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A Angstrom

Ac acetyl

AcOH acetic acid

AIBN 2,2'-azobisisobutyronitrile

aq aqueous

Ar aryl

Bn benzyl

Bu butyl

Bz benzoyl

CSA camphorsulfonic acid

DMAP 4-dimethylaminopyridine

DMF dimethylformamide

DMSO dimethyl sulfoxide

E electrophile

Et ethyl

h hour(s)

LAH lithium aluminum hydride

LDA lithium diisopropylamine

LTMP lithium tetramethylpiperidide

MCPBA m-chloroperbenzoic acid

Me methyl

min minute(s)

ml millilitre(s)

mmol millimole(s)

Ms methanesulfonyl (mesyl)

NBS N-bromosuccinimide

NCS N-chlorosuccinimide

NIS N-iodosuccinimide



VI

Nu nucleophile

PCC pyridinium chlorochromate

PDC pyridinium dichlorochromate

Ph phenyl

Piv pivaloyl

Pr propyl

PTSA p-toluenesulphonic acid

it room temperature

TBDMS t-butyldimethylsilyl

TBDPS t-butyldiphenylsilyl

TBS tributylsilyl

THF tetrahydrofuran

TMS trimethylsilyl

TMSOTf trimethylsilyl trifluoromethanesulfonate

TPHB triphenylphosphinehydrogen bromide

Tr triphenylmethyl (trityl)

Ts p-toluenesulfonyl (tosyl)
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ABSTRACT

This thesis deals with the reactions and synthetic utility of 1,2-

cyclopropanated sugars. The thesis consists of three sections, namely, introduction,

results and discussion, and experimental. The introduction commences with the

advantages offered by glycals for the synthesis of modified sugars and transmits the

concept of strained 3-membered strategy towards the synthesis of higher order

carbohydrates of biological significance. Finally, it provides an account of recent

developments in 1,2-cyclopropanated sugars.

Towards the exploitation of 1,2-cyclopropanated sugars, which is the main

thrust of this thesis, we focussed our attention on their synthetic utility and

reactions. By nature, 1,2-cyclopropanated sugars are donor-activated by the

pyranose oxygen and considering the electronic factors, their electrophilic ring

openings provide products resulting from ring opening, rather than ring expansion.

a- and P-Cyclopropanes 106 and 109 respectively, derived from 2,4,6-tri-

(9-benzyl-D-glucal served as suitable substrates in this regard. The ring openings

of 106 and 109 were carried out with different electrophiles in methanol as well as

with N-bromosuccinimide (NBS) as the activator (source of Br+) in various

solvents.

The proton induced electrophilic ring opening of 106 in methanol at

refluxing temperature was found to be sluggish and incomplete even after 15 days.

It was even worse with cyclopropane 109 where no reaction occurred. The ring

opening of 106 and 109 with Br* as electrophile in methanol resulted in the ring

opened products in good yields. Although, the iodonium ion, using

N-iodosuccinimide (NIS) as source, was able to open a-cyclopropane 106 in good

yield, the inertness of p-cyclopropane 109 towards this reagent prompted us to

employ iodoniumdi(s-collidine) perchlorate (IDCP). The reaction of

a-cyclopropane 106 with IDCP gave the ring opened products in very good yield
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and that of 109 resulted in partial conversion to the ring opened product in

moderate yield. The reactions of 106 with both Br+ and V resulted in a mixture of

both anomers, whereas that of 109 gave only a-anomers.

Later, in order to show the flexibility of this method, the bromonium ion

induced ring opening of cyclopropanes 106 and 109 were carried in

2-chloroethanol, 2,2,2-trichloroethanol, benzyl alcohol and water. a-Cyclopropane

106 underwent ring opening in a facile and high yielding manner, resulting always

in anomeric mixtures. The ring openings of p-cyclopropane 109 were slow

compared to 106 and resulted exclusively in a-anomers.

Towards further elaboration of this methodology, sugar alcohols were used

as nucleophiles, leading to branched-chain disaccharides with defined C-2

stereochemistry. After monitoring the reaction conditions with varying

concentrations of sugar alcohol and different reaction times (NBS activation), we

succeeded in opening 106 and 109 with three sugars alcohols, l,2:3,4-di-0-

isopropylidine-a-D-galactopyranose (72), 1,2-O-isopropylidine-3-O-benzyl-a-D-

xylofuranose (150) and 2,3:4,5-di-O-isopropylidine-D-arabinitol in acetonitrile in

the presence of 4A molecular sieves in moderate to good yields. In a similar fashion

as with other alcohols, the ring opening of 106 in all the three cases gave both the

anomers and 109 resulted in exclusive a-anomers.

The scope of 1,2-cyclopropanated sugars as suitable precursors for the

stereoselective construction of 2-deoxy-2C-methyl pyranose templates was extended

by the mercuric ion mediated ring opening of 106 and 109, as their direct

protonation resulted in poor yields. Mercuric trifluoroacetate was found to be

convenient in opening both the cyclopropanes. The methyl or n-butyl 2-deoxy-2C-

methyl-p-D-glucopyranosides and 2-deoxy-2-C-methyl-a-D-mannopyranosides,

resulting from 106 and 109, respectively, were obtained in good yields (when

reaction was carried out in methanol and n-butanol). This methodology was further

extended to the cyclopropanes 107 and 110, 108 and 111 derived from galactal and
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rhamnal, respectively. However, with p-cyclopropanes 110 and 111, competitive

formation of bis(sugar)mercury compounds limits the applicability of this procedure

in a more general fashion. It is interesting to note that in contrast to halonium ion

mediated ring openings, in all the cases, the ring openings with mercuric ion were

found to yield only one anomer with inversion at C-l.

These experiments clearly reveal that the reactions using halonium

electrophiles with P-cyclopropane 109 are slower and display higher anomeric

selectivity compared to those of the a-cyclopropanc 106. The resulting anomeric

ratio in the case of ring openings of 106 was found to be solvent dependent. This

excludes the participation of either SN1 or SN2 alone in these ring openings. The

formation of only a-anomers from cyclopropane 109 suggests that its ring openings

involve only SN2 type processes. However, dependence of the rate of the reactions

on the nature of solvent in both the cases, as well as the formation of anomeric

mixtures in the case of cyclopropane 106 clearly provides enough support for SN1

participation.

To better understand the processes taking place, we prepared the a- and p-

cyclopropanes 185 and 186, with a free 6-OH group, starting with 3,4-di-O-benzyl-

6-0-trityl-D-glucal (182). Dichlorocarbene addition followed by detritylation using

1 : 2 formic acid/ether and dehalogenation with lithium aluminum hydride in THF

yielded the corresponding a-cyclopropane 185. Under Simmons-Smith

cyclopropanation conditions, 182 directly yielded the required P-cyclopropane 186.

The intramolecular ring opening of a-cyclopropane 185 in acetonitrile with

NBS as an activator in the presence of 4A molecular sieves, took place smoothly

within 5h, giving the levoglucosan derivative 187 in good yield. On the other hand,

under similar conditions, the reaction with p-cyclopropane 186 was incomplete and

yielded the levomannosan derivative 188 in poor yield after 36h. These results

clearly indicate that the lower reactivity of the p-cyclopropane 186, when compared

to 185, is due to steric hindrance to the approach of the electrophile. While



a-cyclopropane 185 reacts cleanly and rapidly by an SN2 type process to give the

levoglucosan derivative 187 in good yield, the p-cyclopropane 186, with no such

option available, forms the levomannosan derivative 188 in much lower yield,

probably through an SNI mechanism.

Towards further elaboration of the scope of 1,2-cyclopropanated sugars, we

anticipated that the products derived from the ring openings of cyclopropanated

sugars with electrophiles in water, would serve as a suitable starting point for the

construction of chiral a-methylene-6-valerolactones following a two step oxidation

and dehydrohalogenation strategy. Initial failure in the attempts in oxidising

halolactols with PCC, PDC and I2 prompted us to search for a appropriate reagent.

Gratifyingly, and most surpisingly, the reaction of p-cyclopropane 106 with IDCP in

dioxane-water at 60 - 70° gave the desired a-methylene-5-valerolactone 195 in

moderate yield.

Generalisation of this reaction was made using the cyclopropanes 106, 107,

110, 111 and 112. The corresponding chiral a-methylene-S-valerolactones 195 - 198

were obtained in moderate to good yields.

All new compounds prepared in the course of this thesis were completely

characterised by their anahtical and/or spectral data as appropriate.



INTRODUCTION



The ingenuity of Nature lies in not only providing an innumerable number of

esoteric molecular targets having strictly defined stereochemistry and often

formidable frameworks for synthetic chemists to work on, but also at the same time

placing at their disposal a wealth of different types of chiral pool molecules as

resources. Amongst the various chiral pool molecules available in Nature,

carbohydrates occupy a special place. The advantages of carbohydrates as chiral

starting materials arise from the fact that they arc exuberantly available in Nature,

are exceedingly cheap and, on top of this, are enantiomerically pure. The uniqueness

of this situation becomes even more imposing while looking at sugars in comparison

with other natural chiral resources like amino- and hydroxyacids and terpenes,

especially when dealing with targets containing multiple centres of chirality. In such

cases, the greater utility of carbohydrates as chirons is self-evident.1

The abundance of carbohydrates in Nature is not without any purpose. A

well known fact is that they are energy storage molecules. A lesser known fact,

which is being increasingly recognized, is their biological significance.2

Carbohydrates on cell surfaces are information molecules. Oligosaccharides

composed of more than one type of sugar unit such as the human blood group

determinants and bacterial antigens are major carriers of biological information.3

Biological pol>mers such as glycoconjugates of carbohydrates and proteins

(glycoproteins) and lipids (glycolipids) or phospholipids (glycophospholipids) are

the main constituents of cell membranes. Sialic acids, the most prominent of which

is N-acetylneuraminic acid, represent a number of complex higher saccharides which

are present in glycoconjugates of various tissues and cells of many animal species.4

The oligosaccharide residue of these substances is crucial in the intercellular

recognition that forms the basis of the immune system of mammalian organisms.5

This biological significance of carbohydrates in Nature has generated a renewed

interest to synthesize them in a stereo- and regiocontrolled fashion on a preparative



scale. On the other hand, numerous monosaccharides are attached to aglycon

portions as 2-deoxy or 2-deoxy amino glycosides and are essential constituents of

many drugs and various naturally derived antibiotics.2'6 Amino and deoxy sugars are

almost ubiquitously present in macrolide antibiotics and DNA damaging cw-ene-

diyne anti-tumor agents.7 Various aminohexoses such as daunosamine and its

congeners are the glycosidic components of many anthracycline antibiotics.2'6''

The recognition of Carbohydrate Chemistry as a separate branch of

Organic Chemistry can be traced back to the late 19th century. Emil Fischer's*

seminal contributions towards the synthesis and structure determination of

carbohydrates, culminating in the elucidation of the structure of glucose, were

recognized with the Nobel prize in 1902. The exhaustive work done on selective

manipulations, protection and/or transformation of different oxyfunctions in

carbohydrates has led to the establishment of the relevance of conformational and

stereoelectronic effects on chemical reactivity in general and carbohydrates in

particular. The utility of nuclear magnetic resonance (NMR) spectroscopy in

understanding the finer facets of the stereochemistry of carbohydrate derivatives has

not only contributed to the development of conformational analysis, but also has

further expanded the interpretive power of NMR spectroscopy. It follows, therefore,

that the contribution of the chemistry of sugars in advancing our understanding of

organic chemistry is profound.

Inspite of their large scale availability in various forms like mono, di-, oligo-

and polysaccharides, the utilization of their vast synthetic potential was impeded by

a number of obstacles in the early days of organic synthesis. They were regarded as

too complex, with many chiral centres and lacking in functional groups suitable for

facile alterations. A second difficulty was in the purification, identification and

characterization of sugars and their derivatives. Today, this situation no longer

obtains. Methods are now available for selective functional group manipulation as

well as for purification and characterization. These advances, taken together with

2



the biological significance of many oligosaccharides, have driven the present

research in carbohydrate chemistry towards the following achievements in the recent

past.

1. Utilization of low molecular weight carbohydrates (mono- and disaccharides) as

raw materials for providing access to rare or modified sugars in general and

construction of enantiomerically pure non-carbohydrate chiral precursors in

particular. This has led to many interesting and novel synthesis of several

polyfunctional compounds9 starting with simple open chain molecules like (+)-

sulcatol and (s)-(+)-ipsdienol to more complex macrolides like erythronolide A,

rifamycin S and soraphen A]a.90

2. Development of numerous methods for O-glycosidation,10 applying diverse

anomeric activating groups like halo, phenylthio, phenylscleno, orthoester,

acetimidate, trichloroacetimidate, diazirine, of new concepts like temporary

silicon connection approach, of double diastereodifferentiation using the

matched-mismatched glycosidation, either to construct oligosaccharides of

biological significance or to connect aglycons with sugars, in the total synthesis

of naturally derived antibiotics.

3. Synthesis of sugars of biological interest from non-carbohydrate precursors or

from modified monosaccharide units using either chemical or enzymatic

methods. This includes the developments made by Sharpless's asymmetric

epoxidation protocol," Danishefsky's Hetero Diels-Alder approach12 and

Wong's glucose aldolase methodology13 towards the ab-initio synthesis of

sugars.

A collection of synthetic transformations of simple sugars to complex

natural products has been well summarized by Hanessian9 in his book '''Total

Synthesis of Natural Products: The Chiron Approach" which details the transfer of

the inherent chirality present in carbohydrates (as chiral templates) to the molecules

3



of attention. It also provides a new perception in the application of the tool of

retrosynthetic analysis. Credit for much of the developmental work, concerned

mainly with the conversion of carbohydrate derivatives into functionalized

cyclohexanes and cyclopentanes, goes to Fraser-Reid and Ferrier. An unembellished

account of all the published work in this regard was excellently reviewed recently by

Ferrier and Middleton.14

The key to successful transformation of sugars into non-carbohydrate

precursors lies in their conversion to 'modified sugars'" which can be derived from

abundant monosaccharides, with a few simple and easy transformations. These

loosely described modified sugars should, in general, contain the conventional

functional groups that are encountered very regularly in organic synthesis like a

carbonyl group or an olefin. In such a sense, considering the multifaceted synthetic

transformations developed in organic synthesis utilizing the olefin moiety, the

advantages offered by unsaturated sugars are many. Diverse applications of

unsaturated sugars during the last two decades underscore the increasing role which

such carbohydrates play in modern synthetic organic chemistry. Due to their easy

accessibility amongst the various regioisomeric unsaturated sugars, the 1,2-, and

2,3-unsaturated sugars are central to most developments in this area. Since the main

thrust of this thesis is on the reactions and synthetic utility of 1,2-cyclopropanated

sugars, and considering the fact that cyclopropanes resemble double bonds, a brief

summary of the recent applications of 1,2-unsaturated sugars in organic synthesis is

appropriate. The emphasis is heavily on electrophilic additions. This is to be

expected, especially as 1,2-unsaturated sugars or glyeals are enol ethers and hence

possess an electron rich double bond readily susceptible to electrophilic reactions. A

second aspect, covered in the latter half of the introduction, pertains to recent

developments in glycosidation techniques using glyeals, in view of the importance of

oligosaccharides in many biological processes.

4
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A common method for the s>T)thesis of 1,2-unsaturatcd sugars on a large

scale involves the treatment of peracetylated glycosyl halides with zinc in acetic

acid, an age-old but efficient method even today.15 The first synthesis of the earliest

reported 1,2-unsaturated sugar, 3,4,6-tri-O-acetyl-D-glucal (1) was by Emil Fischer

in the beginning of this century (glucal was the anomalous, trivial name given from

the incorrect observation that it shows aldehydic properties, positive Fuschin SO2

test). Various other alternative metals like alkali metals, Cr(II), Zn(Ag), Al(Hg),

Sml2, and Ti have been used to avoid the cumbersome acidic conditions associated

with the Zn-AcOH reductive dehalogenation. 16

Scheme 1. Reagents and Conditions: a) Zn, CuSO4, AcOH, -10 - 0°

Glycals can also be obtained by reductive elimination of phenyl

thioglycosides,17 base induced rearrangement of 2,3-anhydrosugars,18deoxygenation

of 1,2-anhydroaldopyranoses19 or by radical elimination20 of 1,2-thiocarbonates. On

the other hand, Danishcfsky12 has used the hetero Diels-Alder reaction of suitably

substituted dienes and dienophiles to acquire highly functionalised glycals in an

ab-initio synthesis of unsaturated sugars from non-carbohydrate precursors.

Routes for the synthesis of C-l substituted glycals have also been

developed. Recently, Lopez and Gomez21 have reported a simple method for the

synthesis of C-l alkylated glycals by treatment of haloglycosides with the

corresponding alkyllithium. The presence of the C-aryl glycosidic linkage in

different antitumor antibiotics22 such as the ribuflavins, gilvocarcins and urdamycins

has led to the development of various approaches for their construction utilizing C-l

aryl glycals.23 A general method to obtain C-l aryl glycals utilizes the Pd-mediated



R = protecting group R1 =Alkyl (d) or aryl (e)

Scheme 3. Reagents and Conditions: a) POC13, DMF, 0° - rt; b) NaBH,,

MeOH, rt; c) acetic anhydride, pyridine, cat. DM AP; d) ROH, BF3:Et20,

benzene; e) PPh3) dicthyl azodicarboxylatc (DEAD), CH2C12) ArOH.

6

coupling reaction (Scheme 2). Reaction of O-alkylated glycals with t-butyllithium (t-

BuLi) results in lithiation at C-l, which on treatment with tributyltin chloride

(Bu3SnCl) provide stannylated glycals. These were converted into C-l aryl glycals

by application of Pd-catalyzed coupling reactions.24 In yet another approach, C-l

aryl glycals were prepared by the addition of aryl Grignard reagents to sugar

lactones, followed by dehydration with the Martin sulfurane (Ph2S[OC(CF3)2Ph]2).25

Vilsmeier forms lation of alkyl protected glycals," on the other hand, has

provided an easy access to C-2 formylated glycals (Scheme 3). The acetate 7

obtained from the unsaturated aldehyde 6 following a sequence of reduction and

acetylation was shown to undergo the Ferrier rearrangement with various aliphatic

and aromatic alcohols, providing C-2 methylene glycosides.26bc



In contrast to other unsaturated sugars, in glycals, the presence of the ring

oxygen makes the C-2 carbon more nucleophilic as in simple cnol ethers. TTierefore,

their most important reaction is with electrophiles. The directing effect of die bulky

C-3 alkoxy or acyloxy substituent permits addition of a variety of electrophiles in

both a regio- and stereoselective manner. Besides these, [4+2] and [2+2]

cycloadditions, intramolecular [l,3]-nitrone and nitrile oxide cycloadditions, [2,3]-

Wittig and [3,3]-Claiscn and a7.a-Claisen rearrangements are also known with

glycals. In the following pages, some salient features of these reactions are

presented.

The enhanced nucleophilicity of the glycal double bond taken together with

the fact that various 2-deoxyglycosides are attached to the aglycon portions of

naturally derived antibiotics, has led to the development of numerous methods to

convert glycals into these modified sugar units. Direct conversion of glycals to

2-deoxyglycosides in the presence of mineral acids results in competing reactions

leading to rearranged products. Therefore, elcctrophilic glycosidation of glycals,

followed by reductive removal of the electrophile, constitutes a general method for

the synthesis of 2-deoxyglycosides.

Since the earliest attempts by Lemieux27 to add halonium ions to glycals in

the presence of alcohols or sugar alcohols as nucelophiles three decades ago, this

field has undergone an explosive expansion, resulting in several more practical

electrophilic promoters in this pursuit. The original procedure developed by

Lemieux27" involved the reaction of a glycal and an alcohol in the presence of iodine

(I2), a silver salt and a base, giving 2-deoxy-2-iodoglycosides in good yield (Scheme

4). Later, N-iodosuccinimide (NIS, Thiem), iodonium di-(s-collidine) perchlorate

(IDCP - Lemieux27b and Danishefsky **), N-bromosuccinimide (NBS) and 1,3-

dibromo-5,5-dimethylhydantoin (Tatsuta)30 were used as sources of halonium ions.

7



Similarly, Tatsuta has used Br+, either from NBS or l,3-dibromo-5,5-

dimethylhydantoin as an activator, in the total synthesis of carbomycin B and

leucomycin A3.
32 Many other electrophiles like NO+ (from NOC1),33 PhSeCl,34'35

acet>l hypofluorite,36 phenylsulfenate esters in the presence of TMSOTf,37 and

phenyl bis(phenylthio) sulfonium salts38 were successfully added to glycals. Through

nitrosochlorination33 or azidonitration,39 glycals have functioned as precursors for

N-acetylglucosamine or N-acetylgalactosamine donors. The Markonikov or anti-

Markonikov addition of azido or phenylseleno groups to glycals to procure either

8

Scheme 4. Reagents and Conditions: a) I2, AgClO^ s-collidine, ROH.

The NIS mediated addition to glycals as a glycosidation step was used by

Danishefsky in the total synthesis of avermectin as shown below (Scheme 5).31



seleno34 or azido35 glycosides was carried out by proper tuning of the reaction

conditions employed (Scheme 6).

9

16 1 IS

Scheme 6. Reagents and Conditions: a) NaN3, (PhSe)2, PhI(OAc)2, CH:C12;

b) PhSeCl, NaN3, DMF.

Recently, iodine and phenylselenyl chloride mediated additions were shown

to be useful to couple isothiocyanates,40 amino acids41 and nucleobases42 to glycals

(Schemes 7, 8 and 9).



10

Scheme 9. Reagents and Conditions: a) NIS, CH3CN-CH2CI;,

Fmc-Ser-OBz.

Such a halonium ion mediated oxidative addition of unsaturated alcohols

followed by radical ring closure has been shown to be a facile method for the

annelation of tetrahydrofuran units (Scheme 10).43

Recently, intramolecular nucleophilic participation of the 4-OH group,

resulting in a bicylic system, in electrophilic additions of a suitably protected

Scheme 10. Reagents and Conditions: a) AIBN, Bu3SnH.



11

gaJactal derivative was reported. The intermediate bicyclic derivatives were

converted to functionalised tetrahydrofiirans (Scheme 11).44

The disadvantage associated with mineral acid-catalyzed addition of

alcohols to glycals has led to the development of very mild activators like

camphorsulphonic acid (CSA),4 /?-toluenesulphonic acid (PTSA),46

triphenyphosphinehydronium bromide (PPH3:HBr, TPHB)47 and several acid

resins48 to convert glycals to the required 2-deoxyglycosides.

Thus, ethanol was added to triacetylglucal in the presence of a catalytic

amount of PPh3:HBr, resulting in the corresponding ethyl 2-deoxyglycoside with

78% a-anomeric selectivity. A similar addition of 1,2-CMsopropylidine-D-glycerol

proceeded with about 95% a-selectivity (Scheme 12).47
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Likewise, camphorsulphonic acid has been employed as a promoter in the

construction of the second glycosidic linkage of oleandomycin as illustrated in

Scheme 13.49

Scheme 13. Reagents and Conditions: a) CSA, 32°.

Interestingly, the palladium mediated glycosidations of glycals led to the

formation of 2-deoxyorthoester derivatives (Scheme 14).50

AcO AcO

Addition of mercury salts to glycals result in 2-deoxy-2-mercurio sugars,

which on subsequent reductive removal of mercury provide either

2-deoxyglycosides,51 2-deoxy-2-C-branched-chain glycosides52 or 2,3-unsaturated

sugars, depending upon the reagents and conditions employed.
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The 2-deoxy-2-mercurioglycoside 32, obtained by the addition of mercuric

acetate or mercuric trifluoroacetate in methanol to triacctylglucal 1, was converted

to the 2-deoxyglycoside 33 by treating with sodium borohydride, while the same

reductive demercuration in the presence of acrylonitrile resulted in a 2-deoxy-2-C-

branched-chain glycoside 34. Treatment of 32 with thiourea gave the

2,3-unsaturated sugar 35 (Scheme 15).

Reaction of triacetylglucal 1 with a catalytic amount of mercuric sulfate-

sulfuric acid in water-dioxane provided the trans-unsaturated aldehyde 36,M

whereas the oxidation of 1 with w-chloroperbenzoic acid (MCPBA)55 resulted in an

unsaturated aldehyde 37 with one carbon loss. On the other hand, ozonolysis56 of 1

resulted in an ester 38 also with one carbons loss, while the reaction with thai lie

nitrate57 proceeded via ring contraction yielding the C-furanoside 39. These

examples amply demonstrate the versatility of 1 to provide either open chain

analogues with one, two or three chiral centres or fliran derivatives, in a single step,

possessing diverse functional groups and amenable to further modifications

(Scheme 16).



14

Scheme 16. Reagents and Conditions: a) cat.HgSO4-H2SO4, H2O-dioxane;

b) MCPBA, BF3:Et20, -20° - 25°; c) O3, CH2C12, MeOH; and Et3N, Ac2O;

d) T1(NO3)3, CH3CN.

Another important reaction of glycals is the Ferrier rearrangement.58 The

reaction of glycals with various nucleophilic (O-, N-, S- and C-) agents, mediated by

Lewis acids, yielding 2,3-iinsaturated glycosides, is a widely employed general

method for the synthesis of 2,3-unsaturated sugars (Scheme 17).

1 X = O, N, S or C 40

Scheme 17. Reagents and Conditions: a) BF3:Et20, nucleophile, solvent.

Recently, such a rearrangement was shown to be feasible with the acidic

clay montmorillonite K-10,59 illustrating the potential use of glycals to derive natural

and unnatural glycosides in an environmentally compatible manner (Scheme 18).
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The acid catalyzed Fcrrier rearrangement of glycals allows the anchoring of

various dienic moieties at the glycosidic carbon. Subsequent use of the

intramolecular Diels-Alder reaction (IMDA) in sugar templates constitutes a facile

approach to fused carbocyclic systems. The highly oxygenated bicyclic system 47

was thus realized from 1 in a few steps, using a tandem oxy-Ferricr-IMDA-

carbocyclic Ferrier rearrangement (Scheme 19).60 Ferrier reaction of 1 with the diene

alcohol 42, followed by saponification, selective 6-OH protection and subsequent

oxidation gave the required system for the IMDA protocol. The IMDA reaction

resulted in a single endo-isomer 45. This on further transformations via an exocyclic

double bond from 6-OH followed by the carbocyclic Ferrier rearrangement resulted

in 47.
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The use of transition metal salts to carry out the Ferrier rearrangement led

to an interesting observation. It was found that the use of molybdenum salts61

resulted in a normal rearrangement, while nickel salts62 were found to primarily

epimerise the C-3 acetyloxy group. The major product was the C-3 epimeric glycal

48 along with small amounts of the rearranged product 49 (Scheme 20).
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Under standard Lewis acid catalyzed conditions, as shown in Scheme 21,

the use of Zn/Cu-nucleophiles resulted predominantly in C-3-branched

carbohydrates with complete retention of stereochemistry at C-3.63

S3

Scheme 22. Reagents and Conditions: a) BF3:Et20, CH2C12, -78°;

b) DEAD, PPh3, CH2C12, 0°.

The electron rich nature of the glycal double bond has also allowed them to

partake as dienophiles in inverse electron demanding Diels-Alder processes, with

An apparent disadvantage in the acid catalyzed Ferrier rearrangement with

phenols is competitive C-glycosidation. However, Mitsunobu conditions were shown

to be an useful alternative in this regard (Scheme H).6426*
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either isoquinolinium salts,65 or as shown very recently, with o-thioquinone (a-

oxothiones)66 as heterodienes (Scheme 23).

55 OH

Scheme 23. Reagents and Conditions: a) MeOH, CaCO3, 55° - 60°;

b) IN HC1, CH3CN, rt; c) DMF, 60°

The 1,3-dipolar cycloaddition of nitrile oxides and nitrones to alkenes has

proved extremely useful in synthesis, largely because the reaction usually proceeds

in a highly stereocontrolled manner.67 With glycals, of late, the viability of such a

1,3-dipolar cycloaddition in an intramolecular fashion has been demonstrated.

Condensation of the glycal derived aldehyde 56 with hydroxylamine and

subsequent oxidation with N-chlorosuccinimide (NCS) provided for spontaneous

intramolecular nitrile oxide cycloaddition, leading to isooxazoline 57 as a single

isomer, whereas the nitrone 58, derived by the addition of N-benzy lhydroxylamine

afforded exclusively the isooxazolidine 59 on standing (Scheme 24).^



On similar lines, an unusual and spontaneous [3,3]-aza-Claisen

rearrangement was observed in glycal 60.^ The alleviation of glycal 60 with

trichloroacetonitrile directly resulted in the amide 62 in good yields, without

isolation of any of the expected imidate derivative 61 as an intermediate

(Scheme 25).

The Ireland modified Claisen rearrangement of 3-acyIoxy substituted

glycals (Scheme 26) has been established as a general method for the synthesis of

C-saccharides.70



As shown below (Scheme 27), the [2,3]-Wittig rearrangement of the

trimethylsilyl-propargylic ether of glycal 65 was used to synthesize cis-2,5-

disubstituted dihydrofiirans 66 with a predominant erythro selectivity.71

In recent times, the [2+2] cycloadditions of dichloroketene72 and

chlorosulfonyl isocyanate73 were shown to proceed exclusively on the face opposite

to the C-3 substituent (Scheme 28). The isocyanate addition to glycals has now been

widely accepted as a general solution for the chiral construction of p-lactam

containing antibiotics e.g., clavans and 1-oxacephems.73

20
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Recently, glycals have served as precursors in a versatile route for the

synthesis of oligosaccharides. The main challenge involved in the synthesis of

oligosaccharides is the stereoselective formation of the glycosidic linkage between

the activated centre of a glycosyl donor and the hydroxyl function of a suitably

protected glycosyl acceptor (Scheme 29).

Scheme 29.

Controlling the stereochemical outcome of glycosidation has always been a

major goal of carbohydrate chemists. Dating from the work of Fischer,74 Koenig and

Knorr,75 extensive and ingenious approaches towards the stereocontrol led assembly

of oligosaccharides from monosaccharides have revealed how fine tuning of various

factors like variation of anomeric activating group, role of protecting groups at
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various positions both in acceptor and donor glycoside, and the choice of activators

employed play a crucial role in deciding the stereoselectivity of the glycosidic

linkage. In the quest for stereoselective glycosidation, amongst the many methods

evolved, the more notable recent ones are:

1. the trichloroacetimidate glycosidation procedure of Schmidt76

2. the armed-disarmed concept developed by Fraser-Reid involving 4-pentenyl

glycosidic activation77

3. on similar lines, the 4-pentenoate glycosidic activation discovered by Kunz78a

and Fraser-Reid786

4. the two stage-activation protocol of Nicolau79

5. Vasella's use of glycoside diazirines80

6. the temporary silicon connection approach of Stork81

7. the matched-mismatched glycosidation technique of van Boeckel82

A common feature in all the above methods is the important role played by

the C-2 substituent in the glycosyl donor as well as the leaving group at the

anomeric centre, which also influences the mode of glycosidation.

In this context, an elegant approach evolved by Danishefsky,83 without such

manipulations either at the anomeric or C-2 carbons, takes advantage of the

stereospecific formation of a 3-mcmbered intermediate from a glycal (donor unit),

which is subsequently opened in a transannular fashion with a nucleophile (acceptor

unit), resulting in a disaccharide. As shown in Scheme 30, the symbol X covers two

possibilities. In one instance, X represents a non-isolable (onium) intermediate

arising from the attack of E+ on a glycal. Alternatively, X can be oxygen or nitrogen,

thus representing an isolable epoxide or aziridine that subsequently reacts with the

nucleophile.
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Scheme 30.

The participation of glycals as donors in glycosidations has been well

established. The beauty of this process "aimed at exploiting glycals in the pursuit of

iterative synthesis of oligosaccharides of biological significance",84 is that all the

intermediates can be derived from glycals, as the glycosyl acceptor is also a

modified glycal with a free -OH group and the resulting disaccharide is also a glycal

which in turn would readily (with/without modifications) act as a glycosyl donor.

According to the conventions used by Danishefsky, one can delineate the

salient features of his achievements under different categories depending upon the

type of 3-membered ring involved in the glycosidation step. Similar contributions

from others are also included in the presentation which follows.

Oxidative coupling of glycals:

The experiments described by Danishefsky involve the oxidative coupling of

glycals, using glycals as glycosyl donors as well as glycosyl acceptors, maintaining

a subtle difference between the protecting groups employed on both donor and

acceptor (Scheme 31).298



Scheme 31.

Thus, iodonium ion mediated coupling of an acceptor glycal 68 containing

one free -OH group (protecting the remaining two hydroxyls as benzoate esters, thus

suppressing its glycosyl donating efficiency) and the donor glycal 67 protected with

benzyl groups, gave the disaccharidic glycal 69, without any other glycals or

stereoisomers of 69 as by-products (Scheme 32).
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This disaccharidic glycal 69 serves as a donor glycal for the next

glycosidation. However, a limitation of this procedure lies in the fact that it always

produces trans diaxial a-glycosides.29a

1,2-Anhydrosugars as glycosyl donors for iterative oligosaccharide synthesis:

Reactions utilizing the characteristic properties of small rings involving the

relief of inherent strain, allow the development of several unique and useful

techniques, once their construction can be arrived at in a stereospecific manner.

Since the first 1,2-anhydrosugar, Brigl's anhydride,85 was reported in 1922, several

uses of 1,2-anhydrosugars in disaccharide synthesis were investigated. However,

few significant advances appeared practical, probably due to the lack of broad

availability of such oxiranes and their glycosidations were accompanied by low

yields.
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Recently, Danishefsky86 has carried out the stereospecific synthesis of 1,2-

frww-diequatorial p-glycosides. Oxidation of the glycal 67 with dimethyldioxirane

yielded the a-oriented 1,2-anhydrosugar 73 which when opened with the glycal 74

under the influence of Lewis acid catalysis, led to the desired disaccharide 75. Upon

repetition of the above process, tri- (77) tetra- and oligosaccharides result

(Scheme 33).

To extend the scope of this methodology, the p-glucosidic disaccharide was

converted to the corresponding p-mannosidic disaccharide by inverting the

configuration at C-2 following a sequence of oxidation and reduction (Scheme 34).87

The Barton type deoxygenation of the C-2 hydroxy group, via its pentafluorophenyl

thiocarbonate, has been employed as an easy entry to 2-deoxy-p-glycosides.88

Later, it was demonstrated that use of silver tetrafluoroborate as an

activator and a stannylated glycal as an acceptor selectively opened the epoxide of
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the donor in a cis manner, resulting in the corresponding a-glucosidic disaccharide

(Scheme 35).89

The reactivity of these 1,2-anhydrosugars as glycosidic donors thus can be

manipulated in the desired manner to procure oligosaccharides with defined

glycosidic linkages. The capability of this glycal-epoxide-glycosidation strategy has

been established as a simple route for sugar dendrimers (Scheme 36) with an

excellent stereoselectivity.90 Osmylation of a glycal and trapping the resulting cis-

diol as a cyclic Sulfate followed by an opening similar to that of the epoxide seems to

be a viable alternative for this approach, but has not been as well established.91

1,2-Azirdinosugars: an indirect aziridination protocol involving sulfanamido

glycosidation of glycals:

Descotes92 has shown that a 1,2-aziridinosugar is the intermediate in the

conversion of a 2-deoxy-2-iodoglycosylamine derivative to a 2-aminoglycoside

(Scheme 37). The addition of iodonium azdde to the glycal 61 followed by the
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Staudinger reduction of the azide to the amine resulted in the P-iodo

phosphoramidate 85. This on treatment with a base in the presence of a nucleophile

gave 2-deoxy-2-aminoglycosides presumably through the intermediacy of a 1,2-

aziridinosugar. A disaccharide, albeit in low yield has been synthesized by this

procedure (Scheme 37).

The method adopted by Danishefsky93 involves the treatment of a glycal

with benzenesulfonamide in the presence of IDCP (Scheme 38) followed by reaction

of the resulting 2-deoxy-2-iodo-a-benzenesulfonamide glycoside with lithium

tetramethylpiperidide (LTMP) in the presence of silver (I) triflate to generate an a-

sulmamidoaziridine in situ. This on further treatment with an acceptor glycal gave

the P-2-aminoglucosidic disaccharide. A routine iterative process results in a

trisaccharide (Scheme 38).



Recently, a similar indirect aziridination (or oxazoline) protocol using

manganese reagents for glycal animations has been described by Carreira (Scheme

39). Slow addition of (saltmen) Mn(N) complex to a mixture of a glycal and

trifluoroacetic anhydride exclusively transferred the nitrogen to the less hindered

face. The resulting intermediate (it is not clear whether an aziridine or oxazoline is

involved) was opened successfully with water and thiophenol, affording

N-trifluoroacetyl-2-deoxy-2-aminosugars.

29
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1,2-Cyclopropanaied sugars:

In an analogous way, the other 3-membered ring that would immediately

attract one's attention is a cyclopropane. Although a vast amount of information is

available on the cyclopropanation of olefins and the multifaceted reactivity of

glycals independently, their association "glycal-cyclopropane" has been neglected till

recently by the chemical community. However, cyclopropanated sugars are not that

rare. Fraser-Reid95 has extensively studied the cyclopropanation of 2,3-unsaturated

sugars and the synthetic utility of the derived 2,3-cyclopropanated sugars. Gross96

has reported an easy protocol for dichlorocarbene addition to various unsaturated

sugars, with the omission of glycals. A careful examination of the literature revealed

only a single example on the cyclopropanation of glycals. In 1967, Brimacombe97

described the synthesis of 3,4,6-tri-O-methyl-l,5-anhydro-2-deoxy-l,2-C-methylene-

D-glycero-D-gulo-hexito\ (94) by addition of dichlorocarbene to trimethylglucal 92

followed by dechlorination of the adduct with lithium aluminum hydride (Scheme

40). Attempts to add ethyl diazoacetate to triacetylglucal resulted in poor yields

and also the stereochemistry of the products could not be determined.

The high reactivity of cyclopropanes and the absence of further work in this

area prompted us to study the synthesis and reactions of 1,2-cyclopropanated

sugars. Our interest in 1,2-cyclopropanated sugars, as shown in Scheme 41, arose

from the possibility that the solvolytic ring enlargement of dihalocyclopropanes



In this context, we have developed a convenient face-selective

cyclopropanation of appropriately protected glycals.100 Our strategy exploits the

merits of a bulky C-3 benzyloxy substituent in directing the carbene/carbenoid

addition. As shown in Scheme 42, the steric hindrance associated with the C-3

beri2yloxy group, as expected, directed the bulky dihalocarbene to the less hindered

ct-face of 3,4,6-tri-O-benzyl-D-glucal 67, in agreement with that reported by

Brimacombe, whereas the same C-3 benzyloxy group, by coordinating with zinc,

directed the cyclopropanation of the glycal to the p-face under Simmons - Smith

conditions.

31

would yield chiral oxepins, which either alone or fused with other rings, are

encountered in several complex natural products."

Scheme 42. Reagents and Conditions: a) CHC13, aq. NaOH, cat. BnEtslsTCl"

or CHBr3, aq. NaOH, KF, cat. BnEtsN+Cl'; b) Zn, CuCl, CH2I2, AcCl, ether,

reflux; c) LAH, THF, rt.
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The treatment of glycals with dihalocarbenes under phase-transfer

conditions resulted in the dihalocyclopropanated derivatives 98 - 101, and 102, 103

and 105 with an exclusive a-selectivity, barring 3,4-di-O-benzyl-L-rhamnal (96)

which gave two dibromo adducts 104a and 104b in a 7:1 ratio. These results are

presented in Schemes 42-44.
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Dchalogenation of the adducts 98-100 with lithium aluminum hydride in

THF yielded the parent cyclopropanes 106-108 in good yields. The Friedrich

modified version of the Simmons-Smith reaction, using acetyl chloride as an

activator, was found to be convenient and single diastereomers were obtained with

glycals 67, 95 - 97.

When boiled with excess potassium carbonate in methanol, adducts 102,

103 and 104a underwent smooth solvolysis providing ring expanded oxepins 113 -

115 as anomeric mixtures in good yields (Scheme 45).101

A little later, Hoberg, Fraser-Reid and van Boom published their work on

1,2-cyclopropanated sugars. A brief description of their endeavors follows.

Hoberg has developed a facile method for the synthesis of highly

functionalized seven-membered ring systems utilizing the glycal-cyclopropane-cum-



34

Ferrier rearrangement strategy.102 The Simmons-Smith cyclopropanation of L-

rhamnal 116 followed by acetylation resulted in 117 with 8.7 : 1 (P : a)

diastereoselectivity (Scheme 46). This on treatment with trimethylsilyl triflate and

trimethylsilyl cyanide in acetonitrile yielded the oxepane 118 in 47% yield.

The copper catalyzed decomposition of ethyl diazoacetate in the presence of

tri-O-tributylsilyl-glucal 119 resulted in stereoselective p-exo-carbethoxymethylene

addition to give 120 (Fraser-Reid)103 while the addition catalyzed by Rh2(OAc)2 gave

exclusively the a-exo addition product 121 (van Boom104 and Hoberg105)

(Scheme 47).

Thus, the p-exo-cyclopropylcarbinol 122 derived from 120 by lithium

aluminum hydride reduction, gave an anomeric mixture of 2-deoxy-2C-vinyl

mannopyranosides 123 (2.6 :1 anomeric selectivity) using benzoic and p-

nitrobenzoic acid as nucleophiles under Mitsunobu conditions (Scheme 48).103
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On the other hand, the a-exo-carboethoxycyclopropane 125, prepared by

Hoberg from triacetylglucal 1 on reaction with aq. hydrobromic acid gave the

glycosyl bromide 126 in a 13 :1 ratio in favour of the p-anomer with displacement

of 3-0Ac with bromide (Scheme 49).l05

While our work was in progress, Heathcock106 showed the potential of the

cyclopropane ring opening strategy in the preparation of 3,4,6-tri-0-benzyl-2-C-

methyl-D-glucal 128 (Scheme 50) by the electrophilic ring opening of 109 and

subsequent dehydration employing mesyl anhydride and triethylamine.
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The modified glycal 129, prepared via the hetero Diels -Alder reaction by

Danishefsky,107 under Simmon-Smith conditions gave the cyclopropane 130. This on

ring opening with excess NIS in methanol followed by dehalogenation gave the

2,2-dimethyl substituted glycopyranoside 131 (Scheme 51), which served as the C-3-

C-9 segment for the synthesis of epothilone A.

From this brief survey, the important roles of glycals and glycal derived

products in the construction of various chiral building blocks and biologically

important sugar residues is instantly apparent. By virtue of the availability of 1,2-

cyclopropanated sugars in both forms and their ability to undergo ready cleavage of

the cyclopropane ring, it is clear that they can serve as useful precursors for a

variety of 2-deoxy-2-C-branched glycosides. The results of our work on 1,2-

cyclopropanated sugars are presented in the next chapter.



RESULTS AND DISCUSSION



Cyclopropane and its derivatives have been known for over a hundred

years.108 For long, they remained as curiosities, as there were no simple and general

methods for their synthesis, till the advent of carbene chemistry in the fifties. Since

then, their chemistry has expanded tremendously both in terms of their structure and

bonding and their reactions. The similarities in their chemical reactivities to that of

alkenes, though attenuated, have contributed to their utility in organic synthesis.109

The unusual bonding and strain present in cyclopropanes as well as their

ability to interact with adjacent n- and p-clectron centres enable them to undergo

selective transformations. The far reaching analogy between the reactivity of olefins

and cyclopropanes110 makes possible hydrogenation,111 halogenation, acid and

electrophilic additions112 on them accompanied by concomitant ring cleavage.

Amongst the many applications of cyclopropane derivatives in organic synthesis are

solvolytic one carbon homologation,113 synthesis of allenes from double bonds via

dihalocyclopropanes,114 solvolytic ring opening of cyclopropyl carbinols,115 ring

enlargement (to five membered rings) of vinyl cyclopropanes116 and Cope-

rearrangement of c/s-divinylic cyclopropanes for either synthesis or annelation of

7-membered rings.117 Finally, these attractive building blocks provide a convenient

key to enter into the field of homoenolate chemistry.118

Like that of most other functional groups, reactivity of the cyclopropane

moiety is strongly influenced by substituents. By nature, cyclopropanes are

nucleophilic though not to the extent of olefins. In a manner analogous to that of

double bond, the philicity of a cyclopropane can be varied according to the

functional groups attached. Substitution with electron-donating groups makes

cyclopropanes more nucleophilic, while electron-withdrawing groups allow

nucleophilic additions to cyclopropanes. Depending upon the nature of substitution,

cyclopropanes can be classified as donor, acceptor or donor-acceptor.119
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1,2-Cyclopropanated sugars are donor-activated cyclopropanes as the

presence of the pyranose oxygen makes them more nucleophilic. Cleavage of a

donor-activated cyclopropane by an electrophile affords the ring opened products as

shown in Scheme 52. Here, the regiochemistry of cleavage is governed by the

stabilizing ability of the donor substituent. In a similar fashion, if sugar derived

cyclopropanes are opened, they would give functionalized 2-deoxy-2-branched chain

pyranosides with defined C-2 configuration (Scheme 52). Though competitive

formation of a septanoside resulting from the cleavage of the C-l-C-2 bond is

possible, it is less likely due to preferential edge selection of the C-l-C-2 bond by

the incoming electrophile based upon steric considerations. In this context, we have

selected a- and p-cyclopropancs 106 and 109, respectively, derived from 3,4,6-tri-

(7-benzyl-D-glucal as model precursors to study the chemistry of

1,2-cyclopropanated sugars.

Scheme 52.

Acid or electrophile promoted ring cleavage of cyclopropanes has been

investigated extensively. In general, the regiochemistry of the reaction is rationalized

by a modified version of Markovnikov's rule,120 which states that the ring opening

occurs between the carbons bearing the largest and smallest number of alkyl
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substituents, with the electrophile attaching itself to the latter atom. "While

considering the stereochemical aspects, different mechanisms involving differences

in the attack of electrophiles on cyclopropancs either at edge/corner or constituting a

one step SE2 type have been proposed.112 Unfortunately, the evidence available does

not allow unequivocal selection of any one of these as the exclusive mechanism. In

some cases, strong evidence for edge-attack with electrophiles like Br4 and Cl,121

and corner attack with proton, deuteron and mercury derived electrophiles122 have

been reported.

To examine the utility of 1,2-cyclopropanated sugars as precursors to

modified glycosides, we first looked at their reactions with the simplest electrophile,

the proton. When opening of the a-cyclopropane 106 was attempted with methanolic

hydrochloric acid, at room temperature no ring opened product was formed, and

only the starting material was recovered (Scheme 53). This was very suprising, as

even unactivated cyclopropanes are easily opened with H4 ion. Carrying out the

reaction by replacing hydrochloric acid with either sulfuric, acetic or perchloric

acids was also found to give a similar result. Heating the reaction mixture at higher

temperatures or using excess acid yielded either the starting cyclopropane or

unidentified products resulting from decomposition of the cyclopropane. Finally,

when the reaction of 106 was perfonned in a sealed tube under refluxing conditions

in methanol with 1.5 eq. of hydrochloric acid for 15 days,123 we were able to obtain

about 40% conversion of starting material. The ring opened product 132 was

obtained in about 70% yield (Scheme 53).



The structure of 132 was readily apparent from its spectral and analytical

data. In the 'H NMR spectrum, only one singlet (5 3.49) corresponding to -OMe

was present. A doublet with a coupling constant of 6 Hz at high field (5 1.05) and a

multiplet at 5 1.80 were assigned to the branched methyl group and to the H on the

C-2 carbon. The anomeric proton appeared at 6 4.10 as a doublet with a coupling

constant of 8 Hz, characteristic of axial protons in pyranose derivatives. This made

it obvious that the product obtained was the p-anomer. The H-2 signal at 5 1.80

resonating for a single proton showed that ring opening, rather than ring expansion,

had taken place. These assignments were further confirmed by 2D-homonuclear

COSY. The H-2 multiplet at 6 1.80 showed cross peaks with signals at 1.05, 3.26

and 4.10 ppm. As the signal at 5 4.10 did not show any other cross peaks, our

assignment of it as H-l is justified. The 5 1.05 signal also did not show any cross

peaks other than the one already described. Consequently, the 3.26 ppm signal was

assigned to H-3. All these observations taken together strongly indicate that the

product is a 2-deoxy-2C-methyl-p-glucoside. However, an incisive assignment of the

remaining ring protons was found to be difficult, as the rest of the signals

overlapped and appeared as a multiplet from 5 3.80-3.40. In the 13C NMR spectrum,

the C-7 methyl appeared at high field (12.6 ppm) and the peak at 42.79 ppm was

assigned as C-2. The anomeric carbon C-l resonated at 105.60 ppm.

40
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After accomplishing the ring opening of 106 in moderate yields, we

attempted to open 109 under similar conditions. Discouragingly, there was no

reaction even after 15 days (Scheme 54). Increasing the concentration of HC1 led to

the decomposition of 109. These failures prompted us to focus our attention on other

electrophile induced reactions.

The addition of halogens (Cl2 and Br2),
121 acid chlorides124 and other

metallic electrophiles like mercury (II),122 lead (IV) and thallium (III)125 salts to

cyclopropanes have been reported. However, a limitation in using halogens with our

substrates was the possible bromination of the aromatic rings present. Recently,

Cossy reported the oxidative ring opening of cyclopropyl carbinols with NBS in

t-butanol, yielding the corresponding y-halocarbonyl compounds (Scheme 55).126 We

also elected to use NBS as an activator. A more nucleophilic solvent like methanol,

compared to t-butanol, is likely to reduce the possible oxidative opening reported by

Cossy.126
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When 106 was treated with NBS in methanol, analysis of the tic of the

reaction mixture showed complete disappearance of the substrate after 8h (Scheme

56). The usual method followed involved addition of NBS (neat) to a precooled

(0.1 M) solution of the cyclopropane and allowing it to stir at room temperature for

the required time. The 'H NMR spectrum of the crude product showed two well

separated multiplets integrating in a 4 : 1 ratio, at 8 2.40-1.80, indicating the

presence of two anomers. These two products were easily separable by column

chromatography and were unambiguously characterized by their spectral and

analytical data. It was found that the low polar minor product 133 was the a-anomer

and the relatively more polar major product 134 was the p-anomer.

The 13C NMR spectra of 133 and 134 showed only 11 lines each in addition

to the aromatic signals. The configuration of both anomers was assigned from

'H NMR data, focusing mainly on the H-l of each isomer. In the major product 134,

the anomeric proton appeared at a higher field (5 4.43, doublet, J = 8.5 Hz)

compared to that in the minor product 133 (8 5.0, doublet, J = 2.6 Hz). The

appearance of the anomeric proton at high field with a characteristic diaxial

coupling constant suggests that it is a p-glucoside. The broad multiplet at 8 1.88
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integrating for one proton was assigned to H-2. The above findings have at the same

time provided the necessary support for our prior assumption that ring opening

would prevail over ring expansion in elcctrophilic ring openings also, based upon

steric considerations.

In the minor product 133, the anomeric proton resonated as a doublet at

6 5.0 with J = 2.6 Hz. In the pyranose scries, generally the anomeric protons which

have an equatorial orientation arc deshielded more than those in the axial

orientation.127 The equatorial-equatorial coupling constants are also small. These

observations clearly indicate that the minor product 133 is indeed the a-anomer.

Another important observation made was that of the the chemical shift of the H-2

proton. In the a-anomer (at 5 2.25) it was relatively deshielded compared to the

P-anomer (at 5 1.88). These anomeric assignments were further substantiated by
13C NMR as well as optical rotation data. In 13C NMR spectrum, the anomeric

carbon of 133 resonated at 102.30 ppm, while it appeared at 99.23 ppm in the

P-anomer 134, in agreement with earlier observations.128 Finally the lower value of

[a]D observed for 134 (+22°) relative to that of 133 (+87.3°) is in accordance with

Hudson's rule,129 which states that generally a-anomers have greater positive

rotation compared to their p-counterparts.

Having established the feasibility of the ring opening of 106 as well as the

structures of the products obtained, we next focussed our attention on the ring

opening reaction of 109. Under similar conditions, the ring opening of cyclopropane

109 was found to be slower compared to that of 106 and took 24h for complete

conversion to the a-mannoside 135 in about 62% yield (Scheme 56), without any

trace of the other anomer. The stereochemistry at the anomeric carbon was

confirmed to be a- by *H NMR studies as before. The anomeric proton of 135

appeared as a singlet at 5 5.03 and H-2 at 6 2.64. In the a-manno series, where

both H-1 and H-2 are equatorial, the anomeric proton usually appears as a singlet or

sometimes as a doublet with J « 2 Hz.127



Scheme 57. Reagents and Conditions: a) NIS, MeOH, it, 12h; b) IDCP,

MeOH, 6 or 36h.

In order to illustrate the flexibility of this strategy, we attempted to open

both a- and p-cyclopropanes with iodonium ion as the electrophile. When NIS was

used as a source of iodonium ion, 106 reacted within 12h, affording both a- and

p-anomers 136 and 137, respectively, in a 20 : 80 ratio (Scheme 57). The reaction

of 109, however, resulted only in 10% conversion (Scheme 57). Although NIS was

successful in opening 106, its inability to open 109 prompted us to employ other

sources of T. An immediate option was iodonium di(s-collidine) perchlorate

(IDCP).27b The higher reactivity of di(s-collidine) iodonium complexes has been well

established in intramolecular cyclisations of unsaturatcd alcohols and acids, where

they have been shown as convenient reagents in the synthesis of medium size rings

(7-10).130 On the other hand, it's potential in oxidative additions to glycals has been

well established by Lemiuex27b and Danishefsky.29 This prompted us to use it in our

endeavors. As usual, 106 reacted within 6h yielding both a- and P-anomers (136

and 137) in a 15 : 85 ratio. The reaction of 109 with IDCP was found to be

incomplete yielding the ring opened product 138 in 70% yield based on recovered

starting material (Scheme 57), even after 36h.
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The 'H and 13C NMR spectral data of all the three diastereomeric iodo

derivatives clearly provide strong support for the assignments as indicated in

Scheme 57. The anomeric protons and carbons of 136 (H-l 5 4.95, d, J = 3.0, C-l

101.07 ppm), 137 (H-l 6 4.30, J = 8.6, C-l 104.4 ppm) and 138 (H-l 8 4.96, C-l

100.9 ppm) are similar to those observed for the corresponding bromo analogues.

Table 1. Ring opening of a-cyclopropane 106 with alcohols.
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Encouraged by this, and to further examine the generality of this method,

the ring openings of 106 and 109 were carried out in different alcohols and the

results are summarized in Tables 2 and 3.

Table 2. Ring opening of (3-cyclopropane 109 with alcohols.

As shown in Table 1 (entry 5), reaction of 106 in 2-chloroethanol with NBS

as an activator, was complete within 4h, whereas 109 (Table 2, entry 3) took 12h

for completion. Suprisingly, the opening of 106 with C13CCH2OH was very rapid,

giving the products in lh. Under similar conditions, the reaction with 109 took 8h.

On the contrary, the ring opening of 106 with benzyl alcohol was sluggish taking
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36h, while even after 4 days only 20% conversion (40% yield) was observed with

109

Table 3. Chemical shifts of some salient protons and carbons of products

133-149

Entry

1

2

3

Substrate

133

136

139

142

145

148

134

137

140

143

146

148

135

138

141

144

147

149

H I (J in Hz)

5.0 (2.6)

4.95 (3.0)

5.15(3.4)

5.35 (2.9)

5.24 (3.2)

5.53

4.43 (8.5)

4.30(8.6)

4.55(7.9)

—

—

—

5.03 (s)

4.96

5.13

5.33

5.21

5.50

H-2

2.25

2.16

2.28

2.33

2.30

2.25

1.95

1.28

1.90

2.03

1.96

1.80

2.64

2.63

2.68

2.73

2.68

2.61

Cl

99.23

101.07

98.48

98.83

98.03

92.43

102.29

104.39

101.35

101.40

100.47

95.46

99.71

100.92

98.89

100.03

98.33

93.16

C-2

30.60

3.05

30.53

29.94

30.66

30.92

31.60

6.97

31.49

31.15

31.61

30.92

29.57

2.0

29.40

29.21

29.55

29.74
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The spectral data of all the diastereomeric sets of chloroethyl (139 - 141),

trichloroethyl (142 - 144) and benzyl (145 - 147) glycosides followed a similar

pattern as those of the corresponding methyl glycosides. In each case, while 106

yielded mixtures of both a- and P-anomers, only the a-anomer was obtained from

109. The opening of 106 and 109 with water as a nucleophile was carried out in a

1 : 1 mixture of water and dioxane and the corresponding ring opened products 148

and 149, respectively, were obtained in good yields. These reactions approximately

took similar times and substantial benzyl ether cleavage was found in 109. The

important spectral features of all glycosides are given in Table 3.

Branched-chain disaccharides:

Towards further elaboration of this methodology, based on the information

available with various alcohols, it was envisioned that the utilization of sugar

alcohols in these openings would lead to functionalized branched-chain

disaccharides with defined C-2 stereochemistry. In this pursuit, opening of

cyclopropane 106 with NBS in the presence of 1.2 eq. of l,2:3,4-di-0-

isopropylidine-a-D-galactose (72) in dichloromethane was first attempted. It resulted

only in a trace amount of the disaccharidc with extensive loss of benzyl groups. This

failure prompted us to carefully examine the methods generally employed for

construction of disaccharides utilizing glycals. To this end, we chose acetonitrile as

solvent and 4A molecular sieves as an additive. After monitoring the reaction

conditions with varying concentrations of sugar alcohol and different reaction times,

with 1.2 eq. NBS (with respect to cyclopropane), we succeeded in opening 106 with

sugar alcohol 72. The conditions employed involve treatment of a solution of 106

and 3 eq. of sugar alcohol 72 with 4A molecular sieves for lh at rt followed by the

addition of 1.2 eq. NBS and continuing the reaction for 4 days. Under these

conditions, in a similar fashion to that observed in ring openings utilizing alcohols,

cyclopropane 106 gave both a- and p-anomers (152 and 153) in a ratio of 40 : 60



(Scheme 58). Carrying out the reaction under similar conditions with 109 provided

only one product 154 in moderate yield (Scheme 58).
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Scheme 58. Reagents and Conditions: a) NBS, CH3CN, 4A sieves, 4 days.

The characterization of the three disaccharides 152, 153 and 154 was next

undertaken with the help of 2D-NMR COSY data. In the 'H NMR spectra of 152

and 154, two signals appeared in the region of anomeric protons. The low field

signal at 5 5.53 with a coupling constant of 4.9 Hz in all three products was

assigned to the anomeric proton of the galactose unit. The anomeric doublet at

8 5.14 with a coupling constant of 2.9 Hz in 152 suggests that it is an equatorial

proton i.e., 152 is an a-anomer. The H-l signal of 153 was found to be resonating

along with those of the benzylic protons in the region 8 4.70-4.52. In consonance

with the earlier observations in the ring openings with different alcohols, the H-2 of
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152 resonated at a lower field (5 2.48-2.19) than that in its p-anomer 153 (5 1.97-

1.80). In a similar fashion, in 13C NMR spectra also, the anomeric carbon of 152

appeared at higher field (98.8 ppm) compared to that of 153 (101.8 ppm). In the

COSY spectrum of 152, the signal at 6 5.54-5.52 showed one cross peak with the

multiplet at 5 4.34-4.25. Since this multiplet integrated for two protons and

appeared as a mixture of two dds, one dd was assigned as H-2 and other one as H-4

of galactose by comparison with the spectrum of 72. The signal corresponding to

H-5 of galactose appeared as a multiplet at 5 4.07-3.93. In all the cases, the H-3

signal of galactose was buried in the benzylic protons signals. The multiplet

resonating at 8 2.48-2.19, assigned as H-2 of the glucopyranoside, exhibited

coupling with 3 peaks at 8 3.38-3.27, 3.86-3.61 and 5.14-5.13. Since the doublet at

8 5.14-5.13 did not show any cross peaks with any other signal, the assignment of

this signal as the anomeric proton is justifiable. This was further substantiated by

the HETCOR spectrum of 152, where this doublet showed a cross peak with the

carbon resonating at 98.76 ppm. Consequently, the two cross peaks at 8 3.38-3.27

(t) and 8 3.86-3.61 were assigned as H-7, H-7' and H-3, respectively. In a similar

fashion, spectral analysis of 153 was carried out.

In the case of 154, the two anomeric protons resonated at 8 5.55 (d) and

8 5.16 (s). They showed cross peaks with the carbons resonating at 98.4 and 96.4

ppm, respectively, in the HETCOR spectrum. The DEPT-135 spectrum showed

that these two were -CH carbons. Additionally, six CH2 carbons were found, in

which the three carbons between 74-72 ppm showed cross peaks only with the

benzylic protons. A comparison with the 13C NMR data of methyl glycoside 135

showed that the two -CH2 signals which appeared at 68.9 and 66.1 ppm were

respectively C-6 of mannose and galactose. The remaining high field -CH2 (29.71

ppm) was assigned as the halomcthylene carbon C-7. This carbon exhibited two

cross peaks with the protons resonating at 8 3.40-3.38 (t) and 3.70-3.65 (m), thus

showing the separation between the two diastereotopic protons. These assignments



were further supported by the COSY spectrum of 154, where the multiplet at 5 2.69

showed four cross peaks with the triplet (5 3.40-3.38, H-7), m (6 3.70-3.65, H-7'),

dd (5 4.12-4.02, H-3) and a very weak coupling with the anomeric singlet (6 5.16,

H-l). The proton resonating at 6 5.16 showed only one weak cross peak with the

multiplet at 5 2.69. The weak coupling observed between H-l and H-2 clearly

provides evidence for the diequatorial relationship between these two protons.

Starting with the anomeric signal of the galactose moiety, the well separated dd at

6 4.36-4.31 was assigned as H-2 and another dd at 6 4.25-4.19 was found to be H-4

of galactose.

Satisfied with the stereochemical assignments of the three disaccharides and

in order to generalize this cyclopropane opening protocol towards the construction of

functionalized branched disaccharides, we attempted to use xylose (150) and

arabinitol (151) derivatives in this pursuit.
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Scheme 59. Reagents and Conditions: a) NBS, CH3CN, 4A sieves, 4 days.
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Under similar conditions as those followed for galactose 72, with xylose 150

(Scheme 59) and arabinitol 151 (Scheme 60), the ring opening of 106 and 109

proceeded smoothly and the products were obtained in moderate yields. The

structural assignments of all three diastereomeric disaccharides obtained with 150

and 151 were straightforward. The chemical shifts of diagnostic protons and

carbons are given in Table 4.

Scheme 60. Reagents and Conditions: a) NBS, CH3CN, 4A sieves, 4 days.

In all the above cases, the sugar alcohols are primary. However, attempts to

open cyclopropane 106 with l,2:5,6-di-0-isopropylidine-a-D-glucofuranose (71,

Scheme 61) yielded a complex mixture from which separation of the desired

disaccharide was difficult. Hence this was not pursued further. Thus, this



methodology makes for an easy entry into the synthesis of functionalized branched

disaccharides which are hitherto unknown.

Table 4. Chemical shifts of some salient protons and carbons

of products 152-160
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106 71

Scheme 61. Reagents and Conditions: a) NBS, CH3CN, 4A sieves, 4 days.
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3. Stereoselective construction of 2-deoxy-2-C-methyl pyranose templates:

As mentioned previously, in dealing with targets containing multiple centres

of chirality and functionality, carbohydrate derived precursors offer definite

stereochemical and operational advantages. In this context, a perusal of the various

approaches towards the synthesis of natural products containing either

tetrahydropyrans, 6-valerolactone moieties or open chain templates for macrolide

antibiotics showed that a common problem encountered is the introduction of a

methyl group stereoselective^ in the pyranose skeleton. Different strategies that

have been used to address this problem are i) the ring opening of

2,3-anhydroglycosides by lithium dialkylcuprates,131 ii) conjugate addition of lithium

dialkylcuprates to enones of type 164132 and iii) hydrogenation of 2-exomethylene

glycosides.133

The easily available epoxide derivative 161,131i does infact undergo a highly

regioselective opening with lithium dimethylcuprate to give the corresponding 2C-

methyl derivative 162 with exclusive P-orientation (Scheme 62). Oxidation of the

resulting 162, followed by base induced epimerisation at C-2 and reduction gave

2C-methyl derivative 163 with a-orientation.131b

Addition of lithium dimethylcuprate to enone 164 resulted in 165 with

branching at C-2 with P-orientation (Scheme 63).132



Scheme 63. Reagents and Conditions: a) MejCuLi, elher.

On the other hand, hydrogenation of 2-deoxy 2-methylcneglycosides has

been used to introduce the methyl group selectively from either a- or P-face

depending upon the anomeric configuration. For example, hydrogenation of the exo-

olefin 166 produced exclusively the p-isomer 168, while 167 gave a mixture of

manno and gluco isomers 169 and 170, respectively (Scheme 64).133

Scheme 64. Reagents and Conditions: a) H2, Pd-C, toluene.

The availability of both forms of cyclopropanes from the same glycal

intermediates and the extensive information available on their electrophilic openings

prompted us to explore these valuable intermediates towards the stereoselective

construction of 2-deoxy-2C-methylglycosides. Analogous to the synthesis of

2-deoxyglycosides from glycals, the strategies that can be followed in the case of

1,2-cyclopropanated sugars to procure 2-deoxy-2C-methylglycosides are halonium
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ion mediated openings followed by dehalogenation, direct solvolysis with mineral

acids and other promoters like CSA,45 PTSA46 or TPHB47 and oxymercuration51

followed by demercuration.

Our initial failures in attempts at direct solvolysis with mineral acids

prompted us to search for other alternatives. Mercuric ion mediated openings of

cyclopropanes are well-documented and are known to occur with high regie- and

stereoselectivity. The high regio- and stcreoselectivity in these openings were

explained as due to a corner attack of mercuric ion followed by concerted opening

with nucleophiles.122 Recently, Mohamadi and Collum134 have shown that

oxy-mercuration of cyclopropylcarbinols is a facile method for the construction of

2-methyl-1,3-diol units (polypropionate templates, Scheme 65). Recently, the

mercuric ion mediated ring opening of bicyclopropanes and tercyclopropanes has

been reported by Barrett for the first time.135

Initial attempts to open 106 with mercuric acetate followed by reductive

demercuration with sodium borohydride (NaBH*) resulted in the formation of a

bis(sugar) mercury derivative 171 in predominant amounts (Scheme 66).



Scheme 66. Reagents and Conditions: a) i) Hg(CH3COO)2, McOH,

18h; ii) NaBH,, MeOH, rt.

Replacing mercuric acetate with mercuric trifluoroacetate and switching

over to the Mohamadi procedure134 (Scheme 67), yielded exclusively the P-anomer

132. The spectral data of the product was in agreement with that of 132 obtained

from the HC1 solvolysis of 106.

Under similar conditions, cyclopropane 109 gave the corresponding

2-deoxy-2-methylmannoside 172 in 71% yield (Scheme 67). The *H NMR spectrum

showed only one -OMe singlet resonating at 5 3.35, suggesting the presence of a

single anomer. H-2 appeared as a multiplet at 5 2.50-2.33. The CH3 doublet with
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J = 7.4 Hz resonated at 8 1.13-1.09. The 13C NMR spectral assignments are C-l at

103.4, C-2 at 36.93 and C-7 at 11.41 ppm.

This methodology was further extended using n-butanol as solvent. The

corresponding n-butyl glycosides 173 and 174 were obtained in 53 and 78% yields,

respectively, from cyclopropanes 106 and 109. A brief summary of the spectral

details of 173 and 174 follows. H-l appeared as a doublet at 5 4.10-4.06 (J = 8.1

Hz) and as a singlet at 5 4.71, whereas H-2 appeared as multiplets at 5 1.85-1.65

and 5 2.55-2.45 in 173 and 174, respectively. The 13C NMR spectra of 173 and 174

showed 14 carbons apart from the aromatic carbons and anomeric carbons were

found at 104.7 ppm (173) and 102.12 ppm (174).

To extend the scope of this methodology, the mercuric ion mediated ring

opening of the cyclopropanes derived from galactal (107 and 110, Scheme 68) and

rhamnal (108 and 111, Scheme 69) were carried out in methanol.

Scheme 68. Reagents and Conditions: a) i)Hg(CF3COO)2, ROH, 18h;
ii) sat. NaCl, 15 min; iii) LAH, THF, 0°- it, 3h.



Under similar conditions, ring opening of a-cyclopropane 107 yielded the

desired 2-deoxy-2C-mcthyl glycoside 175 in 69% yield along with small amounts of

bis(sugar)mercury compound. Reaction of the corresponding p-cyclopropane 110

resulted in substantial amounts of bis(sugar)mercury compound 177 along with

desired product 176 (46%). Identity of this bis(sugar)mercury compound 177 was

confirmed by ]H and l3C NMR spectra. In the ]H NMR spectrum of product 176,

H-7 appeared as a doublet at 8 1.30-1.26 integrating for three protons, whereas in

the case of the bis(sugar)mercury compound 177, two multiplets integrating for two

protons appeared in the region 8 1.30-0.75. In the I3C NMR spectrum, C-7 of 177

resonated at 36.19 ppm and it was found to be a -CH2 from its DEPT-135 spectrum.

The formation of bis(sugar)mercury compound in substantial amounts

prompted us to vary the reaction conditions. However, increasing the temperature of

the reaction mixture to 50° was found to give the product in poor yield and resulted

in the bis(sugar)mercury compound as the major product.
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The ring opening of a-cydopropane 108 derived from rhamnal provided

two products 178 (36%) and 179 (47%). Interestingly, a careful analysis of the

spectral data of the major product 179 showed that it lacked one benzyl group. The

IR spectrum of 179 showed an -OH band 3389 cm1. In the proton spectra of 178

and 179, the anomeric proton appeared at 8 4.0 with a J value of 8.6 Hz. This shows

that both the products obtained have the same p anomeric configuration. This is also

substantiated by the 13C NMR spectra, where the anomeric carbons of 178 and 179

resonated with almost the same chemical shift (105.39, 105.41 ppm). However,

attempts to determine the regiochemistry of the benzyl group cleavage were not

made.

As observed for p-cyclopropane 110, the ring opening of rhamnal derived

cyclopropane 111 with mercury trifluoroacetate in methanol was also found to give

the 2-deoxy-2C-methyl product 180 in 50% yield along with substantial amounts of

bis(sugar)mercury compound 181. The identities of both the products were

established using "H and 13C NMR spectra.

4. Mechanistic aspects of ring openings of cyclopropanes 106 and 109: Synthesis

and intramolecular nucleophile assisted ring openings of cyclopropanes 185 and

186.

Although our stated goal of developing 1,2-cyclopropanated sugars as

convenient intermediates for the construction of 2-deoxy-2-brached glycosides was

realized, the results obtained raise some intriguing questions about the various

factors involved in these ring opening reactions. Some of them are:

1. The higher reactivity of a-cyclopropane 106 over P-cyclopropane 109.

2. The role of the electrophile employed.

3. The stereospecific ring opening of 109 in contrast to that of 106.



4. The role of solvent (i.e. qualitatively, the reaction is fastest in C13CCH2OH and

slowest in PhCH2OH in the order: C13CCH2OH > C1CH2CH2OH > MeOH >

PhCH2OH).

As shown in Figure 1, there exist two possible conformers of 106 (106A

and 106B) and that of 109 (109A and 109B). However, due to strong 1,3-diaxial

repulsion in both the cases, the ones which have substituents in equatorial

disposition are the favored conformers (106B and 109B).
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Figure 1.

The preference for these two conformers is substantiated by the *H NMR

spectral data of 106100 and 109106, where the J34 coupling constants were found to be

9.1 and 7.0 Hz, respectively. These values are characteristic of diaxial coupling and

clearly provide strong support that 106B and 109B are the preferred conformers.
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1. Higher reactivity of a-cyclopropane 106 over p-cyclopropane 109

The ring openings of 106 and 109 with Br+ and F in methanol show a

marked difference in reaction times. The openings of 106 with Br+ and F take place

smoothly and relatively faster than that of 109. In the case of 109, F was unable to

induce the ring opening completely immaterial of the source of F employed (NIS or

IDCP).

Looking at the conformers 106B and 109B, it is clear that in 109B,

although C-3 and C-5 substituents are orientated equatorially, their disposition on

the same side as that of the cyclopropane hinders attack of the incoming electrophile

relative to 106B. This is particularly so for halonium ions due to their larger size

and their edge-wise approach to cyclopropanes. The relatively high reactivity of

cyclopropane 109 with Br+ compared to F substantiates our argument that steric

hindrance associated with electrophilic attack is the reason for the lower reactivity of

109 when compared to 106.

2. Roie of the electrophile employed

Amongst the four electrophiles used (Br+, I+, ¥t and Hg2+), Br+ and F give

mixtures of anomers with 106 and only one anomer with 109, whereas H+ and Hg2+

give a single anomer with 106. Further, I-F does not react with 109, while Hg2+

again gives a single anomer. This can be explained from the earlier observations

where it has been shown that the openings of cyclopropanes with mercuric ions are

highly stereoselective and involve a comer attack resulting in products with double

inversion.122 It is also known that addition of rF to cyclopropanes takes place via a

comer attack122123 and the high selectivity observed in the reaction of 106 with H*
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substantiates this. The lower reactivity of Ft towards 106 and 109 when compared

to Hg + is parallel to that observed in the reactions of alkenes with the same

electrophiles. This is explainable by using HSAB principle according to which Hg2+

is a soft acid compared to the proton and the carbon substrate is a soft base.

Differences observed between Br+ and t on the one hand and Hg2+ and ht on the

other can be attributed to the edge-wise approach of the former and this aspect has

been mentioned above.

3. Stereospecific ring opening of 109 in contrast to that of 106

While the openings of 109 always proceeds with inversion at the anomeric

centre, those of 106 display two pathways-inversion (major) and retention (minor).

The mechanistic routes that are possible while considering the ring opening of both

the cyclopropanes and the observed anomeric selectivities are:

1. The reaction takes place via an electrophile induced ring opening resulting a free

carbocation, followed by its capture by the nucleophile. The ring opening may

or may not be assisted by the pyranose oxygen. This pathway is labeled as

"C 1 "



Exclusive formation of the a-anomer with cyclopropane 109 shows that its

opening with all electrophiles perhaps occurs through the latter process. However,

the information available from our experiments does not rule out the possibility of

exclusive preference for axial attack on the oxonium ion resulting only in an

a-anomer via an SNI path way. The formation of both anomers from 106 clearly

provides strong evidence for the participation of the SNI pathway in the

cyclopropane openings. At this stage, with the little information available, we are

not in a position to assess the contribution of the two pathways in determining the

outcome of the anomeric ratio.

4. The role of solvent

The strongly solvent-dependent nature of elcctrophilic additions to double

bonds is well known.136 It has been shown137 that in the case of bromine addition to

1-pentene in solvents of different polarity (hexane to water), the overall rate varies

by a factor of 1010. It has been suggested in the case of electrophilic additions to

double bonds that the observed rate enhancement and the lowering of
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2. An electrophilic addition followed by concomitant nucleophilic attack leading to

ring opening ("SN2").
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stereoselectivity in polar solvents is due to the greater onium character of the

reactive intermediates due to their stabilization by polar solvents. However, in our

examples, all the solvents used were protic solvents expect in the case of opening

with sugar alcohols, where the aprotic dipolar solvent acetonitrile was used.

Speculation about the role of solvent on NBS activated openings of 106 and

109 has led us to the tentative conclusion that solvent polarity is not an important

factor, but the extent of solvation of Br+ is. A plausible explanation for this

conclusion is as follows. In 2-chloroethanol, the inductive effect due to chlorine

decreases the electron density around oxygen and thus the solvation of Br+ in

2-chloroethanol becomes less than that in methanol and least in trichloroethanol. To

a first approximation, this can be correlated with the pKa values of the alcohols. The

corresponding values are 18, 15.5, 14.2 and 11.8, respectively, for benzyl alcohol,

methanol, 2-chloroethanol and 2,2,2,-trichloroethanol.138139 Therefore, the degree of

solvation of Br4 will be in the order PhCH20H > McOH > C1CH2CH2OH >

C13CCH2OH, i.e., Br+ will be most reactive towards 106 and 109 in C13CCH2OH

and least in PhCH2OH.

Exclusive formation of the a-glycoside from cyclopropane 109 is then a

consequence of an elctrophile activated SN2 t>pe ring opening of the cyclopropane

by an external nucleophile. With the a-cyclopropane 106, the p-glycoside is formed

predominantly by the same route, while simultaneous formation of the a-anomer in

this case points to the possible involvement of an SN1 pathway also. It may be noted

in both instances that the a-glycoside is the one favored by the anomeric effect.

In order to better understand the processes taking place, we prepared the

a- and B-cyclopropanes 185 and 186, with a free 6-OH group, as outlined below

(Schemes 70 and 71).



The addition of dichlorocarbene to 6-tritylglucal 182140 under phase transfer

conditions96 took place exclusively from the a-face, yielding the corresponding

dichloro adduct 183 in 73% yield (Scheme 70). The spectral assignments of

compound 183 are as follows. H-2 resonated as a dd at 5 1.93 with J = 4.1 and

7.8 Hz. The larger coupling was assigned to Ji,2 as evidenced from the H-l signal,

which appeared as a doublet at 5 4.08 with J = 7.8 Hz. The smaller value of

coupling between H-2 and H-3 suggests a quasi axial-equatorial arrangement. This

is in agreement the with spectral data of the dichloro adduct derived from 3,4,6-tri-

O-benzyl-D-glucal (98).100

Assured of the inertness of dihalocyclopropanes and parent cyclopropanes

towards mineral acids (as is evident from our earlier experiments)* we directly

proceeded to detritylate 183 employing formic acid in ether,141 without opting for

any mild reagents. The detritylated product 184 was obtained in 74% yield. The IR

spectrum of 184 showed a strong -OH band at 3369 cm"1. The dehalogenation of

184 was carried out with LAH (84%) and gave the required a-cyclopropane 185 in

45% overall yield starting from glycal 182.

We next focussed our attention on the other diastereomeric cyclopropane

186. Gratifyingly, the Simmon's-Smith cyclopropanation142 of 182 gave directly the

required p-cyclopropane 186 in 70% yield (Scheme 71). Under the mildly acidic

conditions involved, dctritylation can be expected to occur. It is not clear, however,

whether detritylation precedes or follows cyclopropanation. The structures of 185
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and 186 were established thoroughly from their 'H and 13C NMR data which are

similar to those of 106 and 109, respectively.
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The ring opening of these cyclopropanes with an electrophile in an aprotic

solvent would result in the intramolecular attack of 6-OH at C-l, giving a

levoglycosan derivative. This should be particularly favorable for the cyclopropane

185, where the 6-OH group and the cyclopropane are well set to react in an SN2 type

process. In cyclopropane 186, SN2 type process can be ruled out, but formation of a

levoglycosan derivative is possible by an SNI pathway. These intramolecular ring

openings and ring closings of 185 and 186 would provide information about the

difference in their reactivities. If a pure SNI mechanism is assumed, the difference in

the reactivities of 185 and 186 will be due to the difference in the rate of first step,

as the rate of intramolecular closure would be the same in both cases, considering

the availability of a built-in nucleophile at C-6. An SN2 type mechanism is possible

only in 185 and is ruled out in 186.
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The intramolecular ring opening of a-cyclopropane 185 in acetonitrile with

NBS as an activator in the presence of 4A molecular sieves, took place smoothly

within 5h giving the levoglucosan derivative 187 in 71% yield (Scheme 72). On the

other hand, under similar conditions, the reaction with p-cyclopropane 186 was

incomplete and yielded the levomannosan derivative 188 in 35% yield after 36h

(Scheme 72). These results clearly indicate that the lower reactivity of the

P-cyclopropane 186, when compared to 185, is due to steric hindrance to the

approach of the electrophile. While a-cyclopropane 185 reacts clearly and rapidly

by an SN2 type process to give the levoglucosan derivative 187 in 71% yield, the P-

cyclopropane 186, with no such option available, forms the levomannosan derivative

188 in much lower yield, probably through an SNI mechanism.

The spectral assignments of products 187 and 188 were made using the data

available for the known l,6-anhydro-2-deoxy-2-C-vinyl-p-glucopyranose derivative

189.143 The comparative spectral data are given in Table 5.



Table 5. Comparative spectral data of compound 187-189:
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Synthesis of a-methylene-5-valerolactones:

The significance of stereocontrolled carbon-carbon bond formation

involving addition of carbon nucleophiles and radicals in organic synthesis has been

well recognized. However, its appreciation in carbohydrates has commenced only

recently.144 While considering the various cyclic templates, unsaturated lactones and

unsaturated carbonyl compounds stand out as suitable precursors towards

enantiopure chemical synthesis of highly functionalized intermediates. £xo-cyclic

a-methylene lactones have received much attention in this connection especially

a-methylene-y-butyrolactones. This is mainly due to the presence of this moiety in

many natural products and its biological significance. A likely mechanism for the

biological activity of these a-methylene-y-lactones is through the conjugate addition
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of a nucleophilic biomolecule.145 In contrast to this, a-methylene-5-valerolactones

are less frequently encountered moieties in natural products, which perhaps is the

reason for the limited number of reports towards their construction. Very few

categories of compounds such as cembrane lactones and withanolides possess this

moiety.146 The methods available for their synthesis generally involve either

methylenation of 5-lactones or lactonisation of a-methylene-5-hexenoic acid

derivatives.147

Recently, Schmidt and Giese148 have made an entry into the synthesis and

utility of sugar derived a-methylene-S-valerolactone templates. The C-disaccharide

synthesis developed by Giese and Schmidt1486 permits the connection of two

pyranoses by a methylene group, involving the addition of an anomeric pyranosyl

radical derived from a pyranosyl halide to sugar derived a-methylene-5-

valerolactones.

The procedure developed by Schmidt, as shown in Scheme 73, involves the

treatment of a glycopyranosyl sulfoxide with 2 eq. of LDA, followed by quenching

of the resulting C-2 lithiated glycal with formaldehyde. Acid catalyzed

rearrangement of the procured 2-hydroxymethyl derivatives yielded the respective o>

methylene-5-valerolactones.
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In yet another protocol adopted, synthesis of cc-methylene-S-valerolactones

has been achieved by Chmilewski149 with glycals as starting compounds. Treatment

of 2-deoxy-2-methylene methyl glycosides,266 derived from glycals in four steps as

shown Scheme 3 (introduction), with hydrogen peroxide in the presence of

molybdenum trioxide as catalyst provided anomeric hydroperoxides. Subsequent

reaction of hydroperoxides with acetic anhydride-pyridine mixture afforded lactones

195 and 196, respectively.

We conceived of synthesizing a-methylene-6-valerolactone 195 from 149

following a sequence of oxidation and dehydrohalogenation. Extending this protocol

to other cyclopropanated sugars obtained in one or two simple steps starting from

glycals thus provides a facile and simple approach towards these chiral templates.

Initially, oxidation of lactol 149 was carried out with PCC and it was found

that the resultant product was a mixture of a lactone and a lactol. The IR spectrum

of the crude product showed a strong hydroxyl stretch at 3408 cm"1 and carbonyl

stretch at 1732 cm'1 (which is also present in the lactol 149). In general, the carbonyl

band of 5-lactones appears around 1748 cm'1. The absence this band adequately
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proves that the oxidation with PCC is incomplete or did not take place. Replacing

PCC with PDC also gave a similar result.

With the failure of attempts to oxidize lactol 149 with PCC or PDC, we

looked for other methods. Among the various methods available for oxidation of

lactols, oxidation with I2 attracted our attention. The reason is that iodine can also

open a cyclopropane. Although NIS failed to open 109 in methanol, we anticipated

that at the higher temperature that is generally needed for the oxidation of lactols,

the preceding ring opening can also be carried out. One advantage with opening of

cyclopropanes with the iodonium ion when compared to the bromonium ion is the

circumvention of O-benzylic cleavage, which we encountered occasionally with

NBS. When the reaction of 109 with iodine in aq.dioxane was carried at 70°,

discouragingly, it was found that the product obtained in 79% yield was exclusively

the iodolactol 193 (Scheme 75).

The 'H NMR spectrum of 193 showed a broad singlet at 5 5.45,

characteristic of an unprotected anomeric proton. H-2 appeared as a multiplet at

5 2.60. No other signals corresponding to the possible p-anomer were found. This

clearly indicates the strong preference of the H-l proton for an equatorial orientation

in manno derivatives. The 13C NMR spectrum showed only 10 carbons excluding

the aromatic carbons, again confirming the presence of a single anomer. In the case



of 2-deoxy2-C-methyl mannose derivatives, Heathcock106 reported the formation of a

10 : 1 a : p anomeric mixture. However, we did not find any evidence for an

anomeric mixture either in bromo- or iodolactols 149 and 193, respectively. The

anomeric carbon resonated at 94.4 ppm and the iodine bearing carbon at 2.14 ppm.

These assignments clearly show the product obtained was an iodolactol and

oxidation did not occur.

Increasing the temperature and/or reaction time was found to yield the lactol

193 and an uncharacterizable product whose structure was not established. The *H

NMR spectrum of this product showed an aldehyde proton and a free anomeric

proton. The presence of both anomeric carbon and aldehyde functionality was

further substantiated by the 13C NMR spectrum.

73

Prompted by a report150 on the reaction of olefins with a combination of

iodonium di(s-collidine) tetrafluoroborate and DMSO yielding a-halocarbonyl

compounds (Scheme 76), we looked at the reaction of 109 with IDCP in aq.dioxane.

Gratifyingly and most suprisingly, the desired a-methylene-6-valerolactone 195 was

obtained in 57% yield, involving a sequence of ring opening, oxidation and

elimination. The optimum conditions involved treatment of the cyclopropane 109

with 6 eq. of IDCP in 3 : 2 water-dioxane mixture at 60-70° for 18h (Scheme 77).
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The 'H NMR spectrum and optical rotation data of compound 195 were in

agreement with that reported by Schmidt.148c Incisive assignments of all ring carbons

of 195 was made using DEPT-135 and HETCOR data. The DEPT-135 of 195

showed the presence of 5-CH2 carbons at 129.92, 75.74 (2C), 73.56 and 68.60 ppm.

The -CH2 at 129.9 ppm clearly shows the presence of an exocyclic methylene. This

was further substantiated from the HETCOR spectrum of 195, where the two

olefinic protons have cross peaks only with the carbon resonating at 129.92 ppm.

The three -CH2 carbons resonating at 75-73 ppm were assigned as benzylic and the

remaining CH2 as C-6. The other carbons C-3, C-4 and C-5 appeared at 79.05,

78.70 and 78.74 ppm, respectively. This was established by correlating with the

corresponding protons using HETCOR data.

In order to generalize this methodology (Table 6), reaction of cyclopropanes

110, 111 and 112 (cyclopropane 112 was prepared by Simmons-Smith

cyclopropanation of di-O-benzyl-D-xylal 97 in 63% yield) was carried out under

similar conditions and the corresponding a-mcthylene-5-valerolactones 196, 197 and

198 were obtained in 41, 83 and 68% yields, respectively. The low yield obtained in

the case of 110 may be due to the more sterically crowded environment around the

P-cyclopropane, which precludes the attack of I+. This was substantiated by the

reaction of its a-diastereomer 107 under similar conditions to provide 196 in 82%

yield. In a similar fashion, 195 was obtained in 75% yield from the cyclopropane

106



Table 6. Conversion of 1,2-cyclopropanated sugars to

a-methylene-5-valerolactones.
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The physical data of compound 196 was in agreement with that reported

earlier.1480 A careful analysis of the 13C NMR spectrum of compound 196 was

carried out and the all ring carbons were assigned unambiguously. The identities of

compounds 197 and 198 were established by their spectral (IR, *H and 13C NMR) as

well as mass spectral data. The salient features of the spectral assignments of 197

follows.

The IR spectrum of compound 197 showed a strong carbonyl band at 1730

cm"1, characteristic of an unsaturated lactone. The two singlets at 8 6.49 and 5 5.88

clearly showed the presence of olefinic protons. The 6-CH3 resonated at high field

(5 1.46) with J being 6.7 Hz. In the 13C NMR spectrum, C-l and C-7 resonated at

165.8 and 131.7 ppm, respectively.

Reaction of iodolactol 193 with IDCP (5 eq.) under similar conditions

resulted in 195 in 77% yield, thus implying that 193 is an intermediate in the tandem

three step sequence of ring opening, oxidation and elimination, the last step being

brought about by s-collidine. When the reaction of 109 was carried out either for 8h

or using 4eq. of IDCP, it was found that 195 was obtained along with substantial

amounts of iodolactol 193. This clearly shows that amongst the three steps involved,

dehydrohalgcnation is rapid and oxidation step is comparatively slower than the

remaining two steps. The possibility of dehydrohalogenation being the second step

and oxidation of the corresponding unsaturated lactol to unsaturated lactone can not

be ruled out. However, we have not come across products having the unsaturated

lactol moiety in our experiments.

Thus, the utilization of 1,2-cyclopropanated sugars in the construction of

various functionalised 2-deoxy-2-C-branched-chain glycosides and disaccharides

has been explored. As can be seen from the alcohols chosen, the glycosides formed

from them can be hydrolyzed to the free sugars under acidic or neutral conditions,

imparting flexibility to the method, if needed. On the other hand, this methodology

makes for an easy entry into the synthesis of functionalised branched disaccharides
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which are hitherto unknown, using sugar alcohols. The mercuric ion mediated

opening of both forms of cyclopropanes affords an easy entry to the s>-nthesis of

modified sugars with defined 2-C-methyl stereochemistry which can serve as

valuable precursors in natural product synthesis. Admittedly, the competing

formation of bis(sugar)mercury compounds with P-cyclopropanes derived form

galactal and rhamnal derivatives prevents generalization of this strategy at present.

The intramolecular participation of the 6-OH group in the ring opening

reaction has been demonstrated and attempts have been made to understand the

differences in the reactivity and anomeric selectivity of cyclopropanes 106 and 109.

The inertness of cyclopropanes towards mineral acids has allowed the oxidation of

the cyclopropane 185 under Jones conditions followed by esterification yielding the

corresponding uronate. Further manipulations of this product towards its

applicability as a starting point for the partial construction of various natural

products like Prelog-Djerassi lactonic acid are in progress. A simple, one pot

conversion of 1,2-cyclopropanated sugars to chiral a-methylenc-S-valerolactones

has been developed. This easy method for their construction will definitely allow for

the expansion of their synthetic potential as valuable Michael acceptors.



EXPERIMENTAL



All reagents were purified by appropriate methods just before use. All

cyclopropanes were prepared according to the procedures reported.100' 101 Solvents

were dried using appropriate drying agents. Freshly recrystallized NBS (water) and

IDCP (CHCI3) were used. Solvents used for chromatography were of commercial

grade and were fractionally distilled before use. All organic extracts were dried over

MgSO4. Column chromatography was performed using ACME silica gel (100-200

mesh) and eluted with appropriate mixtures of hexane and ethyl acetate. Thin layer

chromatography (tic) was performed on home made plates coated with ACME silica

gel GF 254 (with 13% calcium sulphate as binder) and were visualised by shining

UV light or exposing to iodine vapours. Melting points were determined on a

SUPERFIT melting point apparatus and are uncorrected. Optical rotations were

measured on a SHIMADZU polarimeter at 25°. Infrared spectra were recorded on a

JASCO FT-IR 5300 instrument. !H and 13C NMR spectra were recorded on a

BRUKER AF 200 NMR Spectrometer operating at 4.7 Tesla magnetic field

strength in chloroform-d, with tetramethylsilane (TMS) as internal standard. DEPT

and 2D NMR data were processed using standard software provided with the

instrument. The ]H NMR spectral data are listed as follows: signals are reported in

parts per million (ppm) downfield of TMS; signal multiplicity is denoted as s =

singlet, d = doublet, dd = doublet of a doublet, t = triplet, q = quartet, br = broad

and m = multiplet; coupling constant (J) measured in Hertz; number of protons

integrated for and assignments, wherever possible. Elemental analyses were obtained

using PERKIN-ELMER model 240C-CHN analyser. High Resolution Mass Spectra

were recorded on a JEOL SX 102/DA-6000 Spectrometer. Low Resolution Mass

Spectra were recorded on VG 70-70H Mass Spectrometer.
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Ring opening of cyclopropane 106 with HCl/MeOH:

A solution of cyclopropane 106 (165 mg, 0.38 mmol) and acetyl chloride

(0.38 ml) in methanol (5 ml) was heated at 80° for 15 days. The reaction mixture

was diluted with dichloromethane, treated with solid sodium bicarbonate and

concentrated. On purification by column chromatography, followed by

recrystallisation, the product 132 (49 mg, 70% with respect to the recovered

cyclopropane, 98 mg) was obtained as a colourless solid.

General procedure for NBS activated ring opening reactions of cyclopropanes

106 and 109 with different solvents:

To a stirred solution of the cyclopropane (215 mg, 0.5 mmol) in 5 ml of

solvent at 0°, under nitrogen, was added NBS (107 mg, 0.6 mmol) and the stirring

was continued until the reaction mixture showed the absence of starting material on

tic. Except with benzyl alcohol, where the reaction mixture was concentrated by



distilling out the benzyl alcohol under reduced pressure, in general, the reaction

mixture was evaporated with toluene in vacuo. An aqueous workup was found to be

less efficient in all cases. Chromatographic purifications were carried out using 5%

ethyl acetate in hexane. Yields are based on the amount of pure material obtained.

The anomeric ratios were obtained from H NMR data by integrating the H-2

multiplets in the crude mixture wherever possible. In all cases, the anomeric ratios

were also obtained by separating the mixture and weighing the individual

constituents.

Ring opening of cyclopropane 106 with NBS/MeOH:

As described above, stirring cyclopropane 106 (290 mg, 0.67 mmol) with

NBS (145 mg, 0.81 mmol) in MeOH (6 ml) for 8h and purification of the reaction

mixture gave the anomers 133 (53 mg) and 134 (210 mg) in 72% overall yield.
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-OCH2Ph), 4.08-3.98 (m, 2H), 3.67-3.66 (d, J = 3.8 Hz, 2H),

3.66-3.52 (m, 2H), 3.19-3.09 (dd, J = 11.0, 10.4 Hz, 1H), 3.0-2.96

(m, 1H), 2.67-2.57 (m, 1H, H-2).
13CNMR: 138.27, 138.11, 138.01, 128.50, 128.41, 127.93, 127.79, 94.37,

79.52, 74.62, 74.34, 73.45, 71.96, 71.36, 69.38, 46.87, 2.14 ppm.

Anal. Calcd for CzsHj ,^ : C, 58.54; H, 5.44.

Found: C, 58.39; H, 5.40.

Ring opening of cyclopropane 109 with I2 at 100°:

A solution of cyclopropane 109 (110 mg, 0.26 mmol) and I2 (648

mg, 2.6 mmol) in 1:1 H2O/dioxane (8 ml) was heated at 100° for 36h. The reaction

mixture was diluted with ether and washed with saturated sodium bisulphite solution

and brine, dried and concentrated. Purification by column chromatography (10%

ethyl acetate/hexane) yielded 193 (60 mg) and an unidentified product (39 mg) as a

pale yellow oil.

lH NMR: 5 9.50 (s) 7.40-7.30 (m), 6.85 (s), 5.50 (s), 4.80-4.50 (m), 4.45 (s br),

4.10 (m), 3.82-3.20 (3ms), 2.30 (m), 1.80 (m).
13CNMR: 191.29, 145.30, 138.96, 138.56, 138.30, 128.5, 128.4, 128.1, 127.9,

127.8, 101.8, 75.81, 73.9, 73.65, 73.40, 72.19, 71.37, 70.48, 68.93,

64.72, 63.67, 44.98, 2.74 ppm.

General procedure for the conversion of cyclopropane derivatives to a-

methylene-S-valerolactones:

To a solution of p-cyclopropane 109 (180 mg, 0.42 mmol) in 7.5 ml of

3 : 2 dioxane-H2O was added IDCP (1.18 g, 2.50 mmol) and the resulting solution

was heated at 60 - 70° for 18h. The reaction mixture was cooled and diluted with

ether and the ether solution was subsequently washed successively with 5% HC1,
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