Synthesis of the AB Disaccharide Unit of Olivomycin A 

Our strategy for synthesis of the oligosaccharide chains,27'28 calls for 2,6-
dideoxyhexoses or the corresponding glycals to serve as precursors for 
both a- and β-glycosidation reactions. If a selective β-glycosidation 
protocol can be developed, then in principle any structural isomer or 
analogue of the natural product can be assembled from a common set of 
monosaccharide precursors.29 

Syntheses of each of the sugar residues in olivomycin A from 
commercially available carbohydrate precursors were known at the time 
our studies were initiated.30-31 We elected not to synthesize these 
compounds via literature procedures, however, since we felt that totally 
synthetic methods might provide a more convenient and general solution, 

In Trends in Synthetic Carbohydrate Chemistry; Horton, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



254 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

Table II. C 2 Diols Used in the Allylboration Reaction8 

OH OH OH ^ ^ O Ο 

OH OH OH OH O*. 

R - iPr, 87% e.e. (S) R - Me, 13% e.e. (S) Ar - Ph, 13% e.e. (S) 
R - Et, 87 % e.e. (S) R - iPr, 52 % e.e. (S) Ar - p-N02Ph, 11 % e.e. (R) 27% e.e. (R) 

OH 

OH 

54% e.e. (S) 

PhCH 2 

(ΒζΙ)2Ν-^γ^Ν^Ν(ΒζΙ)2 

46% e.e. (S) 

OH Ο 

15% e.e. (R) 

aResults obtained in reactions of the chiral allylboronates with cyclohexanecarboxaldehyde. 

OHcr 

2 3 

C02IPr 

C02iPr 
[(R,R)-36] 

toluene, -78 C 
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[ ( S , S ) - 3 6 ] 

as above 
85% 

OH 
2 9 

OH 
98 : 2 3 0 

matcheĉ JouW 

8 : 92 
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Figure 13. Reaction of D-glyceraldehyde acetonide with tartrate 
allylboronate 36. 
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Figure 14. Synthesis of the C(19)-C(29) segment of the rifamycin S ansa 
chain. 
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particularly in the context of this program where the synthesis of 
structurally modified oligosaccharides was a long range goal.29 We were 
also aware that several of these monosaccharides occur naturally (as 
glycosides of antibiotics) in both enantiomeric series,30 and realized that a 
route involving asymmetric synthesis would provide the necessary 
stereochemical generality to achieve equal access to either antipodal 
series. Perhaps the most important influence on this decision, however, 
was the realization that acyclic stereoselective methods were becoming 
increasingly important in organic synthesis. We believed that 
methodology for synthesizing polyhydroxylated sugar-like acyclic systems 
could in fact compete with chiron-based strategies in many instances; our 
work on the synthesis of D-fucose derivative 3 for the olivin synthesis is 
but one example. Thus, we decided to embark on a program of 
monosaccharide synthesis from acyclic precursors as a means of 
developing methodology that would be useful to the organic chemist in a 
wide range of contexts.1'32 

Epoxyalcohols prepared by the Sharpless kinetic resolution/ 
enantioselective epoxidatio
intermediates in our initia
monosaccharides. Our most important contribution was the development 
of methodology for controlling the regioselectivity of nucleophilic 
substitution reactions of the epoxyalcohol intermediates.34 Figure 15 
summarizes two complimentary and highly regioselective procedures for 
substitution reactions with oxygen nucleophiles. The reaction of 2,3-
epoxyalcohols with aqueous acid proceeds with very high selectivity for 
attack of water at the β-position, the epoxide carbon furthest away from the 
carbinol center. This mode of reactivity is illustrated in the digitoxose 
synthesis. In order for attack to occur at C a , as required for the synthesis of 
olivose (51), it is necessary for the nucleophile to be delivered 
intramolecularly. We found phenylurethanes to be the best source of 
"tethered" oxygen nucleophiles, and that these neighboring group 
assisted reactions are best performed in the presence of Lewis acid 
catalysts such as Et2AICI.34 

Although this approach has proved to be reasonably direct and 
efficient in the cases studied thus far, it suffers from several significant 
drawbacks: (i) because a resolution is involved, the maximum yield of 
useable chiral, non-racemic intermediates is 50%, and the separation of 
epoxyalcohol from the unreacted, kinetically resolved allylic alcohol is 
tedious, especially for large scale work; (ii) the generality of this method is 
restricted since the efficiency of the kinetic resolution (that is, the relative 
rate of epoxidation of the two allylic alcohol enantiomers) and the 
diastereoselectivity of the epoxidation step are poor for secondary (Z)-
allylic alcohols,33 an important class of substrates; (iii) the α-opening 
methodology is unattractive in cases where the intended role of the 
carbohydrate fragment is as an intermediate in subsequent reaction 
sequences. That is, the intrinsic differentiation of the C(4) and C(5) 
oxygen functionality in the epoxyalcohol substrate is lost in the course of 
the α-opening process (see 50 to 51, Figure 15). This is undesirable 
since sugars with undifferentiated hydroxyl groups at C(3) and C(4) are 
produced; in fact, introduction of a suitable set of protecting groups into D-
olivose (51) as the first step in studies on the synthesis of the olivomycin 
CDE trisaccharide has proven non-trivial.35 

The important conclusion from an operational point of view is that if 
sugars are to be synthesized de novo, it is imperative that the method be 
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direct, efficient, completely general, and provide access to intermediates in 
which all of the hydroxyl functionality is completely differentiated for use in 
subsequent synthetic schemes. 

Our development of the tartrate ester modified allylboronates3c'h 

suggested to us that many of these problems could be avoided by using 
the reaction of a chiral aldehyde and a chiral allylboronate as a means of 
establishing the stereochemistry of the sugar backbone. This strategy has 
been used in our synthesis of the AB disaccharide unit of olivomycin A 
(Figures 16, 17).3f 

Syntheses of monosaccharides 57 and 59 thus began with the 
reaction of aldehyde 5 3 3 a « 1 5 and (S,S)-36 that provided 54 in 93% yield 
and with 300:1 stereoselectivity. Diastereomer 54 was the major 
component of a 90:10 mixture when pinacol allylboronate (25) was used. 
The reaction of 53 and (S,S)-36, therefore, is a matched double 
asymmetric reaction. Benzylation of 54 provided 55 which was 
hydrolyzed by treatment with 4:1 HOAc - H 2 O (98%). Ozonolysis of the 
resulting diol then provided 3-0-benzyl-2,6-dideoxy-D-/yxo-hexose (72%) 
as a mixture of pyranose
converted to the correspondin
with acidic methanol. This mixture was most conveniently separated 
following acylation. Thus, the desired oc-pyranoside 56 was obtained as 
the major product in 36% yield along with an unseparated mixture of the β-
pyranoside and the α,β-furanosides. The latter mixture was recycled three 
times ((i) MeOH, AcCI; (ii) A C 2 O , pyridine, DMAP; (iii) chromatographic 
separation) bringing the total yield of 56 to 71%. 

Intermediate 56 served as precursor to both of the monosaccharide 
units in disaccharide 61. The A ring sugar 57 was prepared in 84% yield 
by hydrogénation of 56 in EtOH over 10% Pd/C. Alternatively, treatment of 
56 with powdered KOH in DMSO followed by excess CH3I and catalytic 
18-crown-6 gave 58 in 81% yield. This intermediate was then converted 
into thiosugar 59 as a mixture of anomers in 92% yield by using the 
method described by Hanessian.36 Coupling of these two units (Figure 
17) was smoothly accomplished by treatment of a mixture of 57 and 59 
(1.1 equiv.) with NBS (1.2 equiv.) and 4Â molecular sieves in CH2CI2.37 

Although a mixture of anomers was anticipated at the outset,38 we were 
pleased to find that this method provided 60 in 61% yield as a >6:1 
mixture in which the α,α-anomer predominated. The stereoselectivity was 
also independent of the anomeric composition of 59. It is interesting to 
speculate that the excellent selectivity may be the consequence of 
neighboring group assistance as suggested at the bottom of Figure 17, 
since analogous glycosidations of 2-deoxyglucose derivatives, which 
have equatorial C(4)-alkoxy groups and are unable to form similar bridged 
structures, are substantially less selective. Finally, hydrogénation of 60 
gave disaccharide 61, the spectroscopic properties of which were in 
excellent agreement with literature values.28*5 

A General Synthetic Approach to Monosaccharides 

The synthesis of disaccharide 61 is reasonably efficient (10 steps from 
53, 17% overall yield) and is readily amenable to scale up. Nevertheless, 
in contemplating extensions of this chemistry to the synthesis of 
differentially protected derivatives of D-olivose (e.g., 63, Figure 18) 
needed for construction of the olivomycin CDE trisaccharide, it became 
apparent that this approach is unattractive because the required starting 
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Figure 15. Reactions of epoxyalcohol intermediates in synthesis of 
olivomycin monosaccharides. 
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Figure 16. Synthesis of AB disaccharide unit of olivomycin A. 
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material, 62, formally deriving from D-a//o-threonine, is not readily 
accessible.39 

This prompted us to begin exploratory studies of a more general 
synthetic approach to monosaccharides that would not rely on the 
accessibility of specific chiral pool precursors. This approach, outlined in 
Figure 19, relies on two asymmetric transformations: (i) the Sharpless 
asymmetric epoxidation23 that can be used to prepare the epoxyallylic 
alcohol precursors to the indicated epoxyaldehydes; and (ii) the 
asymmetric allylboration reaction that presumably can be used to achieve 
diastereoface selection in the addition of allyl or γ-alkoxyallyl units to the 
epoxyaldehydes. Control of stereochemistry at C(3) relative to C(4) in 68 
should be possible by selecting the appropriate reagent 66 or 67. Given 
the ability to rationally manipulate the epoxide functionality, all possible 
hexoses of either absolute configuration should be easily accessible. In 
addition, as long as β-epoxide opening reactions are employed, the 
intrinsic differentiation of the C(4) and C(5) oxygen functionality in 68 can 
be carried through to the target hexose  Finally  it was apparent that this 
monosaccharide synthesis
practical than those base

We began by studying the reactions of epoxyaldehydes 69 and 70 
with both enantiomers of tartrate allylboronate 36 (Figure 20) . 3 5 » 4 1 [Note 
that in this case diethyl tartrate was used as the auxiliary rather than 
diisopropyl tartrate as in all previous examples. These two readily 
available esters are used interchangeably in our laboratory.] The 
aldehydes were prepared by oxidation of the corresponding epoxyallylic 
alcohols with NaOAc buffered PCC (92-95% yield). When 69 was treated 
with achiral pinacol allylboronate (25), erythro epoxyalcohol 71 was 
produced as the major component of a 60:40 mixture. The reaction of 69 
with (R,R)-36, therefore, constitutes a matched pair since the selectivity for 
71 is increased to 96:4. Erythro epoxyalcohol 73 similarly is the major 
product (96:4) of a matched double asymmetric reaction of cis-
epoxyaldehyde 70 and (S,S)-36. Thus, two of the four epoxyalcohol 
diastereomers are available with very good diastereoselectivity. The 
second pair of diastereomers, threo-epoxyalcohols 72 and 74, are 
available with lower selectivity (70-74: 30-26) via the mismatched double 
asymmetric reactions of 69 and 70 with (S,S)- and (R,R)-36, respectively. 
While we had hoped that the selectivity in these cases would be higher, 
these reactions may still be useful synthetically since two diastereomers 
are easily separated chromatographically. 

An interesting aspect of this chemistry is that the enantiomeric purity 
of the two diastereomeric products are different in each of the reactions 
reported in Figure 20. This is a consequence of a kinetic resolution 
involving distinctly different pathways for the reaction of 36 with the two 
epoxyaldehyde enantiomers, both of which are present since the 
Sharpless epoxidation provides the epoxyalcohol precursors to 69 and 
70 in only 95% and 90% e.e., respectively. For example, while the 
reaction of 70 with (S,S)-36 is a matched pair and leads preferentially to 
73, the reaction of ent-70 with (S,S)-36 is a mismatched combination and 
leads preferentially to enf-74 (Figure 21). That is, the minor enantiomer of 
the epoxyaldehyde is converted preferentially to the minor product 
diastereomer, causing the enantiomeric purity of the major reaction 
product to be much greater than that of the epoxyaldehyde precursor, and 
the enantiomeric purity of the minor diastereomer to be significantly less 
so. This is most strikingly demonstrated by the reaction of 70 and (S,S)-
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Figure 19. Proposal for a general monosaccharide synthesis. 
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36 where the major enantiomer of the minor reaction product 74 in fact 
derives from the minor enantiomer of 70. This phenomenon has important 
ramifications in organic synthesis, since it clearly suggests that products 
with very high enantiomeric purity can be prepared by linking multiple 
double asymmetric transformations in a synthetic pathway. Similar 
observations have been made by Hoye42 and Schreiber43 in studies of 
asymmetric epoxidations of bisallylic alcohols. 

The epoxyallylic alcohols prepared in this way are useful 
precursors to 2-deoxyhexoses or their immediate precursors. The 
flexibility of this approach is illustrated in Figure 22 by conversion of the 
two epoxyalcohol products of matched double asymmetric reactions (71, 
73) to precursors of all four 2-deoxyhexoses. The α-opening reactions of 
71 (to 75, and thence to 2-deoxy-L-glucose) and 73 (to 77) involve the a-
opening technology developed previously in our laboratory. As far as the 
β-opening reactions are concerned, two different methods have been 
employed. In the conversion of 71 to 76, the silyl ether protecting group 
was first removed and then diol 79 was treated with NaOH under 
conditions where epoxid
Monosubstituted epoxide
these conditions, and nucleophilic attack occurs at C(7) of 80 to produce 
75 with excellent regioselectivity. When diol 81 (prepared from 73) was 
subjected to these conditions, however, tetrahydrofuran 84 and not tetraol 
78 was the major product.35 Evidently, two epoxide migration pathways 
are accessible to 81, and the cyclization of 83 to 84 is faster than the 
intermolecular attack of hydroxide on 82. We have subsequently found 
that tetrahydrofuran formation also competes to a limited extent (ca. 15%) 
in the alkaline hydrolysis of 79. This problem has been solved in the case 
of 81 by using acidic hydrolysis conditions (Figure 22) which provided the 
desired tetraol 78 as major component of a 13:1 diastereomeric mixture 
(no tetrahydrofuran was produced.) The regioselectivity in this case 
presumably is dictated by the different steric environments at C(6) vs. C(5) 
since the electronic makeup of the two epoxide carbons should be 
comparable. It remains to be seen how general this acid hydrolysis will be 
with other epoxydiol substrates. We note in passing that the alkaline β-
opening protocol has also been applied to the diols corresponding to 72 
(10:1 regioselectivity; no tetrahydrofuran) and 74 (>20:1 regioselectivity; 
no tetrahydrofuran) and that efforts to optimize the β-opening sequence 
are continuing. 

These results are strongly supportive of our initial hypothesis that 
the reactions of allylboronates and epoxyaldehydes may serve as the 
basis of an efficient approach to monosaccharides. Relatively little work, 
however, has been performed on the reactions of epoxyaldehydes and γ-
alkoxyallylboronates, a transformation required to gain access to sugars in 
the 2-oxygenated series. One preliminary experiment designed to probe 
the intrinsic diastereoface selectivity of the epoxyaldehyde reaction 
partner is summarized in Figure 24. In this case, the reaction of 
epoxyaldehyde 85 with γ-methoxyallylboronate 14 provided a single 
major diastereomer (>6:1 selectivity) that has been tentatively assigned 
structure 86 by analogy to the anti diastereofacial selectivity exhibited by 
14 in reactions with other α-oxygenated aldehydes (refer to Table I). 

This example suggests that very high levels of selectivity will be 
realized in matched double asymmetric reactions involving chiral γ-
alkoxyallylboronates of general structure 66 and 67 (Figure 19), but also 
foreshadows potential problems in applications of these reagents in 
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mismatched double asymmetric reactions with substrates like 69, 70, and 
85. These reactions are not expected to be very selective since the 
mismatched reactions of 69 and 70 with allylboronate 36 are only 
marginally so, and at least with a (Z)-y-alkoxyallylboronate like 14 the 
intrinsic diastereofacial preference of 85 will be a greater barrier to 
overcome. [Recall that the intrinsic diastereofacial preference of 69 in the 
reaction with pinacol allylboronate 25 was only 2:1]. Of course, in many 
instances it will not be necessary to have access to a highly 
diastereoselective mismatched double asymmetric reaction, since the 
ability to manipulate the epoxide functionality in two independent ways 
provides sufficient generality that all of the target hexoses can be 
accessed via the products of the matched double asymmetric reactions. 
Only in cases where it is necessary to maintain the intrinsic functional 
group differentiation in compounds like 86, or when nucleophiles other 
than oxygen are used, will it be necessary to prepare both sets of product 
diastereomers. 

We began these studies with the intention of applying this tandem 
asymmetric epoxidation/asymmetri
synthesis of D-olivose derivativ
discussion indicates, our research has moved somewhat away from this 
goal and we have not yet had the opportunity to undertake this synthesis. 
This, as well as the synthesis of the olivomycin CDE trisaccharide, remain 
as problems for future exploration. Because it is the enantioselectivity of 
the tartrate ester allylboronates that has limited the success of the 
mismatched double asymmetric reactions discussed here, as well as in 
several other cases published from our laboratory,3h the focus of our work 
on chiral allylboronate chemistry has shifted away from synthetic 
applications and towards the development of a more highly 
enantioselective chiral auxiliary. One such auxiliary has been developed, 
as described below. 

N,N'-Dibenzyl-N,N'-ethylenetartramide, a Rationally Designed 
Chiral Auxiliary for the Allylboration Reaction 

We begin with a discussion of our thoughts on the origin of asymmetry with 
tartrate allylboronates 36-38. 3 c d Reagents prepared from (B,B)-tartrate 
invariably induce (S) configuration at the carbinol center, assuming that R 
has priority over the allyl group that is transferred; the major product 
presumably arises via transition state A. The level of asymmetric 
induction, however, is difficult to explain by simple steric interactions alone 
because the aldehydic R group is too far removed to interact strongly with 
the ester substituents and because selectivity is not influenced by the 
identity of the ester group itself (Me, Et, iPr, adamantyl, cyclodecyl and 2,4-
dimethyl-3-pentyl tartrate esters have been studied, and all give 
essentially identical levels of enantioselectivity). That conventional steric 
effects are probably not the dominant stereochemical̂  determining factor 
is supported by our observation that the tartrate esters are substantially 
more enantioselective than any other C 2 symmetric diols examined to date 
(e.g., see Table II], many of which presumably do have a steric origin of 
enantioselection.25 

These considerations prompted us to suggest early on that 
transition state A is favored as a consequence of n/n electronic repulsive 
interactions between the aldehydic oxygen atom and the β-face ester group 
that destabilizes C relative to A . 3 c These interactions i(Figure 25) are 
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possible since an easily accessible and frequently favored conformation of a-
heteroatom substituted carbonyl systems is one in which the heteroatom 
and carbonyl are syn-coplanar.45 Toluene appears to be particularly 
effective among nonpolar solvents in stabilizing this conformation46 and, 
interestingly, also happens to be the solvent in which 36-38 generally 
display the best enantioselectivity. 

For this mechanism to be correct, it is also necessary for the 
dioxaborolane to exist in conformation Β with the two -CC^iPr units 
pseudoaxial. In any other conformation of the dioxaborolane, or if other C-
C02iPr bond rotational isomers are considered, the ester and aldehydic 
oxygen atoms are too far removed to interact. It should be noted further 
that reasonable transition states for C-C bond formation are not accessible 
if the aldehyde is symmetrically disposed with respect to the 
dioxaborolane system. Clockwise rotation about the B-0 bond as 
indicated in Β moves the aldehyde nonbonding lone pair away from the 
proximate ester carbonyl and leads to the favored transition state A. 
Rotation of the B-0 bond in the reverse direction increases the n/n 
interactions and leads to disfavore

These arguments impl
step (a Lewis acid/Lewis base reaction) is the critical enantioselectivity 
determining event, since conformation Β most probably represents the 
ground state Lewis acid aldehyde complex. This conformation may be 
stabilized by a boron centered anomeric effect (η0-σ* interactions between 
the axial lone pairs of the ring oxygens and the B-0=CHR single bond).47 

The actual transition state for the allyl transfer probably occurs during a 
flipping motion of the dioxaborolane O-B-0 unit that moves the allyl group 
towards a pseudoaxial position with development of two anti η 0-σ B-C 
interactions that facilitate cleavage of the B-C bond. 

One further point is worthy of brief mention. While we have focused 
on lone pair/lone pair repulsive interactions that destabilize transition state 
C, it is conceivable that A is actually stabilized relative to C by a favorable 
charge-charge interaction between the ester carbonyl (δ") and the 
aldehydic carbonyl carbon (δ+) owing to the proximity of these groups in A. 
While it is not yet possible to resolve the relative contributions of these 
distinct stereoelectronic effects, it is clear that our mechanistic proposal 
explains the experimental results only if the dioxaborolane and the C-
C02iPr bonds exist in the conformations indicated in B. Any 
conformational infidelity at either site would be expected to lead to 
diminished enantioselectivity. 

As a test of this hypothesis we decided to explore conformational̂  
restricted auxiliaries such as 87 (Figure 26). 4 8 We recognized that as 
long as the tartrate unit is held within an eight membered ring, the critical 
conformational features discussed for Β become structural constants in D. 
If our mechanism is correct, we expected reagent 88 to be substantially 
more enantioselective than the parent tartrate allylboronate 36.4 9 

Bislactam (R,R)-87 was readily synthesized from benzylidene 
tartrate (89) and Ν,Ν'-dibenzylethylenediamine by a three step sequence 
in 40-42% overall yield (Figure 27). Interestingly, the Mukaiyama salt 
mediated50 amidation-lactamization step proceeds in a preparatively 
useful yield (52-56%), while very poor results have been previously 
reported for the synthesis of eight membered lactams from co-aminoacid 
precursors.51 

Results obtained in the reactions of (R,R)-88 with several 
representative achiral aldehydes are summarized in Table III. Also 
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Table III. Reactions of (R,R)-88 and Achiral Aldehydes 

OH [(R,R)-88] 

R C H O 
toluene, 4Â molecular sieves 

40-58% 

RCHO 
C 6 H t 1 C H O 

Temp 

-78°C 

-50° 

+25° 

K^HgCHO -78° 

TBDPSOCH 2 CH 2 CH 2 CHO -78° 

BzK)CH 2CHO -78° 

C 6 H 5 CHO -78° 

Selectivity _ 

97%e.e. (87%) 

94% — 

Confia A A G ^ k c a i mol 1 ) 
S -1.61 (-1.03) 

8 7 % 

9 6 % 

9 4 % 

8 5 % 

8 5 % 

(50%) 

(86%) 

(84%) 

(60%) 

(60%) 

S 

S 

S 

R 

S 

S 

-1.53 — 

-1.57 (-0.65) 

-1.50 (-1.00) 

-1.34 (-0.94) 

-0 .97 (-0.53) 

-0.97 (-0.53) 

Values in parentheses are data obtained by using the parent 
DIPT reagent under identical reaction conditions. 
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included are comparative reference data obtained in reactions with the 
parent tartrate allylboronate 36. In every instance 88 greatly 
outperformed its predecessor. The reactions of 88 with cyclohexane-
carboxaldehyde, pivaldehyde and 4-t-butyldimethylsilyloxybutanal 
proceed with 94-97% e.e., versus 84-87% e.e. with DIPT reagent 36, a 
very significant improvement. Even benzyloxyacetaldehyde and 
benzaldehyde, which were very poor substrates for 36 (60% e.e.), now 
each give homoallyl alcohols with acceptable levels of enantioselection 
(85% e.e.). In energetic terms (see column with AAG* data), the new 
reagent is at least 50% more enantioselective on a case by case basis. 
Also significant are the observations that 88 is as selective in reactions at 
25°C as is 36 at -78°C (entries 1,3), the Δ Δ Θ * of reactions of 88, but not 
36, are independent of temperature within experimental error (entries 1-
3), and the sense of asymmetric induction with 88 and 36 are the same. 

The increased enantioselectivity of 88 is also apparent in reactions 
with chiral aldehydes (Figure 28). β-Alkoxypropionaldehydes 90 were 
relatively poor substrates when 36 was used.3h The best selectivity ever 
obtained for syn diastereome
reactions was 89:11 [(S,S)-36  90a],
anti diastereomer 92 was 87:13 [reaction of 90b and (R,R)-36]. In 
contrast, the allylborations of 90a,b with the new reagent 88 now 
proceed with up to 97:3 selectivity for either product diastereomer. Even 
more impressive results were obtained with glyceraldehyde acetonide 
(23): the matched double asymmetric reaction leading to 29 now 
proceeds with 300:1 diastereoselectivity, while the mismatched 
combination leading to 30 proceeds with 50:1 selectivity. 

These data strongly support our original thesis regarding the origin 
of asymmetry with reagents 36-38, and establish 88 as the most highly 
enantioselective allylmetal reagent yet devised.21'52 It should be noted 
also that the increased enantioselectivity with 88 is not simply the 
consequence of the ester to lactam functional group modification, since a 
series of acyclic tartramides have been examined (e.g., bis-N,N-dibenzyl 
tartramide; see Table II), and their allylboron derivatives are significantly 
less enantioselective than even 36. Consequently, these studies 
emphasize the important geometric relationships that must be present in 
the favored allylboration transition state and, further, suggest that the 
convergence of functional groups towards a metal center can be an 
exceedingly useful strategy for achieving a topological bias in the 
enantioselective functionalization of a carbonyl group.53 

Although 88 is substantially more enantioselective than 36, it is not, 
however, a superior reagent for organic synthesis. Compound 88 suffers 
from poor solubility in toluene especially at low temperatures, causing the 
reactions summarized in Table III and Figure 28 to be sluggish and require 
long reaction times for reasonable conversions.48 We regard 88 to be a 
prototype of an improved auxiliary, and are actively striving to develop a 
reagent that combines the reactivity of 36 with the enantioselectivity and 
ease of preparation of 88. If we are successful, then we will have an 
auxiliary that will greatly increase the utility of allylboronates in organic 
synthesis, especially in the context of mismatched double asymmetric 
reactions. 

Future applications of allylboronates in the synthesis of 
carbohydrates along the lines suggested in Figure 19 will await the 
development of such an improved second generation reagent.54 
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A Fresh Approach to the Synthesis 
of Carbohydrates 

Teruaki Mukaiyama 
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Bunkyo-ku, Tokyo 113, Japan 

Various monosaccharides and glycosides are successfully 
synthesized by
selective reaction

In the area of s y n t h e t i c organic chemistry, v a r i o u s t o o l s f o r d i a -
s t e r e o s e l e c t i v e carbon-carbon bond formation i n a c y c l i c systems have 
r e c e n t l y been developed. Furthermore, the asymmetric synthesis of 
c h i r a l compounds i n high o p t i c a l p u r i t y i s achieved without the use 
of enzymes. Based on these developments, much a t t e n t i o n has been 
focused on the synthesis of carbohydrates i n recent years. In gener
a l , carbohydrates c o n s i s t of various monosaccharides l i n k e d by g l y c o -
s y l bonds and, t h e r e f o r e , possess many c h i r a l centers. Thus, the 
f o l l o w i n g goals e x i s t as c h a l l e n g i n g problems i n the synthesis of 
carbohydrates; (a) to prepare v a r i o u s monosaccharides w i t h c o r r e c t 
stereochemistry and (b) to make g l y c o s y l bonds s t e r e o s e l e c t i v e l y 
between sugar d e r i v a t i v e s . 

This a r t i c l e summarizes a v a r i e t y of novel and u s e f u l methodolo
gies developed i n our l a b o r a t o r y f o r the synthesis of carbohydrates. 

(A) STEREOSELECTIVE SYNTHESIS OF MONOSACCHARIDES 

Various monosaccharides are u s u a l l y synthesized s t a r t i n g from the 
r e a d i l y a v a i l a b l e sugars, such as glucose, galactose, etc. In recent 
years, u s e f u l methods f o r the synthesis of various sugars by st e r e o 
s e l e c t i v e carbon-carbon bond formation between simple organic mole
cules have been much sought a f t e r . For t h i s purpose, s e v e r a l new 
rea c t i o n s using common metal s a l t s such as potassium enolates, 
cadmium s a l t s , z i n c enolates, boron enolates etc. were developed 
( I , I I ) . Next, novel d i v a l e n t t i n species mediated carbon-carbon bond 
forming r e a c t i o n s were explored and a convenient synthesis of a 
v a r i e t y of monosaccharides has been achieved by use of these r e 
a c t i o n s ( I I I , I V ) . Furthermore, a 4-carbon b u i l d i n g block, a key 
s t a r t i n g m a t e r i a l f o r sugar s y n t h e s i s , was devised and prepared from 
L- or D - t a r t a r i c a c i d (V). 
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I. S t e r e o s e l e c t i v e A d d i t i o n s to 2,3-Q-Isopropylidene-D- or L - g l y c e r -
aldehyde 

The cadmium s a l t of the 2 - a l l y l o x y b e n z i m i d a z o l e d e r i v a t i v e 1 r e a c t s 
w i t h various aldehydes to a f f o r d adducts 2 w i t h high r e g i o - and 
s t e r e o s e l e c t i v i t i e s . The adducts 2 are subsequently transformed 
i n t o t r a n s - v i n y l o x i r a n e s 3 (1). 

D- and L-Ribose are synthesized s t a r t i n g from 2,3-O-isopropylidene-D-
and L-glyceraldehyde, r e s p e c t i v e l y , by the a p p l i c a t i o n of t h i s r e 
a c t i o n (2). 

_ 2K^A οζτΠ
I m d 0 / N ^ ' Ό^γ^ THF, reflux" °-^Sj^Alumina(Neutral) O ^ A ^ 

o ^ I OH 0 Et,0, r.t. Ε 
3 ) 0 ^ C H O 0 H 52% 

63% 82% 

HO, 

. >0 V 10%Pd-C L ^ O ^ Λ Ι 

» ^ > ° " - ^ Îô i r * J c^ - 0 " « - r r v 
/ \ OH Oil 

1) os,-nn 
2) Me,_s ^ H ( p 
3) Silica R«.| " O H Oil 

H O OCIUPh D-Rihose Me 

54% 91% 

Zinc enolate 4, prepared from acetylene ether p y r i d i n e 1-oxide, 
mercuric c h l o r i d e , and z i n c , adds to aldehydes to form a-chloro-|3-
hydroxy e s t e r s 5 i n good y i e l d s (3). Subsequent treatment w i t h base 
gives trans-epoxyesters, one of which 6 i s converted to 2-amino-2-
deoxy-D-ribose s t e r e o s e l e c t i v e l y i n good y i e l d s (4). 

Ο 

iilll.O 

'Jll " on ο C O L - . 
I I ! 1 KlONn 'I / ' # 

Ο ο V 
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EtOH-Η,Ο 
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Replacement of p y r i d i n e 1-oxide by b o r i n i c a c i d i n the above r e a c t i o n 
leads to formation of vinyloxyborane intermediate 7 which f u r t h e r 
r e a c t s w i t h aldehydes to give the a l d o l products 8 and 9. 2-Deoxy-D-
ribose i s prepared e f f i c i e n t l y by a p p l i c a t i o n of t h i s r e a c t i o n (5). 

H C =C()Kt + ρ | „ R o l l -f Hg(OAc)i-
AcOHg^ ^ ) F { 

C=C

EtOCsCH+Ph,BOH + H K iOAr) 1 + 0 JL - Π'°» n
 1 

^ ^ ^ C H O TMF.O C U 

?" 0 OAc Ο 
ι II I II 

r. t.. 2h 

Oi l 

Y -- II η 

S t e r e o c o n t r o l l e d a d d i t i o n of 2 - f u r y l anion to 2,3-O-isopropylidene-D-
glyceraldehyde can be achieved by the a d d i t i o n of some metal s a l t s . 
In the presence of zi n c i o d i d e , 2 - f u r y l l i t h i u m undergoes s t e r e o 
s e l e c t i v e a d d i t i o n to a f f o r d the a n t i adduct 10 w i t h high s e l e c t i v i 
ty. This adduct can be transformed i n t o D-ribulose through standard 
sequences (16). 

N C H O 

10 I \ MrO-J l M V N;iHI!4 

— O H 

— O H 
— n | | 

L - O I I 

I I . Asymmetric A l d o l Reaction by the Use of O p t i c a l l y A c t i v e Imines 

The potassium enolate prepared from a t r o l a c t i c a c i d d e r i v a t i v e 11 
undergoes a l d o l r e a c t i o n to give 12 i n a h i g h l y s t e r e o s e l e c t i v e 
manner. Successive a c i d treatment gives syn-amino a c i d 13 i n good 
y i e l d (7_). 

In Trends in Synthetic Carbohydrate Chemistry; Horton, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



15. MUKAIYAMA A Fresh Approach to Carbohydrate Synthesis 281 

Π 
P H ^ O S i M e , h licR'S —

 M /U, Η 1 ) A C O H / H , 0 _ B o c N x . . . C 0 1 ' B u 
3)CISiMe, V = N i*CO, 'Bu >- 1 

/ xf> 2) Boc-S-Reagent I 

12 13 
2-Acetamido-2-deoxy-D-arabinose 14 and 2-acetamino -2-deoxy-D-ribose 
15 are prepared from (R)- and ( S ) - a t r o l a c t i c a c i d d e r i v a t i v e s r e 
s p e c t i v e l y using the above r e a c t i o n (8). 

1) KDA 

» W ~

C O j . B u 3JTMS-C1 3)No2CO, 

V ^ ' " n-BuMgCI 

—ι x O v V^SiCI -SiOn y u . -biu-i .wv 

I ie:_/ OSi—f 
OH 

I O T ^ 

on 
Y ^ 

( Τ Γ 0 Η · Ό π V ? i c i - ? i 0 1 y o v 1 i 0 l / ° 
3 2 " \ ^ y ^ o \ 

OH /\^ 
Z=PI.CH2OCO 

A f U N >~01! 
2)Ac,(> ' S 

H O 1 , 

OH OH 14 
X 

2-Acetoamide-2-deoxy- n arabinnse 

V / O i f X \ NHZ / ° V 

X C 0 2 ' B u ° » NHAr 

-OH 
2-Acetoamide-2deoxy-1> ribosc 

x C ( V B u OH NHAr 
Oil 

15 

I I I . New and Useful Synthetic Reactions by the Use of Stannous 
F l u o r i d e or M e t a l l i c Tin 

A l l y l t i n d i f l u o r o i o d i d e , formed i r i s i t u by the o x i d a t i v e a d d i t i o n of 
stannous f l u o r i d e to a l l y l i o d i d e , i s found to react w i t h carbonyl 
compounds to give the corresponding h o m o a l l y l i c a l c o h o l s i n e x c e l l e n t 
y i e l d s under m i l d r e a c t i o n c o n d i t i o n s (9). 

I+SnF, 

F -

URCOR' 
2)H,0 ' 

This r e a c t i o n i s a p p l i e d to the synthesis of 2-deoxy-D-ribose ( 10). 
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DSnF, 
2)PhOCH2COCl 

0-COCH2OPh 

anti/syn=81/19 

1̂  ^ - O H 

2 , 2 , 2 - T r i b r o m o e t h a n o l d e r i v a t i v e s a r e a l s o o b t a i n e d by t h e r e a c t i o n 
o f c a r b o n t e t r a b r o m i d e w i t h a l d e h y d e s i n t h e p r e s e n c e o f s t a n n o u s 
f l u o r i d e . 2 , 3 - D i - O - a c e t y l - D - e r y t h r o n o l a c t o n e 16 i s s y n t h e s i z e d as 
shown b e l o w (11). 

n ^ X „ D SnF, AcO.Py Λ Χ 
0 Ο + CBr« » Λ ' 

\ ^ DMSO 
CHO 

l )A g N0 3 -H 2 0 
0

3 : ι 16 
M e t a l l i c t i n , Sn(0), i s even more e f f e c t i v e l y e mployed. F o r e x a m p l e , 
i n t h e p r e s e n c e o f Sn(0), a l l y l b r o m i d e and α - h a l o c a r b o n y l compounds 
a f f o r d n u c l e o p h i l i c o r g a n o m e t a l l i c s p e c i e s , w h i c h add t o a l d e h y d e s i n 
good y i e l d s t o g i v e h o m o a l l y l i c a l c o h o l s (12) and $ - h y d r o x y c a r b o n y l 
compounds (13,14) r e s p e c t i v e l y . α - D i k e t o n e s c o u l d be r e d u c e d by 
a c t i v a t e d Sn(0), t o g i v e t i n ( l l ) e n e d i o l a t e s w h i c h i n t u r n undergo 
a l d o l r e a c t i o n t o f o r m α , β - d i h y d r o x y k e t o n e s (15,16). T h i s r e a c t i o n 
was s u c c e s s f u l l y a p p l i e d t o a s t e r e o s e l e c t i v e s y n t h e s i s o f m e t h y l D-
g l u c o s a m i n a t e (17). 

SnCl2-K /5n x 
7^ OH 

OH 0 

0 

Imd 

CH2CI2 

RuOz-NalO* 

C C U -CH3CN - H 2 O OAC Ν Η Ac methyl D- glucosaminate 

OAc Ν Η Ac 

IV. S t e r e o s e l e c t i v e A l d o l R e a c t i o n by t h e Use o f Stannous E n o l a t e s 

The a l d o l r e a c t i o n i s one o f t h e most f u n d a m e n t a l and u s e f u l s y n 
t h e t i c methods i n o r g a n i c s y n t h e s i s and b o r o n e n o l a t e s a r e known (18) 
t o be t h e most e f f i c i e n t i n t e r m e d i a t e s i n v i e w o f t h e i r m i l d r e a c t i o n 
c o n d i t i o n s and h i g h s t e r e o s e l e c t i v i t y . R e c e n t l y , s t a n n o u s e n o l a t e s 
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were found to have the prominent features shown above; stannous 
enolates generated from β-bromoketones and Sn(0) react w i t h aldehydes 
i n a h i g h l y r e g i o - and s t e r e o s e l e c t i v e manner. Al s o , a convenient 
method f o r the generation of stannous enolates was newly developed; 
the stannous enolates are generated by treatment of ketones w i t h 
stannous t r i f l a t e i n the presence of N - e t h y l p i p e r i d i n e and the 
stannous enolates thus formed show high r e a c t i v i t y as w e l l as high 
s t e r e o s e l e c t i v i t y ( 19,20), and the cross a l d o l r e a c t i o n between two 
d i f f e r e n t ketones i s a l s o r e a l i z a b l e i n good y i e l d s (21). 

/SnOTf 

RC0CH,Rl S n ( Q T f ) * 
E t r O 
CH2CI2 R' 

syn > 90: 10 R1 
anti 

Various cis-q,β-epoxycarbonyl compounds are s t e r e o s e l e c t i v e l y pre
pared v i a a-bromo-g-hydroxycarbonyl compounds by a p p l i c a t i o n of t h i s 
S n ( l l ) mediated a l d o l r e a c t i o
Also t h i s r e a c t i o n i s employe
2-amino-2-deoxy-D-arabinitol. 

-ÏSiO 
QNQIO^, . 4 0 Η 

HO Η 

0 EWQ / δ X Me0H ^8 Λ 
ΓΙ-Ι~ΓΙ~ -7Q0T un " CH2Cl2r78«C 

2)CH2N2 

1)NOBHA. 

MeOOC , R 
k 

2)NO10A 
OHC 

2)Ac70pyridii 

COOMe ^ 0 

71·/. 

0 N 3 AcO 

• A c O 

NHAc 

? 

1 RAH 
2)Ac20 
3»NHC1 

COOMe 

OAC OAc20.pyridine QAC 

2-amino-2deoxyarabin ito l 

•OAc 

isomer rat io 
8 : 2 : 1 

A simple synthesis of the branched chain sugar, 2-C-methyl-D,L-
lyxofuranoside 17 has been achieved by using the t i n ( l l ) enolate of a 
1,3-dihydroxy-2-propanone d e r i v a t i v e and methyl pyruvate (23). 

ROCH2CCH,OR 

0 

CHiCCO,CH, 

C) + CHiCI, 

0 
1 

ROCH,C 
« L , C H , 

i V n . c i ,iCH, anti/syn= 74/26 

au 
I.HS-H»),nil 
-/«);.TMK 21, 

. O s . i. D I R A I ! 

Π" on 
(il % (<W ! 2) 

i. ΚΟ'Π... 
Ft I 

RO OU 

in:fl= \ : η 

(H)OEt 

HO ()H |7 
91% 
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A l t h o u g h s e v e r a l a s y m m e t r i c a l d o l r e a c t i o n s have been r e p o r t e d r e c e n 
t l y , c h i r a l a u x i l i a r y g r o u p s a r e u s u a l l y a t t a c h e d t o t h e k e t o n e 
e q u i v a l e n t m o l e c u l e s i n t h e s e r e a c t i o n s (24). P r e v i o u s l y , no exam p l e 
e x i s t e d o f an a l d o l - t y p e r e a c t i o n where two a c h i r a l c a r b o n y l 
compounds a r e u s e d f o r c o n s t r u c t i n g a c h i r a l m o l e c u l e w i t h t h e a i d o f 
a l i g a n d . I t had a l r e a d y been shown t h a t c h i r a l d i a m i n e s d e r i v e d 
f r o m ( S ) - p r o l i n e a r e e f f i c i e n t l i g a n d s i n c e r t a i n a s y m m e t r i c r e 
a c t i o n s (25,26). Then, b a s e d on t h e c o n s i d e r a t i o n s t h a t d i v a l e n t t i n 
has v a c a n t d o r b i t a l s and a b i l i t y t o a c c e p t a b i d e n t a t e l i g a n d , 
e n a n t i o s e l e c t i v e a l d o l r e a c t i o n s v i a d i v a l e n t t i n e n o l a t e s w i t h 
c h i r a l d i a m i n e s were e x p l o r e d . A h i g h l y e n a n t i o s e l e c t i v e c r o s s a l d o l 
r e a c t i o n b e t w e e n a r o m a t i c k e t o n e s (27,28) o r 3 - a c e t y l t h i a z o l i d i n e - 2 -
t h i o n e (29) and v a r i o u s a l d e h y d e s has been a c h i e v e d , i n w h i c h c h i r a l 
d i a m i n e s d e r i v e d f r o m ( S ) - p r o l i n e w ork v e r y e f f e c t i v e l y as l i g a n d s . 
T h i s i s t h e f i r s t e x a m p l e f o r t h e f o r m a t i o n o f c r o s s a l d o l s i n h i g h 
o p t i c a l p u r i t y s t a r t i n g f r o m two a c h i r a l c a r b o n y l compounds by em
p l o y i n g c h i r a l d i a m i n e s as c h e l a t i n g a g e n t s . 

Sn(0Tf)2> Ç ^ Q | R'CHÔ  , 

~80Voe.e. 

CH3CNAS S n ( 0 T > ^ M E ^ , R C H 0 , R X A N
A

S 

~90%e.e. 

CH3CN S > > > MeOOC-^^fA 
>95V.e.e. 

These compounds d e r i v e d f r o m 3 - a c e t y l t h i a z o l i d i n e - 2 - t h i o n e a r e v e r y 
v e r s a t i l e c h i r a l m a t e r i a l s , c a p a b l e o f b e i n g t r a n s f o r m e d i n t o v a r i o u s 
s y n t h e t i c i n t e r m e d i a t e s as p r e v i o u s l y d e m o n s t r a t e d (30). F u r t h e r 
more, i n t h e s t a n n o u s e n o l a t e m e d i a t e d a l d o l - t y p e r e a c t i o n s o f 3-(2-
b e n z y l o x y a c e t y l ) t h i a z o l i d i n e - 2 - t h i o n e , t h e s t e r e o c h e m i c a l c o u r s e o f 
t h e r e a c t i o n i s d r a m a t i c a l l y a l t e r e d by t h e a d d i t i o n o f TMEDA as a 
l i g a n d . H i g h a s y m m e t r i c i n d u c t i o n i s a l s o a c h i e v e d by t h e a d d i t i o n 
o f a c h i r a l d i a m i n e d e r i v e d f r o m ( S ) - p r o l i n e (31). 

3n0 0 S Sn(0Tfh BnQ 

OTf 
An, 

RCHO 
"> R 

OBn 

QH ο S 

2) RCHO 
OBn 

Thus t h e c h a r a c t e r i s t i c f e a t u r e s o f t i n ( l l ) e n o l a t e s e n a b l e t h e 
s t e r e o s e l e c t i v e s y n t h e s i s o f a l d o l p r o d u c t s even f r o m two d i f f e r e n t 
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ketones. The combination of stannous t r i f l a t e and N - e t h y l p i p e r i d i n e 
provides an easy approach to t i n ( l l ) enolates, whereas t i n ( l V ) 
enolates have been prepared through r e l a t i v e l y l a borious m u l t i - s t e p 
procedures. E n a n t i o s e l e c t i v e a l d o l r e a c t i o n e f f e c t e d by c h i r a l d i 
amines a l s o enhances the u t i l i t y of t i n ( l l ) enolates i n organic 
s y n t h e s i s . 

V. New 4-Carbon B u i l d i n g Block for Sugar Synthesis 

A number of sugar d e r i v a t i v e s are s u c c e s s f u l l y synthesized by em
pl o y i n g the newly devised s t e r e o s e l e c t i v e carbon-carbon bond forming 
r e a c t i o n s s t a r t i n g from 2,3-O-isopropylidene-D- or L-glyceraldehyde. 
Recently, syntheses of monosaccharides s t a r t i n g from simple molecules 
were reported by Masamune, Sharpless, K i s h i , Danishefsky, and other 
groups (32,33). In most of these approaches, a carbon framework i s 
extended by a W i t t i g - t y p e r e a c t i o n and a generation of c h i r a l centers 
i s achieved by the Sharples
our approach mentioned i
s t e r e o s e l e c t i v e carbon-carbon bond formation, that i s , the s t e r e o -
c o n t r o l l e d carbon chain extention. 
Next, a development of a new and p o t e n t i a l l y u s e f u l 4-carbon b u i l d i n g 
block for the L-sugars was undertaken, and i t was found 4-0-benzyl-
2,3-O-isopropylidene-L-threose 18 i s r e a d i l y prepared s t a r t i n g from 
L - t a r t a r i c a c i d (34). 

0 2 H 

— Oil - Γ " 
0 - ^ % r 

18 
2-Deoxy-L-galactose 19, 3-amino-2,3-dideoxy-L-xylo-hexose 20 and L-
diginose 21 are synthesized conveniently from the aldehyde 18 (35). 

Κ 

cat. 0s0 4 

Nal04 

H 2/lQ%Pd-C 
r.t.,12h 

l)Çv E , 3 N 
M c OTs'r.t.,30min Z-Cl/NaOH cat.OsO, 

Na/NHj TsCI/pyr 

0. 5N HCI-THF 
2) U N , . HMPA70t\ II, Ot,30min NalO, 
3) LiAIH«, E t 2 0 reflux r.t.,5min 

1) LiEt,BM 

2) (0) 

19 
L - 2 - Ueoxvgalactose 

50% 

-di 

no ! . . 

3-Amino-2, 3-dideoxy-
|.-xylo-hexose 
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F u r t h e r , c o n v e n i e n t s y n t h e s e s o f t h e two f r a g m e n t s o f P o l y o x i n J , 
d e o x y p o l y o x i n C and 5 - 0 - c a r b a m o y l p o l y o x a m i c a c i d , have been a c h i e v e d 
i n a h i g h l y s t e r e o s e l e c t i v e manner s t a r t i n g f r o m t h e same c h i r a l 
b u i l d i n g b l o c k , 4 - 0 - b e n z y l - 2 , 3 - 0 - i s o p r o p y l i d e n e - L - t h r e o s e , l e a d i n g t o 
a f o r m a l t o t a l s y n t h e s i s o f P o l y o x i n J (36). 

(B) STEREOSELECTIVE GLYCOSYLATION REACTIONS 

B e s i d e s s t e r e o s e l e c t i v e s y n t h e s i s o f v a r i o u s m o n o s a c c h a r i d e s , s t e r e o 
s e l e c t i v e r e a c t i o n f o r t h e p r e p a r a t i o n o f g l y c o s i d e s i s an i m p o r t a n t 
p r o b l e m i n t h e s y n t h e t i c f i e l d o f c a r b o h y d r a t e c h e m i s t r y . However, 
t h e c l a s s i c a l methods, w h i c h r e q u i r e t h e a s s i s t a n c e o f heavy m e t a l 
s a l t s o r d r a s t i c r e a c t i o n c o n d i t i o n s , a r e s t i l l e m p l o y e d by and l a r g e 
i n t h e s y n t h e s i s o f s u c h compounds. T a k i n g t h e s e d i s a d v a n t a g e s i n t o 
c o n s i d e r a t i o n , new g l y c o s y l a t i o n r e a c t i o n s , w h i c h p r o c e e d under m i l d 
r e a c t i o n c o n d i t i o n s w i t h h i g h s e l e c t i v i t y , have been d e v e l o p e d and 
e x p l o i t e d . 

I . New Ap p r o a c h e s f o r t h e S y n t h e s i s o f G l u c o s i d e s . An A l k o x y l a t i o n 
o f S i l y l E n o l E t h e r s . 

α - A l k o x y k e t o n e s and α - k e t o a c e t a l s a r e p r e p a r e d i n good y i e l d s by t h e 
r e a c t i o n o f s i l y l e n o l e t h e r s w i t h a l k y l h y p o c h l o r i t e s i n t h e 
p r e s e n c e o f p a l l a d i u m ( O ) c a t a l y s t (37). 

OSiMe3 Pd°(PPh3)A,3mol<,/o 

R 2 ' R 0 C I Toluene, -78°C,1h R I A J ^ 

The r e a c t i o n i s a p p l i e d t o t h e s y n t h e s i s o f α - g l u c o s i d e as shown i n 
t h e f o l l o w i n g e q u a t i o n . 

o-Gucose 
- l u 

DL iTMP 

2)CITMS 

MeO-

MeO^ 

lBuOCI 

0SiMe3 
5mol7. Pd(PPh^ 
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MeO 

MeON OlBu 

l -Se lectr ide 

cteu 1,2-cis-glucoside 

I I . A C y c l i z a t i o n o f H y d r o x y E n o l E t h e r s 

A s t e r e o s e l e c t i v e c y c l i z a t i o n o f ( Z ) - ( 2 R , 3 R , 4 R ) - 6 - c y c l o h e x y l o x y -
1 , 3 , 4 - t r i b e n z y l o x y - 5 - h e x e n - 2 - o l p r o m o t e d by m e r c u r i c t r i f l u o r o a c e t a t e 
o r P h S e C l i s s u c c e s s f u l l y a c h i e v e d (38). 2-Deoxy-ot-hexopyranoside 
d e r i v a t i v e i s o b t a i n e d a l m o s t e x c l u s i v e l y by t h e t r e a t m e n t o f 22 w i t h 
m e r c u r i c t r i f l u o r o a c e t a t e f o l l o w e d by r e d u c t i v e w ork up, w h i l e a 
p r e d o m i n a n t f o r m a t i o n o f t h e β-anomer i s a c h i e v e d by t h e r e a c t i o n o f 
22 w i t h P h S e C l , and t h  s u c c e s s i v  d e s e l e n y l a t i o n

N - I o d o s u c c i n i m i d e a l s o p r o m o t e s t h e c y c l i z a t i o n t o g i v e t h e a - g l u c o -
s i d e d e r i v a t i v e , and t h e d i s a c c h a r i d e d e r i v a t i v e i s s y n t h e s i z e d w i t h 
h i g h s t e r e o s e l e c t i v i t y s t a r t i n g f r o m a h y d r o x y v i n y l e t h e r (39). 

I I I . The G l y c o s y l F l u o r i d e Method 

To a c h i e v e h i g h e r s t e r e o s e l e c t i v i t y , t h e c o m b i n a t i o n o f v a r i o u s s u g a r 
d e r i v a t i v e s and a c t i v a t i n g r e a g e n t s was exa m i n e d . As a r e s u l t , i t 
was f o u n d i n 1981 t h a t α-glucosides a r e p r e p a r e d w i t h h i g h s t e r e o 
s e l e c t i v i t y by t h e r e a c t i o n o f β-glucosyl f l u o r i d e s w i t h v a r i o u s 
h y d r o x y compounds i n t h e p r e s e n c e o f s t a n n o u s c h l o r i d e and s i l v e r 
p e r c h l o r a t e , o r s t a n n o u s c h l o r i d e and t r i t y l p e r c h l o r a t e (40). The 
use o f f l u o r o - s u g a r s has been e x t e n s i v e l y s t u d i e d by many r e s e a r c h 
g r o u p s (4 1-43) a f t e r t h i s r e s u l t was p u b l i s h e d . 

α/β = 20/80 
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υ Ί ^ 0 \ | , SnCI2, Ph 3CC10 4 H n ~ 

Χ X Et 20, M S 4 A \ ^ y\ +/9-anomer 

H N 0 Υ Β Η B J ~ L°' ( a / 3 = 8 8 / 1 2 - 8 1 / 1 9 

I V . T r i t y l P e r c h l o r a t e M e d i a t e d G l y c o s y l a t i o n 

R e c e n t l y i t was found t h a t t h e a l d o l r e a c t i o n o f s i l y l e n o l e t h e r s 
w i t h a c e t a l s o r a l d e h y d e s i s e f f e c t i v e l y p r o m o t e d by a c a t a l y t i c 
amount o f t r i t y l p e r c h l o r a t e t o g i v e t h e c o r r e s p o n d i n g a l d o l s i n good 
y i e l d s (44,45). P o l y m e r - b o u n d t r i t y l p e r c h l o r a t e a l s o s u c c e s s f u l l y 
c a t a l y z e d t h e a l d o l r e a c t i o n (46). 

? ™ S TrClO, 
R,C=CR2R3 + Rz,R5C(OR

CI o f 0 OR' 
» R ^ - C R ^ - C R ^ 

The t r i t y l p e r c h l o r a t e m e d i a t e d r e a c t i o n o f 1 - O - a c y l s u g a r s w i t h a l c o 
h o l s i s s u c c e s s f u l l y c a r r i e d out a t 0 °C and t h e c o r r e s p o n d i n g a-
g l y c o s i d e s a r e s t e r e o s e l e c t i v e l y p r o d u c e d (47). 

< g > + R O H T r C , ° ^ , | ® ^ R 
Π O B n E t 2 0 , 0°C B n ° i B n α/β = 9 6 / 4 - 9 2 / * 

S i m i l a r l y , C - g l y c o s y l a t i o n r e a c t i o n o f 1 - O - a c y l s u g a r s w i t h s i l y l a t e d 
c a r b o n n u c l e o p h i l e s , s u c h as s i l y l e n o l e t h e r s , p r o c e e d e d t o g i v e t h e 
c o r r e s p o n d i n g O g l y c o s i d e s i n good y i e l d s i n t h e p r e s e n c e o f a 
c a t a l y t i c amount o f t r i t y l p e r c h l o r a t e (4J3). T h i s r e a c t i o n was a l s o 
c a t a l y z e d by p l o y m e r - b o u n d t r i t y l p e r c h l o r a t e ( Mukaiyama, T.; 
K o b a y a s h i , S. C a r b o h y d r a t e R e s e a r c h , i n p r e s s . ) 

BnoOBn C H A ' Β η Π Β η «/6 = 96/4 
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Chapter 16 

Asymmetric Reactions Toward the Synthesis 
of Carbohydrates 

Koichi Narasaka 

Department of Chemistry, Faculty of Science, University of Tokyo, Hongo, 
Bunkyo-ku, Tokyo 113, Japan 

By the use of chiral oxazolidines derived from a chiral 
norephedrine and methy
proceeds in a highly enantioselectiv
ethyl or α-methoxy ketones, the corresponding anti aldol products 
were obtained with high diastereo- and enantioselectivities. A 
chiral titanium reagent, generated from 
dichlorodiisopropoxytitanium and a chiral 1,4-diol, prepared from 
dimethyl tartrate, is found to be an effective catalyst for 
asymmetric Diels-Alder reactions. 1,3-Oxazolidin-2-one 
derivatives of α,β-unsaturated carboxylic acids react with dienes 
in the presence of a 10% molar equivalents of the chiral titanium 
reagent, giving the adducts in high optical purity. The chiral 
titanium reagent is also applied to the hydrocyanation of 
aldehydes successfully. 

Asymmetric Aldol Reaction 
The development of enantioselective aldol reactions has been 

widely studied in conjunction with the synthesis of natural 
products. Highly enantioselective aldol reactions have been 
achieved by employing chiral enolates of ethyl ketones and 
propionic acid derivatives.(1) On the other hand, achieving high 
asymmetric induction in the asymmetric aldol reaction of methyl 
ketones is still a problem.(2) 

With this in mind, the asymmetric aldol r e a c t i o n of chiral 
o xazolidines 1, prepared from chiral norephedrine and methyl 
ketones was i n v e s t i g a t e d . The general pathway of this asymmetric 
aldol r e a c t i o n is outlined in the fol l o w i n g scheme. I t would be 
expected that the treatment of a chiral o x a z o l i d i n e with 2 molar 
amounts of lithium diisopropylamide (LDA) would generate a 
lithiated enamine, which would be converted to the cyclic metallo-
enamine 2_ by the a d d i t i o n of a metal s a l t . As a r i g i d 5-membered 
chelate i s formed i n the c y c l i c metallo-enamine 2_, high 
asymmetric induction would be expected i n the successive r e a c t i o n 
with an aldehyde through a [ 4 . 3 . 0 ] - b i c y c l i c t r a n s i t i o n s t a t e 2· 
Removal of the c h i r a l a u x i l i a r y from the adduct 4_, performed by 
a c i d treatment, w i l l give a corresponding a l d o l product 

0097-6156/89/0386-0290$06.00/0 
c 1989 American Chemical Society 
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Ph Me 

W 
0 NH 

X 
R Me 

1 

2 L D A 

Γ Ph Me u 
Li 0 J M ^ 

U R 

MXn 

Ph Me 

M 
Λη - 2 

2 

R'CHO 

1 Η 
Me N ^ M ^ ' ^ L . 

P h l ^ O 

Ph Me 

R ^ V 
R>0 

0 OH 

5 

Based on t h i s assumption
c h i r a l 1,3-oxazolidines
found that the corresponding a l d o l products were obtained i n good 
o p t i c a l p u r i t y when d i v a l e n t t i n c h l o r i d e was used as an a d d i t i v e 
metal s a l t . 

The t y p i c a l experimental procedure i s as fol l o w s : The 
oxazoli d i n e 1̂  was prepared from (+)-norephedrine and acetone, 
and p u r i f i e d by d i s t i l l a t i o n . To a THF (2 mL) s o l u t i o n of LDA 
(2.1 mmol) was added a THF s o l u t i o n of l a (1 mmol) at 0 °C and 
the mixture was s t i r r e d f o r 2 hr. Then a THF (4 mL) s o l u t i o n of 
S n C l 2 (1.05 mmol) was added at 0 °C and s t i r r e d f o r 30 min. To 
t h i s mixture was added a THF (2 mL) s o l u t i o n of 2,2-dimethyl-
propanal(1.2 mmol). A f t e r s t i r r i n g f o r 20 min at 0 °C, the 
mixture was quenched with aq. 4% NaHCO^. The crude r e a c t i o n 
mixture was treated with acetone i n the presence of a c a t a l y t i c 
amount of BF^ 0 E t ^ to remove the c h i r a l a u x i l i a r y . The crude 
products were p u r i f i e d by chromatographic procedure to give the 
corresponding 3-hydroxy ketone 5a with 86% ee. 

Ph Me 
V-( 1) 2LDA 

°Χ
ΝΗ ιττ^Γ 

Me Me 
1a 

3) 'BuCTO 

~) H30* 

0 OH 

Bu 
5a 86°/ 0 ee 

In Table 1, the y i e l d s and the o p t i c a l p u r i t i e s of the a l d o l 
products between some methyl ketones and aldehydes are 
summarized. I t i s apparent that the a l d o l products of methyl 
ketones were obtained i n good to e x c e l l e n t o p t i c a l p u r i t y . ( 3 ) 

Furthermore, t h i s r e a c t i o n was ap p l i e d to the a l d o l r e a c t i o n 
of 3-pentanone. When the c h i r a l o x a z o l i d i n e £ was prepared from 
3-pentanone and the a l d o l r e a c t i o n was c a r r i e d out by the same 
procedure, the a, 3-anti 3-hydroxy ketones 7. were produced 
predominantly over the syn-isomer J3 with e x c e l l e n t o p t i c a l 
p u r i t i e s . ( 5 ) (See Table 2.) 
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Ph Me 
}—\ 1) 2LDA 3) R'CHO 5) acetone 

0 NH * > > 
X 2) 5 n C l 2 A) H 20 Et 2 0-BF 3 

R Me 
]_b R=Ph 

1c R= f Bu 

Table 1. Asymmetric A l d o l Reaction of Methyl Ketones 

RCOCH3 R'CHO Y i e l d / % O p t i c a l Purity/%ee 

PhCOCH 
3 

Ph(CH ) CHO 68 70 3 

n-PrCHO 69 76 a 

c-C H CHO 
t-BucAo ιί 

t-BuCOCH Ph(CH ) CHO 64 85
3 c-C H CHO 

t-BucAo 
54 
56 95 

a) Determined by Η ΝMR or F NMR measurement of i t s MTPA 
ester{4) i n the presence of Eu(fod> 3. 

b) Determined by H NMR measurement i n the presence of 
E u ( h f c ) 3 . 

Ph Me 

H - 6 

1) 2LDA 3) RCHO 
» * 

2) SnCI 2 A) acetone 
BF3-OEt2 

0 QH 0 OH 

R 

Table 2. Asymmetric A l d o l Reaction of E t h y l Ketones 

entry RCHO Y i e l d / % a n t i r s y n O p t i c a l Purity/%ee 

1 Ph(CH ) CHO 77 7 : 1 92 
2 c-C H CHO 75 9 : 1 92 
3 t-BucAo 56 6 : 1 95° 

a) The r e l a t i v e stereochemistry i n entry 1 and 2 i s assigned 
by the coupling constant between the protons on C-4 and C-
5.(6) In the cases of entry 2 and 3, i t was also determined 
by the chemicaj. shift^gf the methyl carbon on C-4. ( 7 ) 

b) Determined by H and F NMR measurement of i t s MTPA 
ester i n the pjesence of Eu(fod)^. 

c) Determined by H NMR measurement i n the presence of 
E u ( h f c ) 3 . 
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In order to determine the absolute stereochemistry of the 
a n t i - a l d o l ]_, a diastereoisomer of the i n s e c t pheromone, (3S,4R)-
4-methylheptan-3-ol j l l was synthesized from the (+)-oxazolidine 
6, The r e a c t i o n of (+)-£ and propanal gave a l d o l s 9a and 10a i n 
61% y i e l d (anti:syn = 7.3:1). They were converted to the 
corresponding acetates 9b f10b and separated by column 
chromatography. The o p t i c a l p u r i t y of the a n t i - a c e t a t e 9b was 
determined as 95% ee using a c h i r a l s h i f t reagent. The a n t i -
acetate 9b was then converted to the acetate of the desired 
isomer of the pheromone 1_1 as shown below. The absolute 
c o n f i g u r a t i o n (3S,4R) and the o p t i c a l p u r i t y ( 95% ee) were 
proved by comparison with those of the l i t e r a t u r e . ( 8 ) Highly 
e n a n t i o s e l e c t i v e synthesis of a n t i - a l d o l s has remained as a 
formidable synthetic problem. The present asymmetric a l d o l 
r e a c t i o n a f f o r d s a u s e f u l method f o r t h e i r preparation. 

Ph Me 
Λ " Ζ " * 3) E1CH
O v,NH 2) S n C U A) aceton

BF3-OEt2 

Et 

For the preparation of o p t i c a l l y a c t i v e polyhydroxy 
compounds, such as sy n t h e t i c intermediates of monosaccharides, the 
asymmetric a l d o l r e a c t i o n of 1,3-dimethoxy-2-propane (Table 3) by 

Ph Me 

^ ^ W a 4 BFa-EijO- OMe OMe 
12 acetone 
~ 13 

Table 3. Asymmetric A l d o l Reaction of α-Methoxy Ketone 

entry RCHO Yield/? S a n t i : a 
: syn O p t i c a l Purity/%ee 

1 
2 
3 
4 

Ph(CH ) CHO 
n-C H i nCHO 9 19 c-C Η CHO 
t-BuCHO 

72 
74 
64 
45 

7 : 
9 : 
7 : 

10 : 

: 2 
: 1 
: 1 
: 0 

< 
95 
95 C 

95° 
a) The r e l a t i v e stereochemistry i s assigned by the coupling 

constant between the protons on C-3 and C-4 i n entry 1 and 
2, and i n the cases of entry 3 and 4 the stereochemistry i s 
assinged by the coupling constant between the protons on 
C-3 and C-4 o f ^ t h e i r acetates.(6) 

b) Determined by H NMR measurement of i t s acetate i n the 
presence of Eu^hfc) . 

c) Determined by H NMR measurement i n the presence of 
E u ( h f c ) 3 . 
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t h i s methodology was examined. As i n the case of 3-pentanone, 
the r e a c t i o n of a c h i r a l o x a z o l i d i n e 12^ with aldehydes afforded 
predominantly the corresponding a n t i - a l d o l adducts 13. Quite 
high e n a n t i o s e l e c t i v i t y was observed and i n p a r t i c u l a r one 
enantiomer was obtained almost e x c l u s i v e l y i n the re a c t i o n with 
secondary and t e r t i a r y aldehydes.(9) 

The L-lyxose d e r i v a t i v e 14_ was prepared from the anti-adduct 
13a of 3-phenylpropanal as o u t l i n e d below, and the absolute 
c o n f i g u r a t i o n was determined by comparison with the o p t i c a l 
r o t a t i o n of an authentic sample(lO) derived from D-lyxose. 

0 OH Γι τ " 0 H 0 H 

M e O s J ^ A ^ P h 1 ) A c 2 0 ' V ^ Μ θ Ο \ Λ | Λ Ν ^ 

OMe 

13a 

1 )(lmd)2CO 
2 ) separation of isomers 

3) Β Br3 

2) Dl BAL 

AgF / Û 
Ac0> 

OAc OAc 

OAc 

65e/. 

OMe 
6 

OH OH 

Ph • M e O ^ A v ^ A ^ w P h 

OMe 

15 V. 

3) NBS 6 A 7. OAc 

1) 0s04-Nal0A 

2) E t S H , H 4 

EtS SEt 

H + O A c 
•OAc 

AcO · H 

CH20Ac U± 

51 7. ( 96 7. e.e. ) 

MeO. 

R e l a t i v e configurations of A and Β are determined by 
coupling constant of H NMR. 

As mentioned, the present methodology a f f o r d s an e f f e c t i v e 
means f o r the synthesis of o p t i c a l l y a c t i v e a l d o l s . A high l e v e l 
of asymmetric induction was observed with a wide range of ketones 
such as methyl, e t h y l and α-methoxy. Furthermore, when (1S,2R)-
norephedrine i s employed as a c h i r a l a u x i l i a r y , i t i s always the 
s i - f a c e of aldehydes that i s attacked by the t i n ( I I ) enamine. 

Asymmetric D i e l s - A l d e r Reaction 
In the above asymmetric a l d o l r e a c t i o n , the i n t r o d u c t i o n and 

the removal of the c h i r a l a u x i l i a r y are c a r r i e d out by simple 
procedures, and high asymmetric induction i s achieved even at 
ice-bath temperature. However, at l e a s t a s t o i c h i o m e t r i c amount 
of a c h i r a l a u x i l i a r y i s required i n such a stereo-
d i f f e r e n t i a t i n g r e a c t i o n ( c h i r a l a u x i l i a r y i s attached to the 
rea c t a n t . ) . 
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In order to perform asymmetric reactions more e f f i c i e n t l y , 
i t i s d e s i r a b l e that a large amount of an o p t i c a l l y a c t i v e 
compound should be produced with only a small investment of 
c h i r a l a u x i l i a r y i n a c a t a l y t i c process. This use of asymmetric 
c a t a l y s t s i s an area of i n v e s t i g a t i o n that has developed r a p i d l y 
i n the l a s t two decades, from which very e f f i c i e n t methods have 
been developed. Most of them, however, are concerned with 
asymmetric f u n c t i o n a l group transformations, and l i t t l e has been 
done f o r the construction of o p t i c a l l y a c t i v e carbon 
skeletons.(11) 

In organic synthesis, Lewis acids have been a p p l i e d to a 
wide v a r i e t y of carbon-carbon bond forming r e a c t i o n s . Therefore, 
i t i s expected that i f we could design an e f f e c t i v e c h i r a l Lewis 
ac i d , various carbon-carbon bond forming reactions could be w e l l 
c o n t r o l l e d i n an e n a n t i o s e l e c t i v e manner. As i t i s w e l l known 
that titanium reagents can be a p p l i e d to a v a r i e t y of carbon-
carbon bond forming reaction  Lewi  acids  th  exploratio f 
c h i r a l titanium reagents

One of the e f f i c i e n
i s the D i e l s - A l d e r r e a c t i o n , which gives a v a r i e t y of important 
sy n t h e t i c intermediates f o r the synthesis of c y c l i t o l 
d e r i v a t i v e s . We therefore were i n t e r e s t e d i n the development of 
asymmetric D i e l s - A l d e r r e a c t i o n by the use of c h i r a l titanium 
reagents. 

Recent progress i n t h i s area has l e d to the development of 
various, h i g h l y s e l e c t i v e , asymmetric reactions by employing 
c h i r a l dienes and dienophiles i n the presence of Lewis acids.(12) 
On the other hand, l i t t l e work has been done on asymmetric D i e l s -
Alder reactions promoted by c h i r a l Lewis acids.(13) 

F i r s t l y , we modified the 01, (3-unsaturated acids to be used as 
dienophiles by converting them i n t o the corresponding 1,3-
oxazolidin-2-one (abbreviated as oxazolidone) d e r i v a t i v e s 15. 
This m o d i f i c a t i o n i s based on the consideration that such 
bidentate dienophiles would form r i g i d complexes with a c h i r a l 
Lewis a c i d , r e s u l t i n g i n high r e a c t i v i t y and a good l e v e l of ïï-
f a c i a l s e l e c t i v i t y during the c y c l o a d d i t i o n r e a c t i o n . 

As the c h i r a l Lewis ac i d s , c y c l i c 
dialkoxydichlorotitaniums(IV) were chosen and prepared i n s i t u 
from various c h i r a l 1,2- or 1,4-diols and 
dichlorodiisopropoxytitanium(IV) according to the alkoxy exchange 
method.(14) 

r-OH r - 0 N 

* ( R ) + TiCI2(0-'Pr)2 > *( R ) TiCU + 2*ΡΓΟΗ 
L-OH L - O ' L 

The r e a c t i o n of 3-crotonoyloxazolidone 15a and 
cyclopentadiene was examined i n toluene i n the presence of an 
equimolar amount of various c h i r a l alkoxy titanium(IV) 
d e r i v a t i v e s . I t was found that the corresponding endo-adduct 18a 
was obtained i n 55% ee when the c h i r a l 2,3-0-isopropylidene-
1,1,4,4-tetraphenylbutanetetraol 17a(15) was introduced as a 
c h i r a l a u x i l i a r y . In t h i s titanium c a t a l y s t , the conformation of 
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the 7-membered r i n g of the alkoxy titanium i s thought to be 
important i n c o n t r o l l i n g the e n a n t i o s e l e c t i v i t y along with the 
conformation of the 5-membered a c e t a l r i n g . The r e a c t i o n was, 
therefore, examined f u r t h e r by using 1,1,4,4-
tetraphenylbutanetetraol d e r i v a t i v e s which have various 
substituents on the a c e t a l center, and the titanium reagent 

ο ο 
M e ^ V o + Ο 

V7 -T iC l 2 (O i -Pr ) 2 

15a 

Ph Ph 

Me 

toluene 

Ο VOH 
Ph Ph ^ 

.Me 
0 

CON A0 
18a 

Ph Ph 

P \ ° Y ^ 0 H 

Me Ο VOH 
Ph Ph 17b 

757oe.e. 

92%ee. 

( 1 molar amounts of 17b ) 

derived from 2 , 3-O-phenylethylidene d e r i v a t i v e 17b was found to 
promote the asymmetric c y c l o a d d i t i o n r e a c t i o n i n a s e l e c t i v e 
manner y i e l d i n g 18a with 75% o p t i c a l p u r i t y . Moreover, by the 
use of 2 molar amounts of the titanium reagent, the product 18b 
was obtained i n 92% ee.(15) 

The ( R ) - ( + ) - c h i r a l 1,4-diol 17b was e a s i l y prepared from L-
(+)-dimethyl t a r t r a t e . Dimethyl t a r t r a t e was converted to the 
corresponding phenylethylidene d e r i v a t i v e by treatment with 1,1-
dimethoxy-l-phenylethane and cat. p-toluenesulfoni c a c i d i n 
r e f l u x i n g benzene, followed by conversion to the d i o l 17b with 
excess phenylmagnesium bromide. The d i o l was p u r i f i e d by column 
chromatography on s i l i c a g e l (hexane : e t h y l acetate = 5 : 1), 
and r e c r y s t a l i z a t i o n from a mixture of hexane and 2-propanol. 
The c r y s t a l s were obtained as a adduct of 17b and 2-propanol (mp 
111-114 °C). The azeotropic removal of 2-propanol with benzene 
afforded the d i o l 17b as a white amorphous s o l i d . 

Since high e n a n t i o s e l e c t i v i t y was achieved by employing two 
molar equivalents of the c h i r a l titanium reagent generated from 
17b, the asymmetric D i e l s - A l d e r r e a c t i o n of various oxazolidone 
d e r i v a t i v e s of a, (3-unsaturated acids JJ> and cyclopentadiene was 
studied. The r e s u l t s are l i s t e d i n Table 4. With the exception 
of the a c r y l o y l d e r i v a t i v e 15b, various dienophiles reacted with 
cyclopentadiene to give the endo-adducts 18^ i n high o p t i c a l 
p u r i t y . 
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Ph Ph 

Table 4. Asymmetric D i e l s - A l d e r Reaction of _15 with 
Cyclopentadiene 

R React. Temp./ °C Y i e l d / % endo:exo O p t i c a l Purity/%ee 

Me -15 93 90:10 92° (2S,3R) 
H -78 69 86:14 38^ (2S) 
Ph 0 97 92: 8 81 d 

n-Pr -15 82 90:10 90 β 

CH3CH=CH r t 

a) These isomers were separated by s i l i c a g e l chromatography. 
b) Those of endo isomers. 
c) The products were converted to the corresponding benzyl esters 

by Evans' procedure,(16) and the absolute c o n f i g u r a t i o n and the 
o p t i c a l p u r i t y were determined by the o p t i c a l rotation.(12d) 

d) The product was reduced to an al c o h o l with lithium^aluminum 
hydride, and the o p t i c a l p u r i t y was determined by F NMR 
an a l y s i s of the corresponding c h i r a l MTPA ester.(4) 

e) The products were reduced to alcohols with l i t h i u m aluminum 
hydride, and the o p t i c a l p u r i t y was determined by HPLC a n a l y s i s 
of the corresponding P i r k l e ' s carbamates.(17) 

High e n a n t i o s e l e c t i v i t y was al s o a t t a i n e d upon additon of 
the c h i r a l titanium reagent to the r e a c t i o n of a c y c l i c dienes 
with oxazolidones of 2-butenoic a c i d 15a and fumaric a c i d 19. 
The present titanium reagent was noted to e x h i b i t a wide 
a p p l i c a b i l i t y to the asymmetric D i e l s - A l d e r r e a c t i o n of various 
p r o c h i r a l dienes and dienophiles. 

Ph Ph 
p h O ^ O H 

X J - TTCyO+Prfe 

M e ^ N O 4 M V > XX 0 
^ S toluene, r.t. v CON 0 

15a 

Ph Ph 
Ph P ^ O H 

46 7oy., 9 2 7*e.e. 

χ τ _ ricyo-i-POa Me « n u 

M e o,c^N A o+ ζ > (J, 9 
19 

toluene,r.t. CON 0 

86°/ey.f 85 7oe.e. 
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Next we i n v e s t i g a t e d the e f f e c t of a l t e r i n g the r a t i o of the 
titanium reagent to dienophiles. I t was found, however, the use 
of two molar equivalents of the c h i r a l titanium reagent i s 
indispensable f o r a high degree e n a n t i o s e l e c t i o n . That i s , when 
a c a t a l y t i c amount (10-17%) of the titanium reagent i s used i n 
the r e a c t i o n of 15a and cyclopentadiene, the endo-adduct 18a i s 
obtained i n high y i e l d but i n low e n a n t i o s e l e c t i v i t y . 

To improve t h i s procedur
employing only a t r u l y c a t a l y t i c amount of the c h i r a l Lewis a c i d 
was d e s i r a b l e . I t was found that the presence of Molecular 
Sieves 4A (MS 4A) i n the r e a c t i o n mixture enhances the 
e n a n t i o s e l e c t i v i t y i n the c h i r a l titanium-catalyzed reaction.(18) 

The c h i r a l titanium alkoxide was prepared by the alkoxy 
exchanging method, removing isopropanol a z e o t r o p i c a l l y from the 
r e f l u x i n g toluene s o l u t i o n . However, the same high l e v e l of 
asymmetric induction was observed by the use of the c h i r a l 
t i tanium species generated _in s i t u by mixing the c h i r a l 1,4-diol 
17b and dichlorodiisopropoxytitanium i n toluene at room 
temperature i n the presence of MS 4A. For example, the c h i r a l 
c a t a l y s t was prepared from a 10.5% molar amount (to the 
dienophile) of the 1,4-diol 17b and a 10% molar amount of 
dichlorodiisopropoxytitanium i n toluene at room temperature, and 
then powdered MS 4A, 3-crotonoyloxazolidone 15a and 
cyclopentadiene were added s u c c e s s i v e l y at 0 °C. A f t e r being 
s t i r r e d f o r 24 hr, the endo-adduct 18a was produced i n 91% ee 
with the same absolute c o n f i g u r a t i o n (2S,3R) as that observed i n 
the o r i g i n a l procedure. 

As can be seen i n Table 5, various oxazolidones of a c r y l i c 
a c i d d e r i v a t i v e s lj> react with cyclopentadiene to a f f o r d the 
endo-adducts JL8 i n good to high (64-91%) e n a n t i o s e l e c t i v i t y by 
the combined use of a c a t a l y t i c amount of the c h i r a l titanium 
reagent and MS 4A. 

Compared to the previous procedure i n which 2 molar 
equivalents of the c h i r a l t itanium was employed, almost the same 
l e v e l of e n a n t i o s e l e c t i v i t y was a t t a i n e d i n the D i e l s - A l d e r 
r e a c t i o n of 15a, and the o p t i c a l p u r i t y of the cycloadduct 18b 
was improved s i g n i f i c a n t l y . 

On the other hand, the r e a c t i o n of the oxazolidone 
d e r i v a t i v e of fumaric a c i d 19_ and butadiene was found to proceed 
i n poor e n a n t i o s e l e c t i v i t y as compared with the r e a c t i o n c a r r i e d 
out i n the presence of excess amounts of the c h i r a l titanium 
reagent, and the cyclohexenedicarboxylic a c i d d e r i v a t i v e 20_ was 
obtained i n 32-45% ee. In order to achieve wide a p p l i c a b i l i t y 
f o r the c a t a l y t i c procedure, the r e a c t i o n conditions were 
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0.1 mol 
Ph Ph 

Ph O^-OH 

0 0 MB ^ Τ - TTCyO+Prfe 
' O ^ V O H 

Ph Ph 

toluene 
M.S. A A 

Table 5. Asymmetric D i e l s - A l d e r Reaction Using C a t a l y t i c Amount 
of Titanium Reagent 

R React. Temp./°C endo: a 
exo Y i e l d / % b 

O p t i c a l Purity/%ee 

Me 0 
Η -40 
n-Pr 0 91: 9 79 72 
Ph r t 88: 12 72 64 

a) These isomers were separated by s i l i c a g e l chromatography. 
b) Determined by the same procedures described i n the Table 4. 

examined i n d e t a i l . The r e a c t i o n of 19_ and butadiene was examined 
i n various solvents i n the presence of a 10% molar equivalents of 
the c h i r a l titanium alkoxide and powdered MS 4A. The 
e n a n t i o s e l e c t i v i t y displayed by the reactions i n various solvents 
are summarized i n Table 6. I t was noted that the 
e n a n t i o s e l e c t i v i t y i s influenced strongly by the solvent, and 
that a l k y l s u b s t i t u t e d benzenes are very s u i t a b l e solvents f o r 
the present r e a c t i o n . The e n a n t i o s e l e c t i v i t y i s dependent on the 
number of methyl groups on the benzene r i n g and the o p t i c a l 
p u r i t y of the adduct 2_0 was g r e a t l y increased i n the order of 
toluene, xylenes and trimethylbenzenes. Furthermore, rather high 
e n a n t i o s e l e c t i v i t y was a t t a i n e d by employing hexylbenzene as the 
solvent, and the trans-4-cyclohexene-l,2-dicarboxylic a c i d 
d e r i v a t i v e 20 was obtained i n 98% y i e l d with 85% ee.(19) 

phPh 0.1 mol 

Ν 01- ^ M S 4 A , r.t. Ι Λ ρ η κ Λ 

19 
CON 0 \ / 

20 

In Trends in Synthetic Carbohydrate Chemistry; Horton, D., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1989. 



300 TRENDS IN SYNTHETIC CARBOHYDRATE CHEMISTRY 

Table 6. Solvent E f f e c t on the E n a n t i o s e l e c t i v i t y 

Solvent a 
O p t i c a l Purity/%ee 

a 
Solvent O p t i c a l Purity/%ee 

benzene 22 CCI 
4 b 

58 
toluene 32-45 1,2,3-TMB 77 
o-xylene 67 1,3,5-TMB 81 
g-xylene 68 1,3,5-TIPB C 85 
cumene 74 hexylbenzene 85 

a) Determined by the NMR a n a l y s i s of the corresponding dimethyl 
ester (Mg(OMe)2 using c h i r a l s h i f t reagent E u i h f c ) ^ . 

b) TMB=trimethylbenzene. 
c) TIPB=triisopropylbenzene. 

The g e n e r a l i t y of the solvent e f f e c t on the enantio
s e l e c t i v i t y was examine
trimethylbenzene (1,3,5-TMB
unoptimized r e a c t i o n c o n d i t i o n s ) . 

The r e a c t i o n of 19_ with isoprene was al s o found to proceed 
smoothly i n 1,3,5-TMB to a f f o r d the 4-methylcyclohexene-l,2-
d i c a r b o x y l i c a c i d d e r i v a t i v e 2_1 i n 92% ee. 

PhPh o.1 mol 
Ph P V ^ O H 

X J m - T i C , 2 ( 0 - < ) 2 

M e 0 2 c ^ N X 0 . γ P h P h XT 0 

l 9 1,3,5-trimethylbenzene \ — / 

"~ 99% yield, 92%ee. 2 ] 

( in toluene, 61 %e.e. ) " ~ 

An example of the solvent e f f e c t i s al s o seen i n the 
re a c t i o n of 3-acryloyl-l,3-oxazolidin-2-one (15b) which d i d not 
give s u f f i c i e n t asymmetric induction by the previous method.(18) 
The r e a c t i o n of 15b with butadiene i n 1,3,5-TMB gives the 3-
cyclohexenecarboxylic a c i d d e r i v a t i v e 22̂  i n 77% o p t i c a l p u r i t y . 

1 0 % mol 
Ph Ph 

62%yield,77%e.e. 
( in toluene,67%e.e. ) 

The reactions of various oxazolidones of 3 - s u b s t i t u t e d 
a c r y l i c acids with cyclopentadiene were found to proceed with 
high asymmetric induction by using 1,3,5-trimethylbenzene as the 
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solvent as compared with the r e s u l t s of the reactions i n toluene, 
and the corresponding endo-adducts 18 are prepared i n 80-90% 
e n a n t i o s e l e c t i v i t y . 

10%mol p h p h 

Ph O s > O H 

U U " TiCI2(0-i-Pr)2 

Ph Ph 1 

1,3,5-TMB , 0°C 
15 

Table 7. Reaction of 15 with Cyclopentadiene 

~ a R Y i e l d / % endo:exo O p t i c a l Purity/%ee 

Me 90 91
Ph 97 92
n-Pr 75 91: 9 75 

b 

a) These isomers were separated by s i l i c a g e l chromatography. 
b) Determined by the procedures described i n Table 4. 

As shown by Table 7 above, the c h i r a l t itanium c a t a l y s t -
MS 4A system i s widely a p p l i c a b l e to the reactions of a v a r i e t y 
of dienophiles and dienes when a s u i t a b l e a l k y l s u b s t i t u t e d 
benzene i s employed as a solvent, and s y n t h e t i c a l l y important 
D i e l s - A l d e r adducts are prepared i n high e n a n t i o s e l e c t i v i t y by 
the present c a t a l y t i c process. 

Asymmetric Hydrocyanation Reaction 
The c h i r a l titanium reagent preparerd i n s i t u from the 

c h i r a l 1,4-diol and dichlorodiisopropoxytitanium i s expected to 
be a p p l i c a b l e to various reactions catalyzed by Lewis a c i d s . We, 
therefore, i n v e s t i g a t e d the asymmetric synthesis of cyanohydrins 
from aldehydes and cyanotrimethylsilane employing the c h i r a l 
t itanium reagent.(20) 

Asymmetric synthesis of cyanohydrins i s an important process 
i n organic synthesis because cyanohydrins can be e a s i l y converted 
i n t o a v a r i e t y of valuable s y n t h e t i c intermediates such as 01-
hydroxy acids, α-hydroxy ketones, and (3-amino a l c o h o l s . 
O p t i c a l l y a c t i v e cyanohydrins are obtained i n good s e l e c t i v i t y by 
the n u c l e o p h i l i c attack of cyanating reagents to c h i r a l 
acetals.(21) However, the c h i r a l a u x i l i a r i e s are destroyed, and 
not recovered. In c a t a l y t i c processes with c h i r a l b o r y l 
compounds,(22) D-oxynitrilase,(23) and syn t h e t i c peptides,(24) the 
o p t i c a l p u r i t i e s of the r e s u l t i n g cyanohydrins are gen e r a l l y not 
s u f f i c i e n t . 

F i r s t l y , we examined the asymmetric hydrocyanation of 3-
phenylpropanal. When 3-phenylpropanal was t r e a t e d with 
cyanotrimethylsilane using the c h i r a l titanium alkoxide prepared 
from dichlorodiisopropoxytitanium and the c h i r a l 1,4-diol 17b i n 
toluene at room temperature, only a t r a c e amount of the 
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cyanohydrin 23a was generated a f t e r 2 days. On the other hand, 
by the a d d i t i o n of MS 4A to t h i s s o l u t i o n , the r e a c t i o n proceeded 
smoothly at -65 °C to give 2-hydroxy-4-phenylbutanenitrile, which 
was i s o l a t e d i n 89% y i e l d with 74% ee. The hydrocyanation of 
primary, secondary and a r y l aldehydes was examined with 
cyanotrimethylsilane to give the o p t i c a l l y a c t i v e cyanohydrins i n 
good o p t i c a l p u r i t y . In p a r t i c u l a r , benzaldehyde i s converted 
i n t o (R)-mandelonitrile 23b i n 96% ee. (See Table 8.) 

ο 

P h P h 

i r a ! . - ™ * l ^ o \ , - ™ ^ h HO H 

R X . H + Me 3S.CN — — • R ' C X N 

toluene, -65 *C, 2 days 23 

Table 8. Asymmetric Hydrocyanatio
Cyanotrimethylsilane 

R Reaction Time/h Y i e l d / % 
a 

O p t i c a l Purity/%ee 

Ph 12 79 96 ( R ) £ 
PhCH 12 66 77 <R) 
PhCH CH 12 89 74 (R) 
c-C H 48 77 68^ 6 11 77 „ d C f tH,/ 24 66 76 8 17 

a) 0 p t i c a l p u r i t i e s were determined by HPLC or NMR 
a n a l y s i s of the corresponding MTPA e s t e r s . 

b) The absolute con f i g u r a t i o n s were determined by the 
comparison of the o p t i c a l r o t a t i o n s with those of the 
l i t e r a t u r e . ( 2 5 ) 

c) The absolute c o n f i g u r a t i o n was determined a f t e r h y d r o l y s i s 
to the known 2-hydroxy-4-phenylbutanoic acid.(26) 

d) The absolute con f i g u r a t i o n s were not determined. 

The o p t i c a l p u r i t y of these cyanohydrins was in f l u e n c e d 
l a r g e l y by the r e a c t i o n temperature and was very low at room 
temperature. Furthermore, when benzaldehyde was t r e a t e d with 
cyanotrimethylsilane i n the presence of the c h i r a l titanium 
reagent and MS 4A at room temperature, followed by s t i r r i n g the 
r e a c t i o n mixture at -65 °C f o r 1 day, the o p t i c a l p u r i t y of 
mand e l o n i t r i l e 23b was ca. 10%. These r e s u l t s i n d i c a t e d that the 
cyanohydrins were produced as k i n e t i c products i n t h i s c a t a l y t i c 
process. 

As c h i r a l cyanohydrins are important s y n t h e t i c intermediates 
f o r the preparation of c h i r a l amino acids, carbohydrates, and so 
on, t h i s process would be a u s e f u l asymmetric one-carbon 
homologation procedure widely employable f o r organic synthesis. 

Conclusion 
As mentioned, the asymmetric reactions u s e f u l f o r the 
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preparation of carbohydrates have been developed. By a p p l i c a t i o n 
of the asymmetric a l d o l r e a c t i o n , poly-hydroxy compounds are 
prepared i n high di a s t e r e o - and e n a n t i o s e l e c t i v i t i e s . The c h i r a l 
titanium reagent generated in s i t u from the c h i r a l 1,4-diol and 
dichlorodiisopropoxytitanium i s found to be e f f e c t i v e f o r 
promoting asymmetric hydrocyanation of aldehydes, and i s 
s u c c e s s f u l l y used f o r preparation of the o p t i c a l l y a c t i v e 
cyanohydrins from a r y l aldehydes. The c h i r a l titanium reagent 
also r e a l i z e d the asymmetric D i e l s - A l d e r r e a c t i o n , which a f f o r d s 
cyclohexenedicarboxylic a c i d and norbornenecarboxylic a c i d 
d e r i v a t i v e s i n a hi g h l y e n a n t i o s e l e c t i v e manner by a convenient 
c a t a l y t i c process. 
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Chapter 17 

Microbially Aided Synthesis of Carbohydrates 

Claudio Fuganti 

Centro di Studio sulle Sostanze Organiche Naturali del Consiglio 
Nazionale delle Ricerche, Dipartimento di Chimica del Politecnico 

di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy 

The (2S,3R) methyldiol
in fermenting baker's yeas
hydes, are used as starting materials in the synthesis of deoxy- and 
deoxy aminosugars of the L-series, including the L-daunosamine and L-
-vancosamine derivatives 17 and 34. 

Our interest in the synthesis of deoxy- and deoxy-amino sugars of the 
L-series originates from studies (1) on the products obtained by the 
action of fermenting baker's yeasts on such aromatic, α, β -unsaturated 
aldehydes as cinnamaldehyde (1a) and α-methylcinnamaldehyde (1b ). The 
transformation proceeds as indicated in Eq. 1. 

While the production of 2 and 3 from 1 falls amongst the known 
capacities of baker's yeast, the formation, in yields of 20-25 % of 4, 
containing two additional carbon atoms with respect to the precursor 
aldehyde and two adjacent chiral centres of the type R2 R1 CHOH, is new 
and quite fruitful from the synthetic viewpoint (2). 
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The generation of the (2S,3R) diol 4 from 1 is the consequence of 
a multienzymic process involving two distinct chemical operations (2): 
(i) Addition of a C2 unit equivalent to acetaldehyde onto thesiface 
of the carbonyl carbon atom of the unsaturated aldehyde to form a (3R) 
α-hydroxyketone, in an acyloin of type condensation, and (ii) reduction 
of the latter intermediate on the re face of the carbonyl group to 
give rise to the diol actually isolated (Eq. 2). 

eq 2 

The foregoing optically active diols show some structural featu
res that render them useful starting materials, (a) The (2S,3R) abso
lute configurations of the diols 4 matches that at position 5 and 4 of 
6-deoxy sugars of the L-series such as L-amicetose (5) and L-olivomy-
cose (6), which have been indeed prepared from 4a and 4b , respective
ly, in work designed to establish their absolute configurations (3). 
(b) The double bond of the diols may be stereospecifically functiona-
lized, the stereochemistry of the process being dictated by the 
stereochemistry of the adjacent a l l y l i c center, (c) Once the double 
bond has been saturated, i t is possible to functionalize the derived 
products regioselectively at the benzylic position, (d) In saturated 
products degradation of the benzene ring with 0^ affords 6-deoxy-
-hexonic acids, bearing a l l of the chiral centers present in the side-
chain of the parent compound. Thus, D(-)-allo-muscarine (7) (4) and 
the enantiomeric forms of T thexanolide (8) (5) have been prepared from 
4a by taking advantage of the foregoing properties. 
(e) More importantly, from suitably protected forms of aforementioned 
diols (4) the action of ozone leads to carbonyl compunds; when isopro-
pylidene derivatives are used, the products have in the α and β posi
tions two chiral oxygen substituents incorporated in a cyclic acetal 
framework. Furthermore, the and erythro carbonyl compounds 9 and 
10 so obtained may be converted into their epimers 11 and 12, 
having the threo stereochemistry, upon base treatment. We may thus 
consider the diols 4, readly accèsible by yeast treatment of the 
aldehydes 1, as carbohydrate-like chiral synthons that may be used, in 
some instances, as convenient alternatives to natural carbohydrates as 
starting materials for the synthesis of natural products containing in 
their framework relatively few carbon atoms that are chiral through 
oxygen susbtitution. Key intermediates in the synthesis based on the 
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chiral diols 4 are thus the C, aldehydes 9 and 11 and the C_ methyl 
ketones 10 and 12. 

OH Λ OH 0> 

HO I 

Me 

X X 

0 0 0 0 

9 R = H 11 R=H 

10 R = Me 12 R=Me 

However, the number of relatively small, highly functionalized 
chiral synthons derived from 9-12 has been increased considerably, 
taking advantage of current knowledge of methods for stereocgntrolled 
chain-elongation through nucleophilic addition onto the sp carbon 
atom of 9-12 or of their phenylsulfenimino derivatives. 

Synthesis Of Deoxy Amino Sugars Of L-Series 

The most significant application of 9-12 is in the synthesis of amino-
deoxy sugars of the L series, such as L-daunosamine, i t s 3-C- methyl 
analog (L-vancosamine) and their configurâtional isomers. At the end 
of a series of experiments, two different strategies have been asses
sed for preparation of the four configurâtional isomers of 3-amino— 
2,3,6-trideoxy-L-hexoses from the erythro and threo aldehydes 9 and 
11, depending upon the relative stereochemistry as positions 3 and 4 
of the target amino sugar. For the 3,4-erythro lyxo and ribo isomers 
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(17 and 18), the C^-N-phenylsulfenimines 13 and 14, prepared from 11 
and 9 by the action of NĤ , diphenyl disulfide, and AgNO^, have been 
used as key intermediates (6). Addition of diallyzinc into 13 and 14 
is highly selective and affords 15 and 16, with 4,5-erythro stereoche
mistry. 

χ χ 

o ç q ο 
/~~\=rN--S--Ph / \ = N - - 5 _ . p h 

13 U 

HO OH HO OH 

NH2 NH2 

15 16 

OH OH 
RHN 

HO 
NHR 

HO 

17 18 

Products 15 and 16 contain a l l of the chiral centers and the 
required functionalities for direct conversion into N-protected L — 
daunosamine (17) and L-ristosamine (18). This is achieved by N-pro-
tection and removal of a unit by ozonolysis of the terminal vinyl 
group. Using allylmagnesium bromide instead of dia l l y l z i n c , the Fel-
kin-Ahn adducts 15 and 16 are obtained from 13 and 14 in 55:45 and 
30:70 ratios, respectively, as the 4,5-threo diastereoisomers. 

Construction from 9 and 11 of the 3,4-threo arabino and xylo 
isomers 23 and 24, respectively, requires a different approach. In
stead of the C + Ν — — C -N; C -N + C C -N; C -N *—*-C -N + C, 

4 4 4 3 7 7 p 
sequence, the + C^ — ^ C A ; C6 + N " " ^ S > ~ N ° Π Θ i S u s e d t o e J - a b o r a t e 

the C -N chiral framework ot 23 and 24. Thus, the C * α,0-unsaturated 
ο ο 
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esters 19 and 20 are obtained from 9 and 11. The latter add ammonia 
stereoselectively (7) to give the intermediates 21 and 22, with the 
correct stereochemistry for conversion into 23 and 24 by simple acid 
hydrolysis, N-protection, and reduction by DIBAH. A feature common to 
the two pathways leading from 9 and 11 to L-daunosamine 17, L-ristosa-
mine 18, L-acosamine 23, and to the L-xylo isomers 24 ( a l l in the N-
protected form) is that no manipulation of the chiral centers is 
required once the C and C_ intermediates have been obtained in order 6 7 to assess the correct stereochemistry. 

19 2

23 24 

Attempted direct extension of the two foregoing methodologies to 
synthesis of the 3-C-methyl analogs of 17, 18, 23 and 24 starting from 
the diastereoisomeric methyl ketones 10 and 12 was ineffective, as 
ammonia does not add across the t r i p l y substituted double bond of the 
3-C-methyl analogs of the esters 19 and 20. However, the phenyl-
sulfenimines 25 and 26 add allylmagnesium bromide and diallylzinc with 
different stereochemistry (8), so that i t is possible to have eventual 
access to the four configurâtional isomers of 3-amino-2,3,6-trideoxy-
-3-C-methyl-3-L-hexose. 
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χ 
0 0 1 I \ t 

Ν —S—Ph 

25 

N—S—Ph 

26 
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Thus, allylmagnesium bromide affords from 25 and 26 the 4,5-threo 
adducts 27 and 28 in 95:5 ratio with the 4,5-erythro materials 29 
and 30. The latter products, formed according to Felkin's model, are 
obtained in 7:3 ratio with 27 and 28 when diallylzinc is added to 25 
and 26. The set 27—30, as before,' on N-protection and ozonolysis, 
affords L-vancosamine 34 and i t s configurational isomers 31—33. 
The methyl ketone 10 behaves at variance with 25 and 26 with a l l y l 
magnesium bromide and di a l l y l z i n c ; both reagents give rise exclusively 
to the 4,5-erythro adduct 35, subsequently converted into L-mycarose 
(36) (9). Similarly, the aldehydes 9 and 11 react with diallylzinc to 
afford almost exclusively products 37 and 38 respectively, whereas 
allylmagnesium bromide adds to 37 and 38 to give. 30—35 % of the 4,5-
-threo adducts. These materials, on acid hydrolysis and ozonolysis, 
give rise to 39, 40, 41 and 42, the four configurational isomers of a 
2,3,6-trideoxy-L-hexose.
bohydrate-like starting
chiral products. An application of 37 in the carbohydrate f i e l d is the 
synthesis of 4-amino-2,4,6-trideoxy-L-lyxo hexose (45) (10). 

OH 

Me HO Me 

35 36 

HO OH HO OH 

OH OH 

37 38 

OH OH 

HO 

39 

HO 

41 42 
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The synthesis proceeds from 37 through the intermediacy of 43 and 
44. The glycoside derived from 45 and adriamycinone shows antitumor 
activity similar to that of the isomer adriamycin, but exhibits a much 
faster cellular uptake (11). Also, the C, aldehyde 11 may be used as 
an alternative to L-rhamnose in the synthesis of L-daunosamine 17 
based on regioselective double-bond functionalization (.12). Thus, 
methyl 2,3,6-trideoxy-«-L-threo-hex-2-enopyranoside (46), a key inter
mediate in the aforementioned procedure, is obtained from 11 upon 
reaction with Ph^P=CHCH0CHoCHoO, followed by controlled methanolysis. 

OMe 

HO 

46 

Synthesis Of Deoxy Sugars Of L-And D-Series 

In addition to 9—12, several useful chiral carbonyl compounds have 
been obtained from the diols obtained by yeast treatment of the cor
responding α-hydroxyketones. As a part of a study (2) on the substrate 
specificity of the multienzymic conversion shown in Eq. 2, a série of 
racemic α-hydroxyketones has been prepared and submitted to the yeast 
treatment. The reduction process is stereospecific, but depending upon 
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the structure of the substrate,as the result of enzymic kinetic reso
lution, anti diols are obtained as prevalent products or anti-syn 
mixtures. Thus, from ketones of the type 47, the anti diols 48 are 
prepared. From 49, the two anti and syn diols 50 and 51 are obtained. 
The latter material, as i t s isopropylidene acetal, affords on ozono
lysis the threo methyl ketone 52, the enantiomer of 12, from which 
the D-enantiomer of L-vancosamine (34) becomes accessible. 

Furthermore, yeast treatment of the α-acetoxy ketone 53, bearing* 
two oxygen substituents (13) at α and β, affords the carbinol 54 in 20 
% yield, somewhat less than 10 % of the (2R) diastereoisomer, and 70 % 
of recovered starting material. From the carbinol 54, crystalline 55 
is obtained, which may be converted through suitable manipulation of 
the protecting groups and ozonolysis, into 4-deoxy-D-talo-hexose 56. 
The minor diastereoisomer similarly affords 4-deoxy-D-xylo-hexose 57. 
Thus, in the yeast treatment of 53, as the results of the enzymic 
kinetic resolution, the (2S, 4S, 5R) diol 55, a carbohydrate-like 
chiral synthon, is accessible out of eight possible isomers. 
Similar carbohydrate-like chiral synthons are obtained by yeast re
duction of the a-acetoxyketones 58 and 59 (14), bearing in 1,6 and 1,5 
relationship, respectively, two masked carbonyl functions accessible 
chemoselectively with different reagents. The mode of reduction of 58 
and 59 i s , however, opposite. Whereas yeast treatment of 58 affords 
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OAc OR 

53 54 R=COCH3 

55 R = H 

HO OH 

HO OH 

56 57 

the carbinol 60, in optically pure form (as shown by i t s conversion by 
basic hydrolysis, methanolysis, ozone treatment, and NaBH^ reduction, 
into the methyl-2,3-dideoxy-D-glycopyranoside (61)), compound 59 (4) 
gives rise to a carbinol containing 70 % of the (3R, 4S) enantiomer 
62. The latter material, on basic hydrolysis, yields a d i o l , which on 
fractional crystallization, yields the optically pure (3R, 4S) product 
63, from which 2-deoxy-L-eryjthro-pentose (64) is obtained. It is 
probable that the reversal of the mode of reduction of 58 and 59 
arises through due participation, during the bioconversion, of several 
enzymes acting with opposite stereochemistry. Thus, the acceptability 
of a non-natural substrate by a synthetically useful enzymes strongly 
depends on even subtle structural modifications of substrates. 

In conclusion, the direct synthetic access to L-daunosamine, 
L-vancosamine and their configurâtional isomers reported here, as 
compared to the existing methods to the same class of derivatives 
(15), shows the revelance to organic synthesis of enzymic methods 
leading from accessible substrates to such highly functionalized, 
stereochemical^ rich compounds as the diol 4, using commercially 
available, inexpensive baker's yeast. The products prepared by ba
ker' s-yeast reduction of synthetic «-acetoxyketones, leading to deoxy-
-D-hexoses and to deoxy-L-penthoses, appear of less general applicabi
l i t y , but might constitute an alternative to natural carbohydrates as 
advanced intermediates in the synthesis of particular natural 
products. 
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Chapter 18 

Enzyme-Catalyzed Synthesis of Carbohydrates 

C.-H. Wong, D. G. Drueckhammer, J. R. Durrwachter, B. Lacher, 
C. J. Chauvet, Y.-F. Wang, H. M. Sweers, G. L. Smith, L. J.-S. Yang, and 

W. J. Hennen 

Department of Chemistry, Texas A&M University, College Station, 
TX 77843 

Several enzymati
developed for the synthesis of carbohydrates 
from a c y c l i c precursors. Aldolases appear to 
be useful catalysts for the construction of 
sugars through asymmeteric C-C bond formation. 
2-deoxy-KDO, 2-deoxy-2-fluoro-KDO, 9-0-acetyl 
sialic acid and several unusual sugars were 
prepared by a combined chemical and enzymatic 
approach. Alcohol dehydrogenases and lipases 
have been used i n the preparation of chiral 
furans, hydroxyaldehydes, and glycerol 
acetonide which are useful as building blocks 
in carbohydrate synthesis. 

Recent developments i n the enzymatic s y n t h e s i s of 
carbohydrates can be c l a s s i f i e d i n t o f o u r approaches: 1) 
asymmetric C-C bond formation c a t a l y z e d by a l d o l a s e s (1-
10) ; 2) enzymatic s y n t h e s i s of carbohydrate synthons (10-
11) ; 3) asymmetric g l y c o s i d i c formation c a t a l y z e d by 
g l y c o s i d a s e s (12-17) and g l y c o s y l t r a n s f e r a s e s (18-23); 
and 4) r e g i o s e l e c t i v e t r a n s f o r m a t i o n s o f sugars and 
d e r i v a t i v e s (24-25). These enzymatic t r a n s f o r m a t i o n s are 
s t e r e o s e l e c t i v e and c a r r i e d out under m i l d c o n d i t i o n s 
w i t h minimum p r o t e c t i o n o f f u n c t i o n a l groups. They h o l d 
promise i n p r e p a r a t i v e carbohydrate s y n t h e s i s . In 
connec t i o n w i t h t h i s book, we focus on the f i r s t two 
approaches. 

A l d o l Condensations 

FDP A l d o l a s e . There have been approximately 15 a l d o l a s e s 
i s o l a t e d , each of which c a t a l y z e s a d i s t i n c t a l d o l 
r e a c t i o n (25-26). The a l d o l a s e s which have been s t u d i e d 
the most as s y n t h e t i c c a t a l y s t s are f r u c t o s e - 1 , 6 -
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diphosphate a l d o l a s e (FDP a l d o l a s e , EC 4.1.1.13) from 
r a b b i t muscle (1-4) and N-acetylneuraminic a c i d a l d o l a s e 
(NANA a l d o l a s e , EC 4.1.3.3.) from C l o s t r i d i a (5). From 
the r e s u l t s we and other groups have o b t a i n e d so f a r , i t 
appears t h a t the enzyme FDP a l d o l a s e i s q u i t e s p e c i f i c 
f o r the a l d o l donor dihydroxyacetone phosphate (DHAP), 
but w i l l accept a v a r i e t y of aldehydes as the ac c e p t o r 
(1-4). The s t e r e o c h e m i s t r y o f C-C bond formation i s not 
a f f e c t e d by the s u b s t i t u e n t s a t the carbon c e n t e r next t o 
the aldehyde group. The α-substituents, however, do 
a f f e c t the r a t e of C-C bond formation. U s i n g the 
s t r u c t u r a l r e p r e s e n t a t i o n o f the aldehyde a c c e p t o r shown 
i n F i g u r e 1, an aldehyde w i t h R be i n g the l a r g e s t and R' 
the second l a r g e s t group a t the c h i r a l c e n t e r would a l l o w 
the r e a c t i o n t o take p l a c e much f a s t e r i n r e l a t i o n t o i t s 
enantiomer. However, under t o t a l l y r e v e r s i b l e , c a t a l y t i c 
c o n d i t i o n s , the product d i s t r i b u t i o n i s thermodynamically 
c o n t r o l l e d . 

T y p i c a l a l d o l r e a c t i o n
100 mmol s c a l e w i t h f r e e or immobilized enzyme. A f t e r 
removal o f the phosphate group from the a l d o l product by 
a c i d - o r phosphatase-catalyzed h y d r o l y s i s , a f r e e ketose 
can be prepared. S e v e r a l unusual ketoses w i t h d i f f e r e n t 
s u b s t i t u e n t s a t R and R' have been prepared. These 
i n c l u d e deoxysugars, f l u o r o s u g a r s , O - a l k y l sugars (1-3) 
and o t h e r h i g h e r monosaccharides (4). These ketoses, 3, 
may be f u r t h e r t r a n s f e r r e d t o the corr e s p o n d i n g a l d o s e s 4 
upon treatment w i t h the enzyme gl u c o s e isomerase (EC 
5.3.1.5) (3.), an i n d u s t r i a l enzyme used i n the 
manufacture of h i g h f r u c t o s e corn syrup. T h i s combined 
a l d o l a s e / i s o m e r a s e c a t a l y s i s p r o v i d e s a new route t o a 
v a r i e t y o f sugars and d e r i v a t i v e s which are u s e f u l f o r 
other a p p l i c a t i o n s (2-3.) . 

The s u b s t r a t e DHAP r e q u i r e d i n these enzymatic 
syntheses can be prepared c h e m i c a l l y (27.) or 
e n z y m a t i c a l l y (1-4). I t can a l s o be generated i n s i t u 
from FDP (1-4). P o t e n t i a l problems w i t h the use of DHAP 
i n these procedures i n c l u d e the s t a b i l i t y of DHAP i n 
s o l u t i o n ( t i / o ~ 15 h a t pH 7.5) and the the n o n - t r i v i a l 
p r e p a r a t i o n of DHAP. We have found t h a t a mixture of 
dihydroxyacetone and a sm a l l amount o f i n o r g a n i c arsenate 
can be used t o r e p l a c e DHAP i n the a l d o l r e a c t i o n s i n 
which the i n o r g a n i c arsenate i s r e c y c l e d about 50 times 
d u r i n g the r e a c t i o n s (3). T h i s e l i m i n a t e s the need f o r 
the p r e p a r a t i o n o f DHAP. From the r e s u l t s o f k i n e t i c and 
com p e t i t i o n s t u d i e s , we conclude t h a t the r e a c t i o n s 
proceed through dihydroxyacetone arsenate monoester which 
i s analogous t o DHAP and i s accepted by the enzyme as a 
s u b s t r a t e ( F i g u r e 2). The C-C bond formation i s thus 
completely determined by the enzyme which o n l y accepts 
the arsenate monoester as a s u b s t r a t e , although the 
r e v e r s i b l e formation o f arsenate e s t e r s i n aqueous 
s o l u t i o n i s n o n s e l e c t i v e and s e v e r a l e n z y m a t i c a l l y 
i n a c t i v e arsenate s p e c i e s may e x i s t i n s o l u t i o n . Under 
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0 H,0 0 FDP Aldolase μ ρ / Γ ^ ^ 0 Η HO 
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F i g u r e 1. Sy n t h e s i s of u s u a l and unusual sugars 
u s i n g FDP a l d o l a s e and glucose isomerase as 
c a t a l y s t s . 
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Aldolase 
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Μ Ο ^ Λ ^ Ο Α ι Ο , 

2 4 6 

[Enzyme] χ 10 2 

F i g u r e 2. Mechanism of dihydroxyacetone/arsenate 
r e a c t i o n w i t h FDP a l d o l a s e . Both dihydroxyacetone 
and i n o r g a n i c arsenate are not the i n h i b i t o r o f the 
a l d o l a s e r e a c t i o n s . The r a t e c o n s t a n t f o r the 
arsenate e s t e r formation i s determined e n z y m a t i c a l l y 
(a p l o t o f 1/v vs 1/E g i v e s a non-zero i n t e r c e p t 
which i s a t t r i b u t e d t o the r a t e a t i n f i n i t e enzyme 
c o n c e n t r a t i o n and t h a t r a t e corresponds t o the r a t e 
of nonenzymatic formation o f the arse n a t e e s t e r ) . 
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the r e a c t i o n c o n d i t i o n s , the arsenate formation i s the 
r a t e determining step and the a l d o l r e a c t i o n s t e p i s 
v i r t u a l l y i r r e v e r s i b l e . T h i s i s c o n t r a r y t o the normal 
r e v e r s i b l e a l d o l r e a c t i o n s w i t h DHAP where the C-C bond 
formation i s r a t e determining. These r e s u l t s were 
supported by the f a c t t h a t a h i g h d i a s t e r e o s e l e c t i v i t y 
was observed i n the r e a c t i o n of DHAP with an excess of a 
racemic aldehyde, whereas i n the r e a c t i o n w i t h 
dihydroxyacetone/arsenate (DHA/As) no s i g n i f i c a n t 
s e l e c t i v i t y was observed ( F i g u r e 3 ) . In an attempt t o 
use i n o r g a n i c vanadate i n s t e a d o f arsenate i n the 
a l d o l a s e r e a c t i o n s no a p p r e c i a b l e a l d o l condensation was 
observed, presumably due t o the un d e s i r e d redox r e a c t i o n 
between DHA and i n o r g a n i c vanadate. 

KDO-8 Phosphate Synthetase. KDO (3-deoxy-a-D-manno-2-
o c t u l o p y r a n o s o n i c acid) i t f c a p s u l a
p o l y s a c c h a r i d e s (k-antigens
(LPS, a l s o known as
b a c t e r i a (28)· These KDO-containing membrane components 
are unique t o gram-negative b a c t e r i a and are c r u c i a l t o 
the s u r v i v a l of the organism. S i n c e KDO i s not found i n 
mammalian t i s s u e s , i t has become a primary t a r g e t f o r 
i n v e s t i g a t i o n by m e d i c i n a l and s y n t h e t i c chemists (28-31) 
f o r the development of a n t i b a c t e r i a l agents e f f e c t i v e 
a g a i n s t Gram-negative b a c t e r i a . 0-2-Deoxy KDO (32) and 
the 8 - d i p e p t i d y l d e r i v a t i v e o f 8-amino-2,8-dideoxy-0-KDO 
(33) have been shown t o be potent i n h i b i t o r s o f the 
enzyme CMP-KDO synthetase which u t i l i z e s the 0-pyranose 
form o f KDO as s u b s t r a t e (34)· U n l i k e 2-deoxy-^-KDO 
which cannot penetrat e i n t a c t b a c t e r i a , the g l y c o p e p t i d e 
analog can be t r a n s p o r t e d through the c e l l membrane and 
hy d r o l y z e d by a pe p t i d a s e i n s i d e the c e l l t o r e l e a s e the 
i n h i b i t o r (31). S e v e r a l C - g l y c o s i d i c d e r i v a t i v e s o f KDO 
have r e c e n t l y been prepared from p r o t e c t e d KDO (35). 

We have been s u c c e s s f u l l y i n i m m o b i l i z i n g the enzyme 
KD0-8-phosphate synthetase which was i s o l a t e d from E. 
c o l i Β c e l l s (ATCC 11303) (36)· About 400 U o f the 
enzyme can be produced from 500 g of wet c e l l s . The use 
of t h i s enzyme p r e p a r a t i o n i s i l l u s t r a t e d i n F i g u r e 4. 
With the use of a system of co-immobilized enzymes on 
po l y a c r y l a m i d e g e l s prepared a c c o r d i n g t o p r e v i o u s l y 
d e s c r i b e d procedures (37), KDO-8-phosphate was prepared 
on a 10-50 g s c a l e s t a r t i n g w i t h D-arabinose and 
phosphoenol pyruvate (38)· A f t e r removal o f the 
phosphate moiety by a c i d - o r phosphatase-catalyzed 
h y d r o l y s i s , the product was converted c h e m i c a l l y t o 2-
deoxy-0-KDO and 2-deoxy-2-fluoro KDO (see F i g u r e 5). The 
procedure f o r the i n t r o d u c t i o n of the F group was s i m i l a r 
t o t h a t r e p o r t e d p r e v i o u s l y (39). A f t e r completing the 
work, we n o t i c e d t h a t KDO-8-phosphate was a l s o prepared 
by Whitesides' group i n a s i m i l a r way with t h r e e enzymes 
en c l o s e d i n a d i a l y s i s membrane (40). 
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F i g u r e 4. S y n t h e s i s of KDO - 8 -phosphate. HK, 
hexokinase; PK, pyruvate k i n a s e . 
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2-Deoxy-2-Fluoro-KDO 2-Deoxy-KDO 
Methyl Ester 

F i g u r e 5. Chemical c o n v e r s i o n o f KDO t o 2-deoxy-0 
KDO and 2-deoxy-2-fluoro-KDO 
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N-Acetylneuraminic A c i d A l d o l a s e . A new procedure has 
a l s o been developed f o r the s y n t h e s i s o f 9-0-acetyl-N-
a c e t y l n e u r a m i n i c a c i d u s i n g the a l d o l a s e c a t a l y z e d 
r e a c t i o n methodology. T h i s compound i s an unusual s i a l i c 
a c i d found i n a number o f tumor c e l l s and i n f l u e n z a v i r u s 
C g l y c o p r o t e i n s (41). The a l d o l a c c e p tor, 6-0-acetyl-D-
mannosamine was prepared i n 70% i s o l a t e d y i e l d from 
i s o p r o p e n y l a c e t a t e and N-acetyl-D-mannosamine c a t a l y z e d 
by p r o t e a s e Ν from B a c i l l u s s u b t i l i s (from Amano). The 6-
0 - a c e t y l hexose was p r e v i o u s l y prepared by a complicated 
chemical procedure (42.) . The t a r g e t molecule was 
obt a i n e d i n 90% y i e l d v i a the condensation o f the 6-0-
a c e t y l sugar and pyruvate c a t a l y z e d by NANA a l d o l a s e 
( F i g u r e 6). With s i m i l a r procedures a p p l i e d t o KDO, 2-
deoxy-NANA and 2-deoxy-2-fluoro-NANA were prepared from 
NANA. 

Carbohydrate Synthon

Enzymatic r e d u c t i o n of c a r b o n y l compounds and enzymatic 
e n a n t i o s e l e c t i v e t r a n s f o r m a t i o n o f racemic o r meso 
a l c o h o l s (25,42) are two methodologies t h a t have proven 
t o be b e n e f i c i a l i n the p r e p a r a t i o n o f o p t i c a l l y a c t i v e 
h y d r o x y l compounds, key c h i r a l b u i l d i n g b l o c k s used i n 
carbohydrate and n a t u r a l product syntheses (44-45). Our 
i n t e r e s t i n t h i s area i s t o develop enzymatic r o u t e s t o 
o p t i c a l l y a c t i v e g l y c e r o l and f u r a n d e r i v a t i v e s , and 
hydroxyaldehydes. 

C h i r a l Furans. The a l k y l f u r y l c a r b i n o l 5 i s a u s e f u l 
b u i l d i n g b l o c k f o r the s y n t h e s i s o f deoxy-L-sugars (46) 
(F i g u r e 7 ) . T h i s synthon can be prepared from a c y l 
f urans v i a enzymatic r e d u c t i o n s c a t a l y z e d by the a l c o h o l 
dehydrogenase from Thermoanaerobium b r o c k i i . o r from an 
e s t e r a s e - c a t a l y z e d k i n e t i c r e s o l u t i o n of the racemic 
a l c o h o l (11). Both approaches p r o v i d e the c h i r a l b u i l d i n g 
b l o c k i n > 90% ee u s i n g q u i t e s t r a i g h t f o r w a r d procedures 
on g s c a l e s (Figure 8). 

C h i r a l Hvdroxvaldehvdes. S i m i l a r l y , o p t i c a l l y a c t i v e 
l a c t a l d e h y d e and α-hydroxybutyraldehyde, both u s e f u l 
a l d o l a c c e p t o r s , can be prepared e n z y m a t i c a l l y (10) 
a c c o r d i n g t o the scheme shown i n F i g u r e 9. 

C h i r a l G l y c e r o l D e r i v a t i v e s . 
I r r e v e r s i b l e T r a n s e s t e r i f i c a t i o n . A new p r e p a r a t i o n o f 
c h i r a l g l y c e r o l a cetonide ( 2 , 2 - d i m e t h y l - l , 3 - d i o x o l a n e - 4 -
methanol) i n v o l v i n g an e n a n t i o s e l e c t i v e h y d r o l y s i s o f 2-
0- b e n z y l y c e r o l d i a c e t a t e t o che (R)-monoacetate c a t a l y z e d 
by a l i p o p r o t e i n l i p a s e (4_7) has r e c e n t l y been developed. 
In an e f f o r t t o prepare the (S)-enantiomer, we have used 
the aforementioned i r r e v e r s i b l e t r a n s e s t e r i f i c a t i o n 
r e a c t i o n u s i n g i s o p r o p e n y l a c e t a t e as an a c y l a t i n g 
reagent, which upon r e a c t i o n g i v e s acetone as a 
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F i g u r e 8. Enzymatic p r e p a r a t i o n o f ( S ) - and (R)-
f u r y l methyl c a r b i n o l . TADH, Thermoanaerobium 
b r o k i i a l c o h o l dehydrogenase (NADPH was regenerated 
by g l u c o s e / g l u c o s e dehydrogenase from B a c i l l u s cereus 
ob t a i n e d from Amano.); CCL, l i p a s e from Candida 
c v l i n d r a c e a e ; ChE, c h o l e s t e r o l e s t e r a s e from 
Pseudomonas. 
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F i g u r e 9. P r e p a r a t i o n o f L- and D-lactaldehyde and 
L- and D-2-hydroxybutyraldehyde. HLADH, horse l i v e r 
a l c o h o l dehydrogenase (NADH was regenerated by 
gluc o s e / g l u c o s e dehydrogenase). 
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byproduct. In a r e p r e s e n t a t i v e s y n t h e s i s , (S)-2-0-
b e n z y l g l y c e r o l monoacetate was prepared from 2-0-
b e n z y l g l y c e r o l c a t a l y z e d by a l i p o p r o t e i n l i p a s e from 
Pseudomonas i n 90% y i e l d and almost 100% ee ( F i g u r e 10). 

The problem with enzyme c a t a l y z e d r e v e r s i b l e 
t r a n s e s t e r i f i c a t i o n s as an approach t o b i o c h e m i c a l 
r e s o l u t i o n i s t h a t due t o the r e v e r s i b l e nature o f the 
r e a c t i o n , the enantiomeric excess o f the d e s i r e d product 
i n the forward r e a c t i o n decreases as the r e v e r s e r e a c t i o n 
proceeds. As i n h y d r o l y t i c r e a c t i o n s , the i r r e v e r s i b l e 
t r a n s e s t e r i f i c a t i o n o f f e r s a b e t t e r p r o c e s s f o r 
o p t i m i z a t i o n o f the t r a n s f o r m a t i o n and f o r r e c o v e r y o f 
the product. Furthermore, t h e r e i s no product i n h i b i t i o n 
observed i n the i r r e v e r s i b l e p r o c e s s . Both enantiomers 
can be converted t o g l y c e r o l a c e t o n i d e w i t h known 
procedures. 

Double K i n e t i c R e s o l u t i o n
racemic g l y c e r o l acetonid
h y d r o l y s i s o f the corresponding e s t e r s , we have t r i e d 
many d i f f e r e n t e s t e r d e r i v a t i v e s w i t h c h i r a l o r a c h i r a l 
c a r b o x y l components and many enzymes i n c l u d i n g l i p a s e s , 
e s t e r a s e s , and proteases from d i f f e r e n t sources. A l l the 
r e s u l t s showed low e n a n t i o s e l e c t i v i t y . A double 
r e s o l u t i o n s t r a t e g y was then employed. The racemic 
a c e t a t e was hy d r o l y z e d by p i g l i v e r e s t e r a s e (PLE) t o 60% 
completion. The unreacted e s t e r recovered was then 
s u b j e c t e d t o p o r c i n e p a n c r e a t i c l i p a s e ( P P L ) - c a t a l y z e d 
h y d r o l y s i s up t o 44% c o n v e r s i o n t o o b t a i n the h y d r o l y s i s 
product i n 70% ee (Figur e 11). S i n c e PPL and PLE have an 
o p p o s i t e e n a n t i o s e l e c t i v i t y i n t h i s case, the unreacted 
s u b s t r a t e recovered w i t h a low ee i n the f i r s t r e a c t i o n 
i s converted t o the a l c o h o l product w i t h a much h i g h e r ee 
i n the seond r e a c t i o n . The enantiomeric product (the R-
enantiomer) was a l s o prepared w i t h the two enzymes used 
i n a r e v e r s e order. The enantiomeric excess o f course can 
be enhanced a t the c o s t of chemical y i e l d by i n c r e a s i n g 
the extent o f the f i r s t r e a c t i o n and d e c r e a s i n g t h a t o f 
the second r e a c t i o n . A formula u s e f u l f o r p r e d i c t i o n of 
enantiomeric excess a t d i f f e r e n t e x t e n t s o f c o n v e r s i o n i s 
a v a i l a b l e (48.) and can be used t o o p t i m i z e the p r o c e s s . 
S i m i l a r l y , a s i n g l e enzyme can be used f o r the double 
r e s o l u t i o n (49). For example, the a l c o h o l product 
i s o l a t e d from the PLE- c a t a l y z e d h y d r o l y s i s o f the a c e t a t e 
e s t e r a t 40% c o n v e r s i o n was recovered, a c e t y l a t e d w i t h 
a c e t i c anhydride, and the a c e t a t e e s t e r was t r e a t e d w i t h 
the same enzyme (40% conversion) t o g i v e the a l c o h o l 
product i n 85% ee. 

Determination of Enantiomeric Excess Without S e p a r a t i o n 
of Products. To determine the e n a n t i o s e l e c t i v i t y i n a 
g i v e n enzyme-catalyzed k i n e t i c r e s o l u t i o n , the r e a c t i o n 
product v e r y o f t e n must be i s o l a t e d b e f o r e the 
d e t e r m i n a t i o n . T h i s i s v e r y time-consuming when one 
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L i p a s e 

OCH2Ph 

S 

9 0 % yie ld 
100% ee 

OCHgPh 
AcON ,OAc 

L i p a s e 
HO OH 

7 5 % y ie ld 
9 1 % ee 

F i g u r e 10. P r e p a r a t i o n of c h i r a l g l y c e r o l 
d e r i v a t i v e s and D- and L - g l y c e r o l a c e t o n i d e . a: 1. 
H 2/Pd-C; 2. methyl i s o p r o p e n y l e t h e r / p y r i d i n i u m p-
t o l u e n s u l f o n a t e ; 3. K 2C0 3/MeOH 

70% ee 
s-(*) 

F i g u r e 11. Double k i n e t i c r e s o l u t i o n u s i n g enzymes 
w i t h o p p o s i t e e n a n t i o s e l e c t i v i t y . PPL, p o r c i n e 
p a n c r e a t i c l i p a s e ; PLE, p i g l i v e r e s t e r a s e . 
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OCH,R 

RCH2OH KI

RCH, O 

R,R or S,S 

d,l pair 

OCH,R 

Η P = 0 

I 
RCHjO 

R,S 

OCH,R 

Η P = 0 

I 
RCHjO 

S.R non equivalent 
meso forma 

F i g u r e 12. 3 1 P NMR d e t e r m i n a t i o n o f the enantiomeric 
excess of g l y c e r o l a c e tonide without s e p a r a t i o n of 
the unreacted e s t e r . Approximately 1.35 mmol of a 
mixture o f g l y c e r o l a c e t o n i d e and the a c e t a t e e s t e r 
was d i s s o l v e d i n a 10 mm NMR tube. To the s o l u t i o n 
was added 0.45 mmol of PClo. The tube was shaken and 
q u i c k l y uncapped t o a l l o w the escape o f the HC1 gas 
formed d u r i n g the r e a c t i o n . A f t e r the recapped tube 
stood f o r 30 min a t room temp, 0.5 mL of CDC1 3 was 
added, and the NMR spectrum was recorded on a V a r i a n 
200 MHz instrument. The ee was c a l c u l a t e d from 
Horean's formula ( e e 2 = ( K - 1 ) / ( K + 1), Vigneron, 
J.P.; Dhaenens, M.; Horeau, A. Tetrahedron. 1973, 
29, 1055-60) where Κ r e p r e s e n t s the r a t i o o f the 
i n t e g r a t e d peak areas of the d , l p a i r (the ce n t e r e d 
peak) t o the meso isomers (the two o u t s i d e peaks). 
The s p e c t r a were recorded from the phosphite 
d e r i v a t i v e s o f r e s o l v e d g l y c e r o l a c e t o n i d e a t 
d i f f e r e n t e x tents of con v e r s i o n s w i t h H 3P0 4 (0 ppm) 
as e x t e r n a l standard. 
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F i g u r e 13. P r e p a r a t i o n o f immobilized enzymes w i t h 
d i f f e r e n t s o l u b i l i t i e s i n aqueous s o l u t i o n s and 
o r g a n i c s o l v e n t s . Procedure: A mixture o f an enzyme 
(3 mg) and the polymer (10 mg) was incubated a t pH 
7.5 f o r 20 min. Ammonium phosphate (0.1 M, pH 7, 1 
mL) was then added t o r e a c t w i t h the remaining 
a c t i v e e s t e r . A f t e r 20 min, the s o l u t i o n was ready 
f o r use, or l y o p h i l i z a t i o n t o g i v e the immobilized 
enzyme as a powder t o be used f o r r e a c t i o n i n 
o r g a n i c s o l v e n t s . Each gram o f the polymer c o n t a i n s 
approximately 0.7 mmol of the a c t i v e e s t e r . 
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i n t e n d s t o o p t i m i z e the r e s o l u t i o n c o n d i t i o n . To overcome 
t h i s problem, we have used the 5 1 P NMR technique 
developed by K e l l o g g (50) t o determine the ee o f the 
a l c o h o l product i n the presence of the unreacted e s t e r 
( F i g u r e 12). Despite the f a c t t h a t the OH group i s one 
carbon away from the c h i r a l c e n t e r , the technique i s v e r y 
s e n s i t i v e and can be used t o determine the ee up t o 98%. 

Enzyme Im m o b i l i z a t i o n 

A l l the enzymes used i n the work d e s c r i b e d above are 
q u i t e s t a b l e a t room temperature and can be used i n a 
f r e e form. They can a l s o be used i n an immobilized form 
t o improve the s t a b i l i t y and t o f a c i l i t a t e the r e covery. 
Many i m m o b i l i z a t i o n techniques are a v a i l a b l e today (25). 
The r e c e n t procedure developed by Whitesides e t a l u s i n g 
w a t e r - i n s o l u b l e , c r o s s - l i n k e d p o l y ( a c r y l a m i d e
a c r y l o x y s u c c i n i m i d e )
a p p l i c a b l e t o many enzyme
n o n - c r o s s l i n k e d polymer can be used d i r e c t l y f o r 
i m m o b i l i z a t i o n i n the absence of the diamine c r o s s -
l i n k i n g reagent. R e a c t i o n of an enzyme w i t h the r e a c t i v e 
polymer produces an immobilized enzyme which i s s o l u b l e 
i n aqueous s o l u t i o n s but i n s o l u b l e i n o r g a n i c s o l v e n t s . 
Many enzymes have been immobilized by t h i s way and the 
s t a b i l i t y o f each enzyme i s enhanced by a f a c t o r o f 
g r e a t e r than 100. Horse l i v e r a l c o h o l dehydrogenase and 
FDP a l d o l a s e , f o r example, have been s u c c e s s f u l l y 
immobilized and showed a marked i n c r e a s e i n s t a b i l i t y . 

In a l i k e manner, a co-polymer o f s t y r e n e and 
a c r y l o x y s u c c i n i m i d e w i t h a 10 t o 1 r a t i o was prepared. 
Enzymes immobilized on t h i s type of polymer had d i f f e r e n t 
p h y s i c a l p r o p e r t i e s . They are s o l u b l e i n o r g a n i c s o l v e n t s 
such as dioxane and DMF, but i n s o l u b l e i n aqueous 
s o l u t i o n s . L i p a s e s and c h o l e s t e r o l e s t e r a s e immobilized 
on t h i s type of polymer are v e r y s t a b l e and a c t i v e i n 
s e v e r a l o r g a n i c s o l v e n t s , and have been used i n s e v e r a l 
e n a n t i o s e l e c t i v e t r a n s f o r m a t i o n s . The p r o t o c o l s f o r the 
i m m o b i l i z a t i o n are d e p i c t e d i n F i g u r e 13. 

C o n c l u s i o n 

The enzymatic approach t o the s y n t h e s i s of carbohydrates 
and t h e i r p r e c u r s o r s i s p r a c t i c a l f o r c e r t a i n types of 
sugars. The next stage of our i n v e s t i g a t i o n w i l l be t o 
focus on the m o d i f i c a t i o n o f these r e a d i l y a v a i l a b l e 
sugars t o agents of i n t e r e s t . Improvement o f enzyme 
p r o p e r t i e s f o r s y n t h e t i c a p p l i c a t i o n i s a l s o o f i n t e r e s t . 
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Asymmetric Diels-Alder reaction—Continued 
oxazolidone derivatives of αβ-

unsaturated acids, 296,297* 
solvent effect on enantioselectivity, 

298-299,300 
use of asymmetric catalysts, 294-295 
use of chiral titanium reagents, 295-301 

Asymmetric hydrocyanation reaction 
aldehydes with cyanotrimethylsilane, 

301-302/ 
3-phenylpropanol, 301 

Asymmetric synthesis, cyclohexenepolyols, 
218-220 

Aureolic acid oligosaccharides 
properties, 134 
structures, 134,136-137 
syntheses, 137-141 

Azide-AModosuccinimide glycosylation, 
reaction process, 142-143 

Β 

Bayer-Villiger oxidation, total synthesis of 
deoxy sugars, 210-211 

4-O-Benzyl-2,3,0-isopropylidene-L-threose, 
synthesis, 285 

Benzyloxycarbonyl derivative of pyrrolidine 
ester 

conversion into Geissman-Waiss lactone, 
111,113 

synthesis, 107,109-112 
Bicyclic adenine nucleoside, synthesis, 

71,73/ 
Bicyclic nucleosides, synthetic approaches, 

64-91 
Bicyclic uracij nucleoside, synthesis, 

71,74/,75 
Bicyclo[2.2]-n-alk-5-en-2-ones, regio

selectivity of electrophile additions, 199 
Block synthesis, oligosaccharides, 118-122 
Brucine complex, synthesis of optically pure 

7-oxanorbornane derivatives, 202 
N-rm-Butyldimethylsilylphthalimide 

introduction of /err-butyldimethylsilyl 
group, 11,14 

substrates and products for reactions with 
carbohydrate derivatives, 11,12/" 

C 

C-B-A trisaccharide glycoside, syntheses, 
144-145 

C 4 aldehydes, synthesis of sugars, 307-309 
C 4 N-phenylsulfenimines, use in synthesis of 

sugars, 307 
C 5 methyl ketone, synthesis of sugars, 309 

C 5 threo-methyl ketone, synthesis, 313 
Carbohydrate(s) 

asymmetric reactions for synthesis, 
290-303 

enzyme-catalyzed synthesis, 317-333 
microbially aided synthesis, 305-315 
stereoselective synthesis from acyclic 

precursors, 182-194,243 
synthesis, 278-288 
synthesis from 7-oxanorbornenes, 197-229 

Carbohydrate derivatives, D and L, 
synthesis, 230 

Carbohydrate nitrocyclopropanes 
formation, 27,29-32 
potential utility, 29,32 

Carbohydrate synthons 
chiral furans, 325,327-328/ 
chiral glycerol derivatives, 325,329-332 

reagent, 41,42/" 
Chiral diols, intermediates in carbohydrate 

synthesis, 306-307 
Chiral furans 

preparation, 325,328f 
synthesis of sugars, 325,327/ 

Chiral glycerol derivatives 
determination of enantiomeric excess, 

329,331,332/ 
double kinetic resolution, 329,330/ 
irreversible transesterification, 

325,329,330/" 
Chiral hydroxyaldehydes, preparation, 

325,328/· 
Chiral Lewis acids, preparation, 295 
Chiral pyrrolidines 
synthesis from carbohydrates, 107-115 
synthesis of benzyloxycarbonyl derivative 

of ester, 107,109-112 
Chiral titanium reagents, development of 

asymmetric Diels-Alder reaction, 295-301 
Chromomycin A3» synthesis, 137-139 
Cinnamaldehyde, reactions, 305 
Crotanecine, synthesis, 111,113 
(47?,5/?,6/?)-2-(Crotonyloxymethyl)-4,5,6-tri-

hydroxycyclohex-2-enone, synthesis, 219 
Cyanohydrins 
asymmetric synthesis, 301-303 
factors influencing optical purity, 302 

Cyclic dialkoxydichlorotitaniums(IV), 
preparation, 295 

Cycloaddition, regioselectivity, 197-198 
Cyclodextrins 
structures, 150 
synthesis of α form, 151-154 
synthesis of η form, 154-155 
synthesis of iso-α form, 155-158 

Cyclohexenepolyols, asymmetric 
synthesis, 218-220 
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Cyclomaltohexose 
conversion of glycohexosyl derivative 

into key intermediate, 153-154 
glycohexosyl intermediate 

formation, 152-153 
synthesis of glycosyl acceptor and 

donor, 151-152 
Cyclomaltooctose, synthesis, 154-156 

D 

Danishefsky-Hungate approach, synthesis of 
octosyl acid A, 75,77/ 

L-Daunosamine, synthesis, 209-211 
De novo synthesis of carbohydrates, via 

inverse-type hetero-Diels-Alder 
reactions, 183-194 

Deoxy analogues by reductive 
desulfonyloxylation, deoxygenation
39,41,42/· 

Deoxy disaccharides, synthetic methods, 
32-42 

2-Deoxy-L-ê f/iro-pentose, synthesis, 314-315 
2-Deoxy-D-gfl/flc/o-heptose derivative, 

synthesis, 187-188 
2-Deoxy-L-galactose, synthesis, 285 
2-Deoxy-£-glycosides, syntheses via 

stereoselective glycosylations, 133-135 
2-Deoxy-D-ribose synthesis, 280-282 
2- Deoxy sugars 
structures, 132,135 
syntheses, 132-133 

3- Deoxy-D-flra&/>!0-heptulosonates, 
synthesis, 192-193 

3-Deoxy-2-glyculosonates, synthesis, 191-192 
3-Deoxy-D-mflwi0-2-octulopyranosonate, 

synthesis, 191-192 
3- Deoxy-a-D-mww0-2-octulopyranosonic acid 

phosphate synthetase 
chemical conversion to 2-dcoxy-/?- and 

2-deoxy-2-fluoro forms, 321,324/ 
description, 321 
synthesis, 178 
synthesis of acid, 321,323/ 

4- Deoxy-D-ta/o-hexose, synthesis, 313-314 
4-Deoxy-D-jçy/o-hexose, synthesis, 313-314 
6-Deoxy sugars, syntheses, 132 
D-Deoxy sugars, total synthesis, 

209-213,312-315 
L-Deoxy sugars, total synthesis, 

209-213,312-315 
Deoxyamino sugars of L series, synthesis, 

307-312 
Deoxyfluoro sugars, synthesis, 3-7 
2-Deoxystreptamine 
chemical synthesis of intermediate, 

23,24/ 

2-Deoxystreptamine—Continued 
chiral derivatives, 25 
chiral synthesis, 25,26/27,28/ 
structure, 23 

2,3-Di-O-acetyl-D-erythronolactone, 
synthesis, 282 

N,N'-Dibenzyl-N,N'-ethylenetartramide, 
chiral auxiliary for allylboration 
reaction, 266-272 

L-Diginose, synthesis, 285 
Dihydropyrone, synthesis, 177-178 
l,3-Dimethoxy-2-propanone, asymmetric aldol 

reaction, 293/,294 
5,6-Dimethylidenebicyclo[2.2.1]heptan-2-one 

highest occupied molecular orbital, 198 
structure, 197-198 

Dimethyl(methylthio)sulfonium triflate, 
promoter in glycosylation reactions

at 2,3 position, 52,53/ 
3,5-Diol, orthoesterification of furanoses 

at 3,5 position, 54,55/56 
Dioxocarbenium ions, formation from 

orthoesters, 56,57/ 
Dithioacetals, cleavage in carbohydrate 

derivatives using iodine in 
methanol, 14,15-17/,18 

Ε 

Electrophilic addition 
alkenes, 199 
regioselectivity, 199-201 
synthesis of deoxy sugars, 212-213 

Enantioselective Sharpless epoxidation of 
allylic alcohols, syntheses of deoxy 
sugars, 211 

Enol ethers, acetonation of 
carbohydrates, 45,47/ 

Enzymatic synthesis of carbohydrates 
aldol condensations, 317-325 
approaches, 317 
carbohydrate synthons, 325-333 

Enzyme immobilization, techniques, 331,333/ 
2,3-Episulfoniobicyclo[2.2.1]heptanes, 

geometries, 199,200/ 
Episulfonium ions, regioselectivity, 200 
Epoxy aldehyde reaction partner, intrinsic 

diastereoface selectivity, 264,267/ 
5,6-er0-Epoxy-7-oxanorborn-2-yl 

derivatives, acid-catalyzed 
rearrangements, 220-226 

Ethyl ketones, asymmetric aldol reaction, 
291,292/ 
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Ethyl 2,3,4-trideoxy-4-phthalimido-6-0-
(trimethylsilyl)-a-D-r/zra?-hex-2-
enopyranoside, synthesis, 11,13/ 

Ezomycins, structures, 64,66/" 

Free sugars, orthoesterification, 50,51/ 
Fructose-1,6-diphosphate aldolase 

selectivity of reactions, 321,322/" 
substrate preparation for carbohydrate 

synthesis, 318,320/321 
synthesis of carbohydrates, 318,319/ 

D-Fucose derivative, functionalized, See 
Functionalized D-fucose derivative 

Functionalized D-fucose derivative 
new strategy for synthesis, 245,247/ 
synthesis, 243-248 
synthetic steps, 243,245,246/ 

Functionally substituted dihydropyran 
systems, synthesis via hetero-Diels-
Alder reactions, 183 

Functionally substituted tetrahydropyran 
systems, synthesis via hetero-Diels-
Alder reactions, 183 

Furan, promotion of glycosylation, 169,171/ 
Furan surrogate, concept, 162,163/ 
Furanoses, orthoesterification, 52-58 
Furyl glycosides 
conversion to sialoglycosides, 171,174/ 
structures, 176-177 
synthesis, 162,164/ 
synthesis by simple exchange, 171,172-173/ 

G 

Geissman-Waiss lactone, structure, 107,109 
D-Glucofuranose, orthoesterification at 5,6 

position, 54,55/ 
α-D-Glucopyranoside, structure, 46,48/ 
Glucosides, synthesis, 286-287 
Glycals 

glycosylation, 144 
reactions, 133 
syntheses, 132-133 

1,2-cw-Glycoside 
blockage of synthesis by thioglycosides, 129 
synthesis, 118 

l,2-/ra/w-Glycoside 
synthesis, 118 
use of triflates in synthesis, 123-129 

Glycosyl donors 
glycosyl halides, 118 
thioglycosides, 118-122 

Glycosyl fluoride(s), synthesis, 8—11 

Glycosyl fluoride method, stereoselective 
glycosylation, 287-288 

Glycosyl halides, glycosyl donors, 118 
Glycosylation 
anthracycline oligosaccharide synthesis, 

140-146 
aureolic acid oligosaccharide synthesis, 

137-141 
deoxyoligosaccharides of antibiotics 

and cytostatics, 131-146 
selective formation of full acetals, 132 
stereoselective reactions, 286-288 
use of trityl perchlorate, 288 

H 

Halogenated carbohydrates, applications, 2 

Hikosamine 
reactions, 97-98 
structure, 97-98 
synthesis, 97-100 

Hydroxy enol ethers, cyclization, 287 
α-Hydroxy ketones, formation of diols, 

312-313 

Intramolecular epoxide opening, 
approach, 78,79/ 

Intramolecular oxymercuration approach 
carbethoxylation at C 5 position, 81,84,85/ 
completion of octosyl acid A synthesis, 

84,86/ 
effect of halide in oxymercuration— 

reduction model reactions, 78,80/81 
elaboration of bicyclic ring system of 

octosyl acid A, 81,83/ 
octosyl acid formation, 78,80/ 
selection of benzyloxymethyl protective 

group, 81,82/ 
stereoselective chain elongation, 81,82/ 

Iodine in methanol, cleavage of carbohydrate 
acetals and dithioacetals, 14,15—17r,18 

Iron carbonyl reagent, chain 
elongation, 41,42/* 

Iso-a-cyclodextrin 
glycosylative ring closure, 157 
schematic of synthesis, 155-156 
synthesis, 155-158,279-280 
synthesis of glucohexosyl intermediate, 

156-157 
2,3-0-Isopropylidene-D-erythrose 

reactions, 109-112 
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2,3-O-Isopropylidene-D-erythrose—Continued Nonactin, total synthesis, 226-229 
structure, 109-110 Nucleoside 3',5'-phosphates, 
synthesis of anisomycin, 111,114-115 structures, 64,65/ 

1,2-0-Isopropylidene-D-glucofuranose, 
orthoesterification, 52,53/54 

Ο 

Κ 

Ketene acetals, synthesis of orthoesters, 
46,47/50 

L 

Lithium triethylborohydride, reductive 
desulfonyloxylation, 39,41,42/ 

D-Lividosamine, syntheses, 213 
Long-chain carbohydrates, synthesis

M 

D-Mannose, orthoesterification, 50,51/ 
Metal salts, use in stereoselective 

synthesis of monosaccharides, 278-288 
Metallic tin, stereoselective synthesis of 

monosaccharides, 282 
α-Methoxy ketone, asymmetric aldol 

reaction, 293/,294 
Methyl 3-amino-2,3,6-trideoxy-fyjco-L-

hexofuranosides, synthesis, 211 
Methyl D-glucosaminate, synthesis, 282 
Methyl ketones, asymmetric aldol 

reaction, 291,292/ 
Methyl 4,6-O-methoxyethylidene-a-D-gluco-

pyranoside, orthoesterification, 46,48/49 
2-C-Methyl-D,L-/yro-furanoside, 

synthesis, 283-284 
α-Methylcinnamaldehyde, reactions, 305 
(3fl,4tf)-4-Methylheptan-3-ol, synthesis, 293 
Mithramycin, synthesis, 138 
Mithramycin trisaccharide, 

synthesis, 138,140-141 
Monosaccharides 

general synthetic approach, 260-267 
stereoselective synthesis, 278-286 
D(-)-fl//0-Muscarine, synthesis, 306 

Ν 

Naked sugars, See Optically pure 
7-oxanorbornane derivatives 

Natural carbohydrate derivatives, biological 
properties, 197 

Nitromethane cyclization, description, 34 

Octosyl acid(s) 
discovery, 64 
intramolecular oxymercuration approach, 

78-86 
problems in synthesis, 64-65 
retrosynthetic analysis, 75,78,79/" 
structures, 64,65/ 
synthesis by Anzai-Saita approach, 67,68/ 
synthesis by Szarek-Kim approach, 

67,69-70/ 
Octosyl acid A 

 perspectiv  drawings, 84,88/ 
synthesis of octosyl acid C, 84,88/91 

Octosyl acid C 
structure and perspective drawings, 84,88/ 
synthesis from octosyl acid A, 84,88f,91 

Octosyl acid C dimethyl acetal 
JH-NMR spectrum, 90/91 
synthesis, 84,88-91 

Olah's reagent, synthesis of glycosyl 
fluorides, 8,9-10/,ll 

Oligosaccharides 
advantages of block synthesis, 118 
orthoesterification, 58,59/ 
problems in synthesis, 117 
synthesis, 118-129 
synthesis using triflates, 122-129 

Olivin, total synthesis, 243,244/ 
Olivomycin A 
structure, 243,244/ 
synthesis, 137-139 
synthesis of the AB disaccharide 

unit, 253,256-259 
D-Olivose deriatives 
asymmetric epoxidation-asymmetric 

allylboration sequence, 266 
synthesis, 257,259/ 

Optically active diols, starting materials 
for carbohydrate synthesis, 306 

Optically pure 7-oxanorbornane derivatives 
electrophilic additions, 206 
enzymic discriminations of enantiopic 

groups, 204-206 
formation of brucine complex, 203 
furan addition, 201-203 
optical resolution, 206-209 
synthesis, 201-209 

Orthoester(s) 
assignment of ring size, 58,60/ 
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Orthoester(s)—Continued 
examples at nonanomeric position, 46,48/ 
formation of seven-membered ring in 

ribofuranose series, 56,57/58 
synthesis from ketene acetals, 46,47/50 

Orthoesterification 
furanoses, 52-58 
oligosaccharides, 58,59/ 
pyranoses, 49-50,51/ 
pyranosides, 46,48/49-50,53/ 

Osmylation, description, 34,35/36 
l-Oxa-l,3-diene, modification, 187-190 
l-Oxa-l,3-diene precursor, synthesis, 189-190 
(li?)-7-Oxanorborn-5-en-2-one, synthesis, 

201-202 
7-Oxanorbornane derivatives, optically pure, 

synthesis, 201-209 
Oxanorbornenes, synthesis of carbohydrates, 

197-229 
Oxazolidines 
asymmetric aldol reaction, 290-291 
preparation, 291 

Ρ 

Palladium-catalyzed, allylic amination, 
description, 39 

Perhydrofuropyran systems, synthetic model 
studies, 71,72/ 

Phosphonium salts 
formation of ylides, 95-100 
structures, 95-96 

Phosphorane, use in ylide generation, 96 
Polyoxin J, synthesis, 286 
Pyranoses, orthoesterification, 49-50,51/ 
Pyranosides, orthoesterification, 

46,48-50,53 
Pyridinium poly(hydrogen fluoride), 

synthesis of glycosyl fluorides, 8,9-10/,ll 
Pyrrolidines, chiral, See Chiral 

pyrrolidines 

Q 

Quantamycin, synthesis, 75,76/" 

R 

Ramulosin, synthesis, 188-189 
Reductive amination, description, 39,4Qf 
Regioselectivity 
episulfonium ions, 200 
7-oxanorborn-5-en-2-yl 

derivatives, 200-201 
(+)-Retronecine, structure, 107,109 

Ribose, synthesis, 279 
L-Ribose derivatives, total synthesis, 

217-218 
D-Ribulose, synthesis, 280 
Rifamycin S, synthesis, 253,254/ 
Ring size, assignment in orthoesters, 

58,60/ 

Sesbanimide, Β ring, synthesis, 248,249/ 
Sialic acid(s), functions, 160 
Sialic acid glycosides 

furan promotion of glycosylation, 169,171/ 
synthesis, 178,179-180/,181 
synthetic approach, 169,171-174 

Silyl enol ethers, alkoxylation for 

reaction, 282-285 
Stannous fluoride, stereoselective synthesis 

of monosaccharides, 281-282 
Stereoselective glycosylation reactions 

alkoxylation of silyl enol ethers, 286-287 
cyclization of hydroxy enol ethers, 287 
glycosyl fluoride method, 287-288 
trityl perchlorate-mediated 

glycosylation, 288 
Stereoselective synthesis of monosaccharides 

asymmetric aldol reactions using optically 
active imines, 280-281 

four-carbon building block, 285-286 
reactions using stannous fluoride or 

metallic tin, 281-282 
stereoselective additions to 2,3-0-

isopropylideneglyceraldehyde, 279-280 
stereoselective aldol reaction using 

stannous enolates, 282-285 
use of metal salts, 278-288 

Synthesis 
AB disaccharide unit of olivomycin 

A, 253,256-259 
N-acetylneuraminic acid, 176-181 
allose derivatives, 213-216 
carbohydrates from 7-oxanor-

bornenes, 197-229 
cyclodextrins, 150-158 
cyclohexenepolyols, 218-220 
deoxy sugars of L and D series, 312-315 
3-deoxy-a-D-mfl/2/*0-2-octulopyranosonic 

acid phosphate synthetase, 178 
dcoxyamino sugars of L series, 307-312 
long-chain carbohydrates, 94-106 
nonactin, 226-229 
oligosaccharides, 118-129 
optically pure 7-oxanorbornane 

derivatives, 201-209 
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Synthesis—Continued 
(lfl)-7-oxanorborn-5-en-2-one, 201-202 
ribose derivatives, 217-218 
sialic acid glycosides, 178,179-180/,181 
talose derivatives, 216—217 
total, deoxy sugars, 209-213 

Synthesis of deoxyfluoro sugars, fluoride 
ion displacement, 3-7 

Synthesis of glycosyl fluorides 
methods, 8 
use of pyridinium poly(hydrogen 

fluoride), 8,9-10/,ll 
Szarek-Kim approach, synthesis of octosyl 

acids, 67,69-70/ 

Tris(dimethylamino)sulfonium 
difluorotrimethylsilicate 

applications, 3 
deoxyfluoro sugar synthesis, 3,4-6/,7 
description, 3 
nucleophilic displacement of trifloxy 

group, 7 
selective introduction of fluorine into 

furanose ring, 7-8 
Trityl perchlorate mediated glycosylation, 

reactions, 288 
Tunicamycin 

reactions, 101 
structure, 100-101 

D-Talose derivatives, total synthesis
216-217 

L-Talose derivatives, total synthesis, 
216-217 

Tartrate allylboronates 
enantioselectivity, 250,252f 
origin of asymmetry, 266,267/ 
reactions with achiral aldehydes, 268-272 
structures, 250,252/ 

Tetradeoxy sugars, synthesis, 187-188 
Thioglycosides 

blockage of 1,2-cw-linked glycoside, 
synthesis, 129 

glycosyl donors, 118-122 
α,α-Trehalose 
applications, 32 
orthoesterification, 58,59f 

Trideoxy sugars, synthesis, 187-188 
Triflates, use in glycosylation 

reactions, 122-129 
Trifluoromethanesulfonate displacements by 

azide, description, 36,37-38/39,40/ 
N-Trimethylsilylphthalimide 
selective trimethylsilylation of 

primary hydroxyl groups, 11 
substrates and products for reactions 

with carbohydrate derivatives, 11,12/ 

with phosphonium salts, 95-100 
Uridine 

transformation to aldehyde, 78,79/ 
use in synthesis of octosyl acids, 75,78,79/ 

L-Vancosamine, synthesis, 313 
rra/w-Vinyloxiranes, synthesis, 279 

Wagncr-Meerwein rearrangements, 
5,6-eto-epoxy-7-oxanorborn-2-yl 
derivatives, 220-226 

Wittig reaction, preparation of 
chain-branched carbohydrates, 94 
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