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Foreword

The ACS Symposium Series was first published in 1974 to pro-
vide a mechanism for publishing symposia quickly in book form. The
purpose of the series is to publish timely, comprehensive books de-
veloped from ACS sponsored symposia based on current scientific
research. Occasionally, books are developed from symposia sponsored
by other organizations when the topic is of keen interest to the chem-
istry audience.

Before agreeing to publish a book, the proposed table of con-
tents is reviewed for appropriate and comprehensive coverage and for
interest to the audience. Some papers may be excluded to better focus
the book; others may be added to provide comprehensiveness. When
appropriate, overview or introductory chapters are added. Drafts of
chapters are peer-reviewed prior to final acceptance or rejection, and
manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review
papers are included in the volumes. Verbatim reproductions of previ-
ously published papers are not accepted.

ACS Books Department



Preface

The synthesis of new chiral organic compounds and the im-
proved synthesis of known substances will always be a major task for
the professional chemist. When constructing target molecules with
multiple chirality centers, a scientist must consider either total synthesis
step by step or assembly from smaller chiral blocks as an alternative
approach.

Carbohydrates represent a unique family of polyfunctional
compounds, which can be chemically or enzymatically manipulated in a
multitude of ways. Carbohydrates have been extensively used as star-
ting materials in enantioselective synthesis of many, complex natural
products with multiple chirality centers. Synthetic organic chemistry
that utilizes these carbohydrate building blocks continues to spawn
revolutionary discoveries in medicinal chemistry, pharmacology,
molecular biology, glycobiology, and medicine simply by providing not
only the raw material but also the mechanistic insight of modem
molecular sciences. This interdisciplinary approach to modem
discoveries and many further innovations continue to drive the core of
synthetic carbohydrate chemistry. The environmentally and ecolog-
ically friendly nature of carbohydrates is also a cornerstone in their
future developments in the polymer and pharmaceutical industries and
in the area of carbohydrate therapeutics in particular.

Corey (E.J Corey Pure Appl Chem 1969, 14, 30) introduced the
term synthon in 1969 when he published his innovative strategies for
the construction of complex molecules by considering a retrosynthetic
analysis. Later on, Hanessian’s (Total Synthesis of Natural Products:
The ‘Chiron’ Approach; Pergamon Press, 1983) introduction in 1983 of
the term Chiron reférring to chiral synthons became the general strategy
of carbohydrate like symmetry in new molecular targets of many
natural products.

Despite the greater awareness of carbohydrate synthons in
recent years, the full potential of the carbohydrate chiral pool is still not
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fully used. Thus, this fact gives enormous rationale in organizing our
symposium and presenting new developments by a team of world-class
scientists. Consequently, publishing this symposium proceeding will
assist the carbohydrate community in keeping abreast of new inno-
vations. We hope that these few, important forward-looking topics of
brand new developments from world-class leading laboratories will
effectively fill the gap of previously unavailable practical information
regarding the unlimited possibility of applying carbohydrate building
blocks.

Among a few often-used carbohydrate building blocks, L-
arabinose is one of the most important and easily commercially
available monosaccharides. Next, in terms of availability and potential
functionality are naturally protected 1,6-anhydrosugars derivatives such
as levoglucosan and levoglucosenone. Both compounds possess
enormous potential for becoming new stars among industrial chemicals,
simply because of their multiple usage in many areas of industry
(including polymer chemistry, biotechnology, pharmaceutical inter-
mediates, and carbohydrate scaffolds for combinatorial chemistry
approaches). Industrial production of these convenient chiral building
blocks from waste cellulosic material, such as newsprint or any waste
paper, could solve some environmental problems and could be classified
as green chemistry. The raw carbohydrate material for the function-
alization into useful building blocks must be economically feasible and
cost effective; waste cellulosic materials fit into that category very well.
Particularly valuable building blocks such as levoglucosenone,
isolevoglucosenone, L-arabinose, parasorbic acid, dihydropyra-
nones, 3-hydroxy-y-butyro-lactones, 1-thio-1,2-O-isopropylidene
acetals, o-bromo-a-f unsaturated aldonolactones, bicyclic furan-
ones, arabinonic acid y-lac-one and glycosyl isocyanides are
explored for their synthetic applicability in many synthetic targets
of natural products of medicinal interest.

Most of the chapters in this book were presented in the special
symposium Chemistry for the 21st Century at the 218th ACS National
Meeting in San Francisco, California on March 26-30, 2000. Other
chapters, not presented at the symposium, are contributions from leading
scientists in the field of carbohydrate chemistry.



Most importantly, these topics will help steer the future of new
developments in this area and will help promote the enormous potential
of many innovations among almost all chemical industries in the new
millennium. This is not a simple goal, but a 2lst century challenge to
educate the industrial leaders, public, and governmental funding agen-
cies about the enormous potential and usefulness of these traditional and
new carbohydrate synthons as chemicals for the 21st century.
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Chapter 1

Chiral Carbohydrate Building Blocks
with a New Perspective: Revisited

Zbigniew J. Witczak

Department of Pharmaceutical Sciences, School of Pharmacy,
Wilkes University, Wilkes-Barre, PA 18766

The chiral bicyclic enones, levoglucosenone,
isolevoglucosenone, and new functionalized L-arabinose
enone possess excellent reactivity and functionality. Their
properties and application as convenient precursors in the
synthesis of many attractive templates or intermediates of
complex natural products are reviewed. These compounds are
attracting increasing interest due to their structural rigidity and
ability for stereoselective functionalization without protection,
deprotection sequences necessary in many synthetic organic
methodologies.

Historical Background

Carbohydrates have been extensively used as chiral starting materials in
enantioselective synthesis because of their availability as inexpensive
derivatives. One of the first and foremost carbohydrate precursor employed was
functionalized glucose. However, glucose often does not resemble the final
target and therefore requires multistep processes of functional group conversion
through protection/deprotection. Alternative strategies of using functionalized
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carbohydrate derivatives and converting them into useful chiral building blocks
offer a more efficient approach to synthetic problems. There are a few readily
available building blocks that can be prepared inexpensively in a few steps, in
pure form and without costly reagents.

Examples of these convenient chiral building blocks reviewed in this
chapter include levoglucosenone, isolevoglucosenone and L-arabinose
derivatives.

Levoglucosenone

Levoglucosenone (1) is an attractive chiral carbohydrate building block that
can be conveniently produced by the pyrolysis of cellulose-composed materials.
Despite the low yield and the amount of solid cellulosic material necessary for
pyrolysis, the efficiency and the economy of the pyrolysis process makes it an
effective method. In addition, pyrolysis reduces the amount of waste cellulosic
material, which is beneficial to the environment. Although levoglucosenone has
been known and used for over 30 years (2), it continues to have only limited
applications in organic synthesis. This can be attributed to the rather
conservative opinion regarding its process, purification and stability. This simple
and small bicyclic enone molecule is an important and efficient chiral starting
material for the synthesis of many analogs of complex natural products and its
chemistry has been reviewed extensively (7). Only recently published new
developments will be reviewed in this chapter.

During initial stages of the cellulose pyrolysis, the formation of
levoglucosan can be further dehydrated by the removal of two molecules of
water with the predominant formation of levoglucosenone as one of the major
products. Two other products present in the complex mixture of volatile
molecules are hydroxymethylfurfural and levulinic acid. The primary factors
determining the preferential double dehydration of intermediate levoglucosan are
probably steric factors and the overall influence of the 1,6-anhydro-ring system
in the ‘C, chair conformation of the pyranose. Additionally some evidence of
significant differences in reactivity of axial and equatorial hydroxyls at C-2, C-
3, and C-4 of the 1,6-anhydro ring as reported in the literature (3) likely play a
significant role in the preferential elimination of water molecule from C-3 and C-
4 versus from C-2 and C-3.

All the research to date supports the preferential formation of
levoglucosenone despite the possibility of double dehydration with alternative
formation of isolevoglucosenone. This formation has never been detected in the
pyrolysate and is only available through a total synthesis.
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Despite the efforts of various laboratories (7,3-10) to promote the chemistry
of levoglucosenone, isolevoglucosenone and its new analogs, applications of
these remarkable materials in industry remain low. We hope that further
awareness of the potential of levoglucosenone will make it a commodity product,
a status that should have been granted to this molecule long ago. Thus, the goal
of this chapter is to highlight all the possibilities of high potential of the
carbohydrate chiral pool and put on the map all the valuable chiral building
blocks, which are still little exploited.

New Chiral Building Blocks from Levoglucosenone

Among the new developments in the chemistry of levoglucosenone is the
ability to functionalize the compound’s C-3 and C-2 positions. These positions
are very important in order to facilitate the further reactions leading to
compounds with practical utility. The functionalization of the keto function by
the epoxidation, using the Corey reagent (dimethylsulfoniumethylide in DMSO
and THF), as reported by Gelas and Gelas (17 -12) is illustrated in scheme 2.
The C-2 epoxide has potential synthetic utility as a precursor for highly
functionalized analogs with amino, fluoro, thio, or methylene functional groups.
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The C-3 position of levoglucosenone is strategically important and can be
functionalized with thio, amino, and acetamido groups. This is usually
accomplished through construction of a specific precursor bearing a good
leaving group, such as iodine, bromine or fluorine at the C-3 position. New
representative example of such precursors is the 3-iodo analogs of saturated
levoglucosenone was synthesized in our laboratory, (13) according to the general
methodology of selenium dioxide mediated a-iodination (74), as depicted in
scheme 3.
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D ———————
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o | SeO,/l,/MeCN
H20 | MeCN/EtsN
o) o SeO,/l1,/MeCN
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v R= Me, Ac, OAc
OH o
Q Ac,0/Py /| o
—_—
j) ;o o
O
Scheme 3.

Coupling 3-iodo derivative with reactive 1-thiosugars proceeds with good yield,
without inversion of configuration, and with expected stereoselectivity at C-3.
This approach as depicted in scheme 4 constitutes a general methodology and
opens a new route to new family of (1-3)-S-thiodisaccharides, which are
otherwise difficult to synthesize under normal conditions of multistep techniques
of protection/coupling/deprotection sequences. Stereoselective reduction of the
C-2 keto function with L-Selectride in anhydrous THF solution produces gluco
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epimer in high (79%) yield. Conventional acetolysis in order to cleave the 1,6-
anhydro ring was performed with boron trifluoride etherate in acetic anhydride
solution to produce crystalline octaacetate. The final deprotection of octaacetate
was carried out with an aqueous methanolic solution of triethylamine at room
temperature for 8 h results in the new thiodisaccharide 3-S- (B-D-
glucopyranosyl-3-thio-D-allopyranose in 89% yield.
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OAc O ko TFAAC,0 Ac
A OAc
Scheme 4.

Additional modifications of saturated levoglucosenone derivatives can be
achieved through additions to the carbonyl group at C-2. The addition of
nitromethane and subsequent mesylation of the geminal secondary hydroxyl
group followed by in situ elimination under basic conditions produces highly
valuable nitroenones (75) (scheme 5). Both nitroalkenes exist as E/Z/ (1:1)
isomeric mixture as detected by UV and NMR. Interestingly, attempts to
separate the mixture by fractional crystallization using many polar solvents
system failed and fast E/Z isomerization/eqgilibration was always observed.

The conjugate system of the C-2 nitroalkenes should posses some interesting
chemical reactivity and it should be an excellent Michael reaction acceptor with
reactive nucleophiles. Moreover, the steric effect of the bulky 1,6-anhydro ring
should be similar to that of levoglucosenone. As a consequence, nitroalkenes are
excellent precursors for the stereoselective introduction of an additional sugar
moiety at C-2 with subsequent additional functional group such as
nitromethylene or its reduced/acetylated analog. Moreover, this unsaturated C-2
functionality additionally fixes the conformation of the system and most
importantly sterically hinders the -D-face of both enone molecules.
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The reactivity of the nitroalkenes has been tested in the reaction with 1-
thiosugars via conventional Michael reactions catalyzed by triethylamine. In
both cases the stereoselective 1,2 addition proceeds by exclusive formation of an
exo-adduct via formation of an S-linkage from the less hindered face of the
molecule. As expected, the shielding effect of the 1,6-anhydro bridge effectively
prevents the formation of the 2-equatorial product, yielding only the 2-axial
products with a new quaternary center at C-2. This provides a stable molecule, as
no epimerization or B-elimination is observed during the reduction of the nitro

group.

exo-face attack

OMe
SugSH

o) NO,
SugSH

endo-face attack

Figure 1. Stereochemistry of adduct and NOE effect between

Scheme 5.

Hat C-1 and H of nitromethyl at C-2
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All the above factors clearly indicate the preferred stereochemistry of the
adducts. The most direct way to prove the correct stereochemistry of the adducts
is by measuring the coupling constants between H-3a and the -CH,- of the
nitromethyl group at C-2, ie, *Jcy= 2.8-3.2 Hz. The magnitude of these coupling
constants strongly supports the proposed gauche arrangements with equatorial
substituents at C-2. Additionally, a strong NOE effect is observed between the H
at C-1 and one of the hydrogens on the nitromethylene group at C-2 further
proves the correct stereochemistry at C-2. The 'H NMR spectra of these adducts
show a lack of coupling between H-4 and H-5, indicating that the pyranose ring
of the adducts is in a 'C, conformation and is slightly distorted due to the
presence of an equatorially oriented nitromethylene group at C-2 as illustrated in
figure 1.

Consequently, the Michael addition reaction of sugar thiol proceeds
smoothly with the formation of B- (1-2)-2,3-dideoxy-2-C-nitromethyl-thio-
disacharides in 63-70 % yield (scheme 6).

O;N__ OMe (0,N) OMe
o)\;“i RSH/ENIMeCN o=
J & &

0
NaBH4\CoCl;
THF, 50°C, 4h
Ac,0\Py
OH _NHAc
o) MeO _NHAc

MeO ove | rsameo oA L’:\?o

OH g ~ MeOH/EtN/H,0 o LU
HO 0 9 2 AcO S (@]
H AcO OAC

Scheme 6.

The reduction of the nitro group at C-2 of the thiodisacharides was
efficiently carried out with sodium borohydride/cobalt chloride complex,
followed by conventional acetylation. Final deprotection by ring opening was
accomplished by the treatment with p-toluenesulfonic acid in methanol solution
followed by deacetylation with aqueous/methanol solution containing catalytic
amount of triethylamine.



This geminal type of functionality occurs when the sugar moiety is in
specific stereo orientation, and with acetamido functionality. Additionally, the
basic functional group (-NHAc) may act as a binding site with receptors. Such
disaccharides should be valuable tools to probe any enzyme inhibitory activity of
synthesized (1-2)-S-thiodisaccharides.

Again the stereochemistry of the new-branched thiodisaccharide was
assigned on the basis of NOE results displaying a 5% enhancement between the
C-acetamidomethyl group and the axial proton (3a-H) at C-3 and no
enhancement of the 3e-H signal. The *C NMR signal of the methylene -CH,-
group & = 62.4 at C-2 center is characteristic of the link with the quaternary C-2
and also clearly indicates the axial disposition of the new C-2 substituents.

NHAc

Figure 2. Stereochemistry and NOE correlation of 2-acetamido group
effect between 3e-H at C-3 and H of nitromethyl at C-2

Reactivity of levoglucosenone as a dienophile in the Diels-Alder
cycloaddition may be improved by introducing an electronegative group such as
a halogen or nitro group. For that reason, the bromination of levoglucosenone
has been studied in detail (/6). The predominant formation of 3-
bromoglucosenone is always observed. Addition of bromine to levoglucosenone
and concomitant elimination of hydrogen bromide with triethylamine facilitates
a one-pot synthesis of 3-bromo-levoglucosenone (scheme 7).

W/I /Py % Bro/CHCl, Wm
P E—— B ———
O/' o o) 0 ) "o

(o)

Scheme 7.

Addition of iodine to levoglucosenone has been conveniently performed by the
treatment of this enone with a solution of iodine in anhydrous pyridine (17),
resulting in the formation of 3-iodolevoglucosenone in moderate (55%) yield.
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The 3-nitro analog was also synthesized by Isobe laboratory with the
intention of using it a chiral dienophile in synthetic approaches to heterocyclic
systems of natural products, based on highly stereoselective cycloaddition
reactions.

Isolevoglucosenone

Chemically named as 1,6-anhydro-2.3-dideoxy-p-D-glycero-hex-2-eno-
pyranose-4-ulose, isolevoglucosenone is an alternative double dehydration
product of levoglucosan (see scheme 1), however it was not detected among the
products from acid-catalyzed pyrolysis of cellulose. This isomeric analog of
levoglucosenone was first synthesized by Koll and coworkers(78) directly from
levoglucosenone and from  1,6-anhydro-2, 3-O-isopropylidene-B-D-
mannopyranose. Achmatowicz Jr and coworkers (79) synthesized racemic
isolevoglucosenone from non-carbohydrate precursors. Furneaux and coworkers
(20) synthesized isolevoglucosenone from levoglucosenone in six steps.

Our laboratory recently synthesized isolevoglucosenone directly from
levoglucosenone (21) through four steps approach utilizing the key step of 2,3-
sigmatropic rearrangement of an intermediate allylic selenide.

- L-Selectride\THF
;) N, ? or LAH)EO 0/I or]
o-OzNC5H4$eCN\BN %

L Levoglucosenone ] CJ e

%N_G
2 OH  H0Py
5 20°¢C

Mﬂo;\CHzch

L s

Llsolevoglucosenone ]

Scheme 8.
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The [2,3]-sigmatropic shift leading to the rearrangement of the allylic
selenide via the intermediate selenoxide during hydrogen peroxide oxidation is
presumably catalysed by evolved o-nitrophenylseleninic acid. The mechanism of
this sigmatropic rearrangement is shown in scheme 9. This key-step results in
double bond transposition and introduction of allylic functionality at C-4 of
isolevoglucosenone. To our knowledge, this is the first example of a [2,3]-
sigmatropic rearrangement of a functionalized carbohydrate selenide.

Ocxidation of the allylic alcohol was performed with manganese oxide in
dichloromethane solution to produce isolevoglucosenone in high 89% yield.

H,0,\Py

i T

0, o

[2.3 ]-shift l

r

OH e
% woiey .
s r-e— (o]

O) 20°¢c %

Scheme 9.

Among recent applications of isolevoglucosenone is the synthesis of new
carbohydrate mimics, including C-disaccharides by the Baylis-Hillman type
condensation of carbohydrate carbaldehydes with isolevoglucosenone as
reported by Vogel and coworkers (22-24). Horton and coworkers (25) also
reported synthesis of isolevoglucosenone directly from 1,2:4,5-di-O-
isopropylidene-3-O-methylsulfonyl-a-D-gluco-furanose and its application to the
synthesis of biologically important deoxy aminosugars.
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Our laboratory developed a new synthetic approach to (1-2)-S-
thiodisaccharides (26) utilizing the reactivity of conjugated system of
isolevoglucosenone. This synthetic approach (scheme 11) constitutes a general
methodology, similar to our previously reported synthesis of (1-4)-S-3-
deoxythidosacharides (27-28).

OAc 0]

(o]
AC ) OH

OAc lo)

MeCN/EtzN
MeONa/MeOH

Ac OAc
AcO L-Selectride\THF

O '$ 0 BFyELOWCO or _ oAS
OAc O
>))ﬁ TFARGO pep
0

Scheme 10.

New Chiral Building Blocks from Isolevoglucosenone

Valuable analogs of functionalized isolevoglucosenone, particularly those
similar to the levoglucosenone series bearing nitroalkenes functionality at C-4
deserve further consideration as new chiral precursors. They may be utilized in
the synthesis of important classes of thioaminosugars having known biological
activity. Indeed, these compounds are vital component of aminoglycoside
antibiotics and for that particular reason fully deserve full synthetic exploration
toward this new synthetic target.

Applying this new methodology of levoglucosenone functionalization at the
C-2 position to isomeric isolevoglucosenone, we were able to successfully
synthesize (29) new nitroalkenes with strategically important C-4 position for
further functionalization at C-4 or C-3 positions. (Scheme 11)
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The high chemical reactivity of the conjugated system of levoglucosenone
and the isomeric isolevoglucosenone is an excellent reason to explore new
approaches for the synthesis of a variety of natural products targets that require
stereoselective coupling with a sugar unit. As levoglucosenone and
isolevoglucosenone are by far the most prominent carbohydrate molecules used
in conjugate addition reactions, some of its tandem reactions involving the initial
conjugate addition will be discussed in separate sections.

L-Arabinose Enones

Although developments in the chemistry of L-arabinose that use modern
reagents as tools in organic synthesis produce only few universal functionalized
building blocks, their potential value is enormous for further application as chiral
organic material. An example is 3,4-O-isopropylidene acetal, which can be
prepared simply and in very high yield from L-arabinose (30).
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New Chiral Building Blocks from L-arabinose

Natural L-arabinose as one of the highly functional pentoses with four chiral
centers with different reactivities of secondary hydroxyls is an excellent
precursor for the selective functionalization. Klemer and coworkers (31)
synthesized one of the first valuable arabinose building block with protected C-1
and C-2 hydroxyl group and a conjugated enone between C-3, C-5 (scheme 12).
This highly reactive enone should have synthetic potential through the
introduction of additional functional groups at either C-3 or C-5.

HO OoH 0o (o]
KOH > Me,CO/TSOH \lLVo )
—_—

o)
OH oX
L-ARABINOSE i-PraNLi l
/) ° CrOy/Py /) °
-
OH
o) o)
97,4 5%
Scheme 12.

Indeed, stereospecific 1,4-additon of methyl lithium/copper iodide to the
conjugated system of the above enone was initially reported by the authors(3/).
We synthesized this convenient synthon and attempted to functionalize it further
by removal of isopropylidene protecting group followed by acetylation at C-2.
(scheme 13). All attempts failed due to extensive decomposition of the starting
material, presumably through the B-elimination with formation of secondary
polymerization products.

0 Q
_H'MeOH_ // ome APy ( OMe
lg/MeOH
o OH lo} OAc

Scheme 13.

Our laboratory has also explored the synthetic utility of this chiral building
block in the first synthesis of a new family of 3,5-diaminosugars(32), as shown
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in scheme 14. The advantage of the above methodology is that a single step can
be used for the simultaneous introduction of the amino functionality at both the
C-3 and C-5 positions. Further examination of the chemistry of this universal
enone is under development in our laboratory.

O,NCH, AcHNCH,
NaBHy/THF (o}
MeNOle MG H*/MeOH OAc
ACZOIPy OMe

O,NCH, © ACHNCH, OA¢

Scheme 14.

New perspectives

Recent developments in the chemistry of levoglucosenone during the last
five years, as presented in this short review, will further the awareness of its
potential in chemical syntheses and hopefully will encourage more extensive
studies of this useful material in many different directions. The additional chiral
functionality of levoglucosenone and its functionalized new synthons may create
additional possibilities of research, not only in pure synthetic organic chemistry
but also in polymer and combinatorial chemistry.

NOZ \ NH
o ON = N AN
CHzNoz o NaBH4 o N
— —_—_———
) o ™G j THF ws
o
° i OQ
lBrz\CHzclz
o SH &
o (NHZ)ZCS s—NH;, NazSzOs R
~Meco N - ) Yo
d ) Yo W & o

Scheme 15.

The most useful scaffolds would have modified functional groups such as—
NH,, -COOH, - SH, at C-2, C-3, C-4, and C-6. Our laboratory is developing a
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new family of levoglucosenone-based scaffolds with such functional groups at
these positions. (Scheme 15).

The stereoselective, one-step synthesis of (1,2)-3-deoxy-thiodisaccharides
(26) and (1,4)-3-deoxy-thiodisacharides (27,28) are classical examples of
exploiting the excellent functionality of both levo- and isolevoglucosenone.

Many other laboratories (2-11,33-45) have made significant contributions to
the chemistry of iso- and levoglucosenone. Further, interdisciplinary attempts to
utilize the potential of both enones and their functionalized analogs in organic
synthesis will be forthcoming.

Conclusion

Despite their availability and chiral richness, carbohydrates are still grossly
underutilized as raw materials for fine chemistry. A number of new
developments and synthetic methods have been devoted to this area of research
during the last ten years, leading one to conclude that this is a rapidly growing
field of carbohydrate chemistry. Despite the low level of pharmaceutical industry
interest, chiral carbohydrate building blocks chemistry will likely be one of the
frontiers in carbohydrate chemistry, especially in the area of small molecules and
precursors for complex oligosaccharides of medicinal interest. The variety of
methods for the functionalization of carbohydrate building blocks provides a
number of stereoselective approaches to various classes of optically active
derivatives, including sulfur and nitrogen heterocycles as well as rare
carbohydrates.

Additionally, the environmental issue of utilizing waste cellulosic material
and waste biomass products should be considered as an alternative green
chemistry application to the production of many value added products. The
combinatorial utilization of carbohydrate scaffolds based on chiral building
block functionalization will also constitute attractive and relatively cheap
starting materials. This rich selection of potential approaches, combined with
further developments of new procedures and modern reagents, creates an
enormous opportunity for the field to be at the frontier for many years to come.
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Chapter 2

A Convenient Procedure for the Preparation
of Levoglucosenone and Its Conversion to Novel
Chiral Derivatives

Walter S. Trahanovsky, Jason M. Ochaoda, Chen Wang,
Kevin D. Revell, Kirk B. Arvidson, Yu Wang, Huiyan Zhao,
Steven Chung, and Synthia Chang

Department of Chemistry, Iowa State University, Ames, 10 50011-3111

As part of a study to develop methods to obtain high-value
nonracemic chiral compounds from biomass, we have
developed a convenient method for converting cellulose to
levoglucosenone in >10% yield. This procedure and methods
to convert levoglucosenone into potentially useful chiral
derivatives are presented.

Practical methods for deriving economically useful fuels and chemicals
from renewable plant material, biomass, are desirable since they make it
possible to use biomass instead of petroleum as the source of fuels and
chemicals. There has been considerable effort focused on developing biological,
chemical, and pyrolytic methods to convert biomass to useful fuels and
chemicals.! A major component of biomass is cellulose (1) and the major
products from the pyrolysis of cellulose (1) are charcoal, water, and small
organic molecules, some of which are chiral but most of which are highly
unsaturated and achiral.'*> We proposed that the pyrolysis of cellulose (1) and
other biomass materials in the presence of hydrogen-rich materials might allow
reactive species produced at high temperatures to capture hydrogen atoms from
the hydrogen-rich material to form small molecules that are more saturated.

© 2003 American Chemical Society 21
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Since biomass is chiral, these saturated molecules could also be chiral and could
be useful chiral synthetic building blocks, so-called “chirons” > In addition to
possibly producing useful chemicals, the transfer of hydrogen to the biomass
material could also lead to a higher quality, more hydrogen-rich liquid fuel.

In an effort to observe this proposed transfer of hydrogen, a mixture of
cellulose (1), soybean oil, and an acid catalyst was pyrolyzed at 300°C using the
procedure described by Morin.* Analysis of the products showed no new
significant products derived from the biomass but the yield of levoglucosenone
(2), the major small organic compound produced under these conditions, was
increased significantly.

(M — J%

cellulose (1) levoglucosenone (2)

On the basis of this observation, the pyrolysis of mixtures of cellulose
(1) and various vegetable oils under a variety of conditions was studied, and we
have developed a convenient method for converting cellulose (1) to
levoglucosenone (2) in >10% yield.® The previously reported’ yields of
levoglucosenone (2) produced by the pyrolysis of cellulose (1) under acidic
conditions are usually 2-5% and utilize special vessels and procedures that are
more involved than ours. Our procedure is essentially a vacuum distillation.

Our method produces levoglucosenone (2) in a relatively pure form. In
our procedure, cellulose (1) and an acid catalyst are added to a vegetable oil,
such as soybean oil (in a 1:3 ratio of cellulose:oil), and the mixture is rapidly
heated to 300 °C under vacuum. Within seconds levoglucosenone (2), water,
and charcoal begin to form and the water and levoglucosenone (2) distill from
the mixture and are condensed. The levoglucosenone (2) obtained from this
procedure is relatively pure (ca. 75%) and can be further purified by distillation
to give levoglucosenone (2) that is >80% pure. We can conveniently obtain
multigram quantities of levoglucosenone (2) by this procedure and feel
confident that the procedure could be scaled up to produce even larger
quantities.

The following is the specific procedure for the preparation of
levoglucosenone (2) by the pyrolysis of 5 g of cellulose 1) To a 50-mL
round-bottom flask fitted with a vacuum distillation apparatus was added
phosphoric acid (25 mg, 0.5 wt %), cellulose (5 g) and vegetable oil (15 g). The
slurry was stirred for about 5 min under reduced pressure (20-30 mm Hg), and
then heated by an appropriate heating mantle for 7 min to 270°C, as indicated by
the internal thermometer. The reaction mixture began to turn black and water
distillate appeared at about 140°C. Yellow distillate containing water and
levoglucosenone (2) appeared on the flask wall around 270°C, and the
temperature in the distillation head reached around 110-120°C. The reaction
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temperature was increased to 300-310°C over 15 min until no more distillate
came over. The yellow distillate was extracted by methylene chloride, and the
methylene chloride solution was dried over MgSQO,. After rotary evaporation of
the solvent, levoglucosenone (1) can be used directly, or further purified by
distillation. ~ This procedure produces several hundred milligrams of
levoglucosenone (2).

We have also studied the use of paper as the source of cellulose (1) and
we have learned that if the paper is pretreated with acid, yields of ca. 5%
levoglucosenone (2) can be obtained. The paper was preacidified following the
procedure of Shafizadeh and Chin.’ A quantity of 25 g of paper from a
newspaper was shredded into strips which were then cut by hand into smaller
pieces. To a 1000-mL single-neck round-bottom flask were added the shredded
paper, 180 mL of water, and 0.8 g (3.2% of the weight of the paper) of 88%
phosphoric acid. The mixture was heated for 3 hours at 60-70°C and then the
water was removed by using a rotary evaporator (4 hr). The preacidified paper
was then mixed with 25 g of soy oil and the mixture was pyrolyzed in a 500-mL
round-bottom flask; the yield as determined by GC using octyl alcohol as the
internal standard was ca. 5%.

Conversion of levoglucosenone (2) to chiral derivatives.

The potential of levoglucosenone (2) for use in organic synthesis is
exceedingly high.® It is a relatively small (six carbon atoms), nonracemic chiral,
rigid molecule with several important functional groups including a ketone
group, a double bond conjugated with the ketone, a protected aldehyde, and two
protected hydroxyl groups.” We have converted levoglucosenone (2) to several
derivatives which have potential for use in the synthesis of complex nonracemic
chiral compounds. Each of these derivatives has been fully characterized by
infrared, mass, and 'H and *C NMR spectroscopy.®'°

Cycloaddition reactions of levoglucosenone (2) have been widely
investigated and include the Diels-Alder reaction with various dienes such as
cyclopentadiene, butadiene, and isoprene.”'14 In addition, 1,3-dipolar
cycloadditions have been investigated."®

We studied the Diels-Alder reaction of levoglucosenone (2) with the
very reactive diene 2,3-dimethylene-2,3-dihydrofuran (3),"° the furan-based
ortho-quinodimethane, which is readily available by the Flash Vacuum
Pyrolysis (FVP) of ester 4.'° Diene 3 dimerizes very rapidly'®
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H,—O-C—Ph CH,
[{ g_ —EP_ g
CH;,4 CH,

O -PhCOOH (0}
4 3

and the thermal reaction of 2 and 3 gave only 12% yield of a mixture of two
isomeric cycloadducts, 5 and 6. Addition of the Lewis acid boron trifluoride"’
increased the rate of the Diels-Alder reaction and the yield of products 5 and 6
increased to 40%."°

mom /7Y Do COA 0
/ CHZ (8) : + \ l

o)
0 6

The thermal reaction produced 5 and 6 in a 3:2 ratio but the Lewis acid-
catalyzed reaction gave a 1:1 ratio. We could not separate the two cycloadducts,
but based the indicated constitution on analysis of the mass spectrum and 'H
NMR spectrum of the mixture of the two compounds. The stereochemistry was
assigned on the basis that the Diels-Alder reaction is normally suprafacial-
suprafacial'® and that for other cycloaddition reactions of levoglucosenone (2)
the addition anti to the 1,6-anhydro bridge is favored."'*

Michael additions'® to levoglucosenone (2) have been reported to go
with high stereoselectivity. Only products derived by addition anti to the 1,6-
anhydro bridge, exo products have been reported for the Michael addition of
methyl and n-pentyl cuprates® and other Michael donors®' to levoglucosenone
).

We have found that the Michael addition of n-hexyl cuprate to
levoglucosenone (2) gives the exo adduct 7 (stereochemistry determined by
NOE 'H NMR spectroscopy) as the major product in 70-80% yield; less than

THF 6H13
2 + i —> /[
[CH3(CH;y)s]; CuLi ah 4 H
-78°C—> 25°C 0

7 (major isomer, yield 70-80%)
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5% of the endo isomer is formed. We have studied compound 7 as a source of
chiral derivatives because a) compound 7 is a simple ketone without a
conjugated double bond which makes it less reactive than levoglucosenone (2)
and b) the large aliphatic group, the hexyl group, leads to organic soluble
compounds that are easier to isolate. Our methods allow us to prepare multigram
quantities of very pure (>98%) hexyl adduct 7.

Baeyer-Villiger oxidation of ketone 7, an oxidation with meta-
chloroperbenzoic acid, gave a very good yield of a mixture of formates 8 and 9

i

- ©/C‘0-0-H — o o
“CHy-0-CH  HiC f
HisCo &2 e te

Cl
8 9
8/9 = 2.4/1; yield 70-90%

in a ratio of 2.4:1.0 (the sample of 7 may have contained a small amount, <5%,
of the endo isomer but no products from the endo isomer were detected). The
mixture of 8 and 9 was converted to y-lactone 10 by treatment with LiOH.

LiOH
8 + 9 THEF, reflux z,
H 13C6 ‘CHz_ OH
10
85%

The stereochemistry of compounds 8, 9, and 10 was determined by
NOE spectroscopy. It has been reported >* that the methyl and pentyl adducts
of levoglucosenone (2) when oxidized by peracetic acid give y-lactones that
correspond to lactone 10, but no intermediate formates were reported.

Baeyer-Villiger oxidation of a cyclic ketone normally gives a ring-
expanded lactone? so lactone 11 is the expected Baeyer-Villiger product of 7,
not formates 8 and 9. This unexpected observation may be due to the fact that 7
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has a ketal group o to the carbonyl group. Levoglucosenone (2) also has this
structural feature and the Baeyer-Villiger oxidation of it has been reported to
yield a formate as a major product.”® It is conceivable that 11 is formed initially
but undergoes acid-catalyzed rearrangements to 8 and 9. Alternatively, the
initially formed peracid adduct of 7, 12, may go directly to the formates.

e
i : W
s 0;cn
n == CeHy;
‘ I : WP
A OH

Possibly each formate is derived from a specific stereoisomer of 12, 12-exo, and
12-endo.

! =R
\O/&;gzg ooy, (@Bﬂ;,
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The Baeyer-Villiger oxidation of ketone 7 by the procedure of Grieco”
which uses H,0, in acetic acid also gave formates 8 and 9 in a ratio similar to
that obtained when m-chloroperbenzoic acid was used. Also, it was noted that
limited treatment of the formate mixture with LiOH resulted in formation of a
mixture of lactone 10 and another compound. Spectroscopic evidence suggests
that this second product is the 8-lactone formed by removal of the formate group
from 9. Evidently, prolonged treatment with LiOH results in isomerization of
this &-lactone to y-lactone 10.

The carbonyl group of 7 is readily reduced by sodium borohydride**
give a mixture of the epimeric alcohols 13 and 14. This mixture of eplmerlc

(0]
NaBH o3 l& §C6H13
7 4 fahasnduie. SIS % Of H
H
OH

13 14
ratio 55/45; yield 100%

alcohols can be converted to olefin 15 via the mixture of mesylates 16.”
Compounds 13 to 16 should be useful synthetic building blocks since with their

CH 0
CH,S0,CI ({ ne +-BuOK CoHlis
13+ 14—, —_— H
O- SOzCH3 in DMSO

16 15

simple, common functional groups, they can be converted to many other
enantiomerically pure compounds.

The hexyl derivative 7 was pyrolyzed® in the gas phase (Flash Vacuum
Pyrolysis conditions)*’ with the hope of losing CO to produce 17 2 Little or no
17 was produced, but a reasonable yield of several products including two
isomers of 7, always in a ratio of 4:1, was obtained. We have determined (using

0]
FVe || &b(C6HI3
7 i S 4 co

17
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infrared, mass, and 'H, 'H NOE, and “C NMR spectroscopy) that these
compounds are 18 and 19. We propose that these two bicyclic lactones are
formed through a 6-electron rearrangement in which the carbonyl exygen atom
closes to form an ether linkage, the acetal group opens to form an ester, and a
hydrogen atom shifts from the acetal carbon atom to the neighboring carbonyl

. o
, FVP B Oﬁ/&ﬂn
— A

o
19
18/19=4/1

carbon atom. The 6-membered ring of the transition state for the formation of
18 is in a chair conformation but in the transition state for the formation of 19,
the 6-membered ring is in the boat conformation. This difference may account

[
i3 0 CHy,

18
}a&‘ 2
, -
\ i3 %/CGHB

7
19

for the higher yield of 18 relative to 19. Although electrocyclizations involving
heteroatoms have been extensively studied,”® we are not aware of any precedent
for this type of rearrangement.

Compound 7 was pyrolyzed under a variety of conditions with the
objective of optimizing the yields of 18, 19, and other products. In addition to
18 and 19, it was found that another product is produced, especially at high
temperatures. Spectroscopic data indicate that this product is aldehyde 20. The
mechanism for the formation of 20 is not clear at this time.
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Chapter 3

Preparation and Exploitation
of an Artificial Levoglucosenone

Kunio Ogasawara

Pharmaceutical Institute, Tohoku University,
Aobayama, Sendai 980-8578, Japan

Levoglucosenone and its functionalized analogue have
been synthesized from furan by employing either
enzymatic resolution or asymmetric synthesis. The
potential of the latter as a chiral building block has been
demonstrated by synthesis of all eight hexose
diastereomers and some other natural products.

Introduction

Levoglucosenone' (-)-1 is a pyrolysis product of cellulose having a
7,8-bicyclo[3.2.1]oct-3-en-2-one framework. Because of its high
functionality confined in the biased framework exerting inherent convex-
face selectivity, it has received considerable interest as a versatile chiral
building block for diastereocontrolled construction of natural products.? It
is, however, still not fully used owing to its less effective production limited
to the particular enantiomer originated from cellulose. Moreover, its
versatile utility is precluded by the presence of a rather sturdy internal acetal
functionality, the cleavage of which required rather strong conditions.
Therefore, development of an efficient production of both enantiomers of
levoglucosenone 1 as well as its synthetic equivalent allowing facile acetal
cleavage would greatly promote chiral synthesis. I will present here recent
advances achieved in our laboratory involving the synthesis of
levoglucosenone 1 itself and its functionalized analogues in both
enantiomeric forms without using sugar precursors, and the exploitation of
the latter in the synthesis of aldohexoses and other natural products.

© 2003 American Chemical Society 33
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Synthesis of Levoglucosenone

Besides the cellulose pyrolysis producing levoglucosenone (-)-1,
syntheses of both enantiomers of 1 have been reported."* However, these
methods use natural carbohydrate precursors and the results are practically
less than satisfactory. We, therefore, explored first the synthesis of
levoglucosenone 1 without using a naturally occurring starting material.

In order to obtain levoglucosenone 1 in both enantiomeric forms by
employing lipase-mediated kinetic resolution, we used acrolein dimer 2 as
the starting material.* 2 was first transformed to the bicyclic ketone (+)-6 by
sequential four steps of reactions via 3~5. Racemic levoglucosenone (%)-1
was obtained from 6 via the silyl ether 7 by employing the Saegusa reaction.
To carry out lipase-mediated resolution, (+)-1 was transformed into the
endo-alcohol (1)-8 and the acetate (+)-9 (Scheme 1).

' NaBH, mCPBA__ stOH
0% TMeOH
CHO ’ o “* Meo (58%, 5 steps)

@*)-2
Pd(OAc),

Swern oxd, TBS-Cl O\QOZ’ DMSO l)NaBH4 \
4% ~ [JS 1ba ))/\O?BS 5% ) o Daco” ) oy
o (93%) O 57)

(1)-6 (4)-7 8 ReH
(#)-9 :R=Ac
Scheme 1

On reaction with vinyl acetate in THF in the presence of
immobilized lipase (lipase AK), (+)-8 afforded the optically enriched acetate
(+)-9 (46%:70% ee), leaving the optically enriched alcohol (-)-8 (46%:70%
ee). On stirring in a phosphate buffer in the presence of lipase PS, (+)-9
afforded enantiocomplementarily the acetate (—)-9 (31%:96% ee) and the
alcohol (+)-8 (62%:74% ee). Optically enriched levoglucosenone 1 was
obtained from the resolved products under standard conditions (Scheme 2).

llpase AK \ MnO,
) v1nyl r\ —_— 5
acetate ) o4 CHxCl; (85%) ) 0
THF, 12 h (46%:10% ee) (46%.70% ee) (-)-1
(+-9 -)-8

Scheme 2
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To obtain the enantiopure products, we explored an alternative
procedure again by employing lipase-mediated resolution.” It is well known
that a furfuryl alcohol furnishes a 3-pyrone hemiacetal on oxidative
treatment.® Actually, the reaction of (2-furfuryl)ethylene glycol 13,
obtained’ from furan 10, with mCPBA afforded isolevoglucosenone®® (+)-
15 having the opposite enone disposition to 1 after acid-cyclization of the
pyrone 14. For enzymatic resolution, (+)-15 was converted into the alcohol
(3)-16 and the acetate (1)-17, diastereoselectively (Scheme 3).

sO (cat.)
E;lc——’ CJ\/ - o~
(91%)
*)-13
mCPBA z stOH \ 1) NaBH4
CH,Cl, OH benzene 2) Ac,0 R
o 104 2 ste s) (1)- 15 (0%
p (+)-16 R=H
(4)-17 : R=Ac
Scheme 3

Among the lipases examined, lipase AK gave the best result to
furnish enantiopure (-)-17 (48%:>99% ee), leaving enantiopure (+)-16
(47%:>99% ee), when the racemate (i)-16 was treated under
transesterification conditions with vinyl acetate in THF. On the other hand,
the racemate (+)-17, under hydrolysis conditions in the presence of lipase
PS in a phosphate buffer, furnished enantiocomplementarily the optically
enriched (-)-16 (51%:97% ee), leaving the optically enriched (+)-17
(48%:98% ee). The resolved products were converted into
isolevoglucosenone 15 under standard conditions. Isolevoglucosenone 15
could be transformed into levoglucosenone 1 in three steps involving the
Wharton rearrangement'® via 18 and 19 (Scheme 4).

lipase AK O T\ 0AC |
MnO
*)-16 vmyl acetate )/\ i \ 2, : \
OOH CH)C, OO

(48% >99%¢e) (47%:>99%ee) B4%)  (-)-15
(17 (+)-16

20 OH
30% H,0, OT//%O NHNH, O~ _MnO, o1
aq.NaOH [/ AcOH (cat.) CH,Cl,
(M%) O (-)-18 MeOH,0°C 0" (-).19 (89%)
(56%)

Scheme 4
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Enantiocontrolled synthesis'® of levoglucosenone 1 employing
asymmetric dihydroxylation'! (AD) has also been developed starting with 2-
vinylfuran 12. Thus, reaction of 12 with AD-mix-a afforded the optically
enriched diol (+)-13 (81%:90% ee) and with AD-mix-B afforded (-)-13
(89%:93% ee). By employing the procedure above, optically enriched
levoglucosenone 1 could be obtained via 15 (Scheme 5).

AD-mix- a 15 1

aq. Bu’OH

(81% 90%ee)
(+)-13

Scheme 5

Synthesis of a Levoglucosenone-Type Chiral Building Block

As noted above, one difficulty which prevents versatile use of
levoglucosenone 1 is its sturdy internal acetal functionality. We, therefore,
designed'? a levoglucosenone carrying a handle on an appropriate position
such as 6-alkoxymethyllevoglucosenone 20 so as to cleave the internal
acetal functionality without difficulty. If 20 is available, its acetal linkage
may be cleaved after conversion into a halomethyl derivative 21 to give a
hemiacetal 22 under reductive conditions (Scheme 6).

0%\ — %RA w
POGJO ) =
Y HO

20 21 22

Scheme 6

In order to realize this basic idea, we started with the O-protected
3(2-furyl)-2-propenol'® 23 obtained from 11. Thus, dihydroxylation of ()-
23 gave the diol (+)-24 which was transformed into 6-alkoxymethyl
isolevoglucosenone (*)-26 via 25 by sequential oxidative ring expansion
and cyclization. (£)-26 was then transformed into (+)-27 and (+)-28 for
lipase-mediated resolution (Scheme 7).
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1) LAH | 0Os04 mCPBA
2) PBr OP NMO |

NaOH (85%) +) 248,
0 1) NaBH,
z (0]
O o g
HO Y0P po SO O VAR po~~JO OR
25 OH (68%, 2steps) %) T4y 59 R
P=2-naphthylCH,- ~ (¥)-26 (#)-28:R=Ac
Scheme 7

On stirring with vinyl acetate in THF in the presence of lipase PS,
(*¥)-27 afforded enantiopure (-)-28, leaving enantiopure (+)-27.
Interestingly, the attachment of an extra alkoxymethyl amplified the
enantiodiscrimination in the enzymatic reaction.” The amplification was
also observed when (+)-28 was stirred in a phosphate buffer in the presence
of the same lipase to afford enantiopure (—)-27 and enantiopure (+)-28. The
enantiopure products were reverted to the enantiopure isolevoglucosenone'
26 under standard conditions'® (Scheme 8).

@)-27 llpallse PS Ac /% cg;c;g - \
vinyl acetate fo)
THE PO 0

(47% >99%ee) (47%:>99%ee) -)-26
(-)-28 (+) 217
()2 g—pase PS _ lipase PS oﬁ/\\S:OH \ from (—) 27
" bufter /~>/ O bac 93%) /c?/\
(46% >99%ee) (46%:>99% ee)
21 28 (+}26
Scheme 8

Interestingly, again the alkoxymethyl attachment amplified the
enantioselectivity in the AD reaction. Thus, 23, on reaction with AD-mix-o
reagent, afforded the enantiopure (+)-24 while, with AD-mix-p reagent, it
afforded the enantiopure (-)-24. Enantiopure products gave enantiopure 26
under standard conditions'? (Scheme 9).

Isomerization of 26 to the levoglucosenone 20 was, however,
found to be unexpectedly difficult under the Wharton conditions.'® In
contrast to 18, 30 afforded only a minor amount of 31 on exposure to
hydrazine. We had, therefore, to take a circuitous route to convert 26 into
20. Thus, the endo-alcohol (+)-27 obtained from 26, was first inverted to
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1) mCPBA
3_AD-mix U\/Qi/ 2) pTsOH \
A > 1
MeSO,NH, o™ OP” 68%, 2 steps) oY%
50% aq. Bu'OH = d
(74%:>99%ee) ( 0*2'4 (-)-26

Scheme 9

~

the exo-alcohol 32 by the Mitsunobu reaction. On mesylation followed by
solvolysis with aqueous calcium carbonate, 32 afforded the isomeric exo-
alcohol 31, by S\2’ substitution, which afforded 20 on oxidation. Overall
yield of (+)-20 from (-)-26 was 33% in 6 steps'® (Scheme 10).

j_%

30% H,0, o
(-)-26 aq. NaOH ! on, A
®7%), ~LO O (p°°’) 0 (54% from 32)
NaBH, 30
CeCly 1) MesCl, Et;N ecc
(93%) 2) aq. CaCO, A,x CH,Cl,
(93%)
1) HCO,H o OH o——x0
(+)-27 DIAD, PPh, > \r \ I \
2) K,CO,, MeOH 0 0
% PO 32 (-)-20
Scheme 10

Synthetic Exploitation of the Levoglucosenone Type Chiral
Building Block

Having established the chiral synthesis of levoglucosenone 1 and
its functionalized analogues in both enantiomeric forms, we next
investigated the exploitation of 26, the functionalized isolevoglucosenone,
for the enantiocontrolled construction of natural products on the basis of its
inherent convex-face selectivity and functionality, in particular, the
alkoxymethyl handle for the acetal cleavage.

(a) Synthesis of the Eight L-Hexoses

As the most appropriate targets for demonstrating the potential of
26, we chose the aldohexoses having eight diastereomers.'*'® So far, only
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one method'” has been developed for the synthesis of all of the eight
possible hexoses by the groups of Masamune and Sharpless'® who employed
the asymmetric epoxidation (AE) as the key step. This procedure requires
two AE steps and one carbon-carbon elongation step to obtain one particular
hexose from a common four-carbon starting material. To develop a simpler
method, we planned to converge all the eight hexoses into 26 through a
diastereocontrolled introduction of three hydroxy functionalities on its
enone moiety to generate the eight possible diastereomeric precursors
corresponding to the eight targets.

Thus, 27, generated from (-)-26, was transformed into 33 in 3 steps
involving convex-face selective dihydroxylation. Conversion of 34 into the
iodide 35 followed by treatment of the latter with zinc allowed facile
cleavage of the acetal linkage to give 36 as expected. The generation of the
hemiacetal 36 opened two ways leading to hexoses. Namely, on
acetalization, followed by sequential oxidative cleavage and reduction of the
vinyl functionality, 36 yielded 37 serving as the precursor of L-gulose
(route A), while sequential reduction of the hemiacetal functionality and
oxidative cleavage of the vinyl functionality yielded 38 serving as the
precursor of D-glucose (route B). Moreover, 36 afforded the lactone 39
which was found to be epimerized to thermodynamically more stable 40, on
treatment with DABCO, serving as the precursor for L-idose. The
demonstrated synthesis producing the three hexoses via the single
hemiacetal 36 indicated that all of the eight trioxygenated precursors are not
necessarily required for the production of the eight hexoses (Scheme 11).

1) Hy, Pd-C

1) OsO, o B 2) MesCl OBn
NMO X Bn 3) Nal OBn Zn
OOBn 2 BnBr o Bn ©0%)_*T5 bpn  ADH
(89% I 35 (97%)
OH
l)BnOH H* Pd(OH)2 R HO (route A)
route
2) 03-NaBH4 i %) |
3 7
1) LAH
OBn 2) BnBrB"O n Ha,
Pd(OH)2
3) OsO4 (99%
NalO,
(70%) D-glucose

TPAP

NMO o 9Bn 1) DIBAL
(84%) OBn DABCO_ OBn 2) route A t‘)\‘/'\ﬂ-l
Bn A% OBn

route BG) 5y Oy
40 (55%) L-idose

Scheme 11
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To obtain other diastereomeric hexoses, 30, obtained from (-)-26,
was first converted into the benzoate 41. On exposure to boron trifluoride, "
41 furnished 43, through 42, after methanolysis. Employing the same
procedure above, 43 was converted to the hemiacetal 44 which furnished L-
galactose via route A and D-galactose via route B (Scheme 12).”

OBF
l)NaBH4 ? o
L T he T
Z + el
pyridine PO §’ro (82%)PO 0 OH
(87%) 41
Ph 42Ph 43
oH P oy on ou O OH OH
as abov X A
25 above, —> : H
86%) _1BnO opn roCHOT o
OH OH OH OH
4 4 L-galactose D-galactose
(route A) (route B)
Scheme 12

On the other hand, 32 was first transformed into the 3,5-
dinitrobenzoate 45 which allowed diastereoselective dihydroxylation* to
give 46 after methanolysis and benzylation. 46 afforded the hemiacetal 47
from which L-allose viaroute A and D-allose via route B were obtained
(Scheme 13).'¢

A:)cfr 1) Os04 BnoTE" 1) Hy, Pd-C

LArc0q % \ > O*\r 0Bn2 I, PPhs
pyriding 2) NaOMe, MeOH __ *T4 3) Zn, AcOH
PO ™, 5  3BnBr,NaH PO 46 (92%)

(66% from 32)
OH OH OH OH OH OH

BnO
OH | OBn = b
02 OBn m\* . I\MCHO

—_— CHO = =
47 OH OH OH
= L-allose D-allose
(route A) (route B)
Scheme 13

The benzyl ether 48, generated from (+)-20, afforded 49 which
furnished L-altrose via route A and L-talose viaroute B through the
hemiacetal 50 (Scheme 14).'6
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1) NaBH, OH
eCly X 0Bn 050, O~ OBn
(=)-20 —/—/——>> 5 — * )
2) gggr PO NMO PO 0]
(93%) 4
(98%) 48 9
on 9Bn OH OH OH OH OH OH
0~ 0OBn 2 * K
as above, "\ OBn —» CHO* v “CHO
(68%) o4 On OH OH
= 50 L-altrose L-talose
(route A) (route B)
Scheme 14

The epoxide 51, obtained from (+)-20, afforded 52 from which L-
mannose was obtained by either route A or route B through the hemiacetal
53. Moreover, 53 furnished L-glucose via route A and D-gulose by route B
after conversion into 54 and 55 (Scheme 15).'6

1) Naogl 1) BF;-OEt, o OBn
__pyniding 2) NaOMe T Bn
()20 ——> Bz 2 N2OMe
2) NaBH, /\F@O 3) BnBr, Nal'é()/\‘kﬁl§0 W
3) BzCl (95%) OBn
pyridine 51 52
(56%)
OH OBn OH
(o =
e
5 3 L- mannose
TP (84%) (route A or B)
OH
%
%n DABCQ Oé)Bn W Y CHO
Bn (60‘7 )
L glucose D gulose
(route A) (route B)

Scheme 15

Thus, the eight L-hexoses were obtained from the single precursor
(-)-26 along with additional four D-hexoses through the five hemiacetal
intermediates, 36, 44, 47, 50 and 53.

(b) Synthesis of L-Novioses

Inherent convex-face selectivity and functionality of 26 enable us
to construct other sugar molecules as well as some other natural products.
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Starting with (+)-26, L-noviose, the sugar moiety of antibiotic
novobiocin, was obtained. Thus, (+)-26 was converted into 56, via 41,
which on reaction with methyllithium followed by oxidative cleavage and
deprotection gave L-noviose (Scheme 16)*'

Scheme 16

(c) Synthesis of (+)-Conduritol F and (+)-Febrifugine

The terminal olefin functionality generated by the cleavage of the
acetal linkage was conveniently used in the ring-closing metathesis* (RCM)
which led to a cyclitol (+)-conduritol F, an antimalarial (+)-febrifudine, the
Cy5-Cs4 segment of an immunosuppressant FK-506, and a key biosynthetic
precursor (-)-shikimic acid.

Thus, (-)-26 was transformed into the diene 58 which, on
sequential RCM and deprotection, furnished (+)-conduritol F (Scheme
17).2 On the other hand, (-)-26 was converted into the diene 60, via 59,
which gave the ketone 62, the precursor of febrifugine,?* by conversion
involving RCM.

OMOM
OH MOM
X OMOM _
(-)-26—> OMOM 5. e
= OMOM Y "lomom "ioH
57 5 8 OMoM OH
(+)-conduritol F
Bocw., N\
HO\N ~ I *,OH . DH
O~z "
N __» OH "RCM" 0‘-[
N
= 59 Boc 60 Boc 61
#,0Bn #,110H
Boc
62 (+)- febrlfugme

Scheme 17
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(d) Synthesis of the C,4-C,, Fragment of FK-506 and (-)-Shikimic Acid

The C,4-C,, fragment of FK-506 and (-)-shikimic acid required the
hemiacetal 63 having the same framework which was obtained from (+)-26
by convex-face 1,4-addition and acetal cleavage. The C,s-Cs, fragment was
obtained through 63~65 (R=Me) on sequential RCM and hydrogenation.?

On the other hand, 65 (R=MOM), obtained through 63~65
(R=MOM) by employing the same sequence involving RCM, was converted
into 66 on sequential diastereoselective epoxidation, protection and
oxidation. On treatment with DBU, 66 afforded 67 serving as the precursor
of (-)-shikimic acid (Scheme 18).%

@*g

(+)- 26__)HO«A/I§

RCM"_
6 3 OH 6 4 OH 65
COzMe zMC CO
— () - Ci @
oMOM  HO'" OMOM Ho" &~ NoH
OMOM OMOM OH
66 67 (-)-shikimic acid

Scheme 18

(e) Synthesis of (-)-Kainic Acid

Combination of 26 with pericyclic reaction led to a
diastereocontrolled synthesis of anthelmintic (-)-kainic acid and
anticholinergic (-)-physostigmine and (—)-physovenine. Thermolysis of 68,
obtained from (+)-26 furnished diastereoselectively 69 by intramolecular
ene reaction. (-)-Kainic acid was obtained from 69 through a sequence of
several steps of reactions (Scheme 19).7

Csz Csz U\ ) o '\co H
(26— \ lenety, 2

PO”( 0,H
6 8
(-)- kalmc acid

Scheme 19
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(f) Synthesis of (-)-Physostigmine and (-)-Physovenine

The Fischer indolization of 70 obtained from (-)-26, with
arylhydrazine proceeded diastereoselectively to give rise to the indolenine
72 via 71. Both (-)-physostigmine and (-)-physovenine were obtained from
72 through a sequence of several steps of reactions (Scheme 20).%*

Me
(o)
(-)-26—>»  x Me ArNHNH3.Cl P ‘
6% aq. pyridine 'S /N
PO 70 PO NH
H Me

71
Me

MeIl\J-lﬁO ~ : I
(0]
N

Me H
(-)-physostigmine (X=NMe)
(-)-physovenine (X=0)

Scheme 20

Conclusion

As demonstrated, we now have developed a second method being
capable of producing all of the eight hexoses from a single artificial chiral
building block obtained by employing either enzymatic resolution or
asymmetric synthesis. On the basis of the biased structure and the
functionality involved in the newly designed levoglucosenone block, not
only the eight possible hexoses, but other biologically interesting natural
products could also be constructed.
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Chapter 4

Sugar-Derived Building Blocks for the Synthesis
of Non-Carbohydrate Natural Products

Frieder W. Lichtenthaler

Institute of Organic Chemistry, Darmstadt University of Technology,
D-64287 Darmstadt, Germany

The generation of enantiopure non-carbohydrate natural
products from readily available sugars is of practical value
only, if the individual reactions employed allow simple
reagents, proceed uniformly, and avoid complex separations in
work-up procedures to ultimately enable favorable overall
yields. Such practical criteria entail the transformation of a
sugar, "overfunctionalized" with chirality and hydroxyl
groups, into an enantiopure building block with suitable
functionalities, e.g. C=C or C=0 groups, or both, and only one
or two centers of asymmetry left. The principal possibilities
for the elaboration of new benign reaction channels sugar —
enantiopure building block are delineated with an emphasis on
dihydropyranones with isolated or vicinal centers of chirality,
as they provide a more clearly foreseeable stereochemistry in
additions of O-, N- and C-nucleophiles than their open-chain
or furanoid counterparts. Application of various of such
hexose-derived six-carbon building blocks to the synthesis of
diplodialide-type pheromones, of the soft coral metabolites
(S,S)-palythazin and (S,S)-bissetone, of ACRL-Toxin, of a
series of Labiatea-derived C,,-enelactones, and of
uscharidine-type cardenolides is presented.

© 2003 American Chemical Society
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Carbohydrates are the single most abundant class of organic compounds
associated with living matter, and, hence, are enantiopure. This auspicious fact
together with the bulk-scale availability at low cost renders them ideal starting
materials for organic preparative purposes if the acquisition of an
enantiomerically homogeneous target molecule is a conditio sine qua non — an
approach that is a most attractive alternative to the construction of enantiopure
target molecules by asymmetric synthesis.

Despite of these highly favorable prerequisites of carbohydrates in general,
and low-molecular weight sugars in particular — Table 1 gives an overview on
their accessibility — it appears surprising that sugars are not utilized on a much
larger scale as raw materials for chemical industry (/-7) on one hand, and for
the construction of enantiopure non-carbohydrate natural products and
pharmaceuticals on the other. There are reasons for this, of course. Sucrose, for
example, "the royal carbohydrate” (8), and with an annual generation of
130 million tons the world's most abundantly produced organic compound,
provides an interesting chemisty (9,10), yet is unsuited for many synthetic
transformations due to its acid-sensitive intersaccharide linkage. Its component
monosaccharides, D-glucose and D-fructose, are devoid of this deficiency, yet
direct utilization of their vast synthetic potential is impeded by a number of
obstacles: they are overfunctionalized with hydroxyl groups of similar or
identical reactivities, they have considerably more chiral centers along the six-
carbon chain than required for non-sugar target molecules, and, they lack
suitable functional groups such as olefinic or carbonyl unsaturation to which
modern organic preparative methodology can directly be applied.

MONOSACCHARIDES AS ENANTIOPURE EDUCTS

OH OH
(0]

OH OH H

D-Glucose

SHORTCOMINGS: overfunctionalized with hydroxyl groups
too many chirality centres
lack of C=C and C=0 functionalities
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Table 1. Annual Production Volume and Prices of Simple Sugars, Sugar-derived

Alcohols and Acids.
World production® Price®
(metric t/year) (€/kg)
Sugars Sucrose 130.000.000 0.30
D-Glucose 5.000.000 0.60
Lactose 295.000 0.60
D-Fructose 60.000 1.00
Isomaltulose 50.000 2.00
Maltose 3.000 3.00
D-Xylose 25.000 4.50
L-Sorbose 60.000 7.50
Sugar Alcohols  D-Sorbitol 650.000 1.80
D-Xylitol 30.000 5.00
D-Mannitol 30.000 8.00
Sugar-derived D-Gluconic acid 60.000 1.40
Acids L-Lactic acid >100.000 1.75
Citric acid 500.000 2.50
L-Tartaric acid 35.000 6.00
Amino Acids L-Lysine 40.000 5.50
L-Glutamic acid 500.000 7.00

2 Reliable data are only available for the world production of sucrose, the figure
given referring to the crop cycle 2000/2001 (/7). All other data are average values based
on estimates from producers and/or suppliers, as the production volume of many
products is not publicly available. b Prices given are those attainable in early 2001 for
bulk delivery of crystalline material (where applicable) based on pricing information
from sugar industry. The listings are intended as a benchmark rather than as a basis for
negotiations between producers and customers. Quotations for less pure products are, in
part, sizeably lower, e.g. for the commercial sweetener "high fructose syrup", which
contains up to 95% fructose, and, thus, may readily be used for large-scale preparative

purposes.
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These adverse conditions have elicited considerable efforts to reduce the
number of chiral centers as well as hydroxyl groups with the simultaneous
introduction of useful functional groups (70, 13-15). One approach involves the
shortening of the aldose carbon chain, or, more simply, its bisection, as
exemplified by the use of D-mannitol-derived 2,3-O-isopropylidene-
D-glyceraldehyde. Whilst this product and its L-ascorbic acid-derived
enantiomer have developed into popular enantiopure three-carbon synthons
(16), it may be objected that the photosynthetic achievement of Nature which
graciously provides us with six-carbon compounds, is utilized rather
inefficiently, clearly pointing towards elaboration of synthons from sugars with
retention of the carbon chain.

Indeed, the most frequently used alternative to sugar-derived three-carbon
synthons is the gradual step-by-step carving out of a target molecule of a
segment thereof; from a hexose, resulting in a reaction sequence that is
specifically tailor-made for the synthetic target. The number of complex, non-
carbohydrate natural products synthesized via this approach is enormous (72,
17-19). The vast majority of these total syntheses, however, are exceptionally
long and cumbersome, and their transposition to a reasonably large scale is
essentially unfeasible with respect to the reagents used, the number of steps
required, the expenditure of work involved, and the overall yields attainable.

Thus to fully exploit the huge potential lying in the readily available
pentoses and hexoses, criteria of efficiency, practicality environmental
benignity, and overall economy have to be applied to the ensuing reactions to be
performed — not the least in the anticipation that the process evolving may
eventually be used industrially. Such criteria obviously comprise

o retention of the carbon-chain of the sugar,

¢ selection of reactions that allow for simple reagents a uniform course,
and an uncomplicated, non-chromatographic workup,

¢ use of simple protecting groups, if not avoidable at all,

¢ steering for stable, crystalline, readily purificable intermediate
products along the way,

¢ reasonably high overall yields, i. e. 75 % per step on the average,

¢ overall reaction sequences that have the potential of being
transposable into the hectogram scale.

Realization of most or all of these criteria calls for the conversion of a
pentose or hexose into a versatile five- or six-carbon synthon, preferably a stable
building block with one or two chiral centers and with synthetically flexible
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functional groups. Since the efficiency of this conversion largely determines the
practical value of the total synthesis to be accomplished, restriction is necessary
to what is preparatively "makeable" in 4-5 steps and with overall yields of 40-
50 %. This, in turn, reduces the number of methodical entries sugar = building
block to a very few "reaction channels" which, nolens volens, are different for
each sugar, since an optimal compliance with their individual stereochemical
intricacies is imperative for achieving adequate preparative results.

The initial stage of any reaction channel from a sugar to an enantiopure
building block invariably involves fixation of the sugar in the respective
tautomeric form. The few preparatively useful reactions of this type have been
elaborated long ago, usually dating back to the beginning of carbohydrate
chemistry over a 100 years ago: mercaptalization to the acyclic dithio acetals
(17), isopropylidenation to furanoid systems - as e.g. the preparation of
"diacetone glucose" by Emil Fischer in 1885 (/8), or the generation of pyranoid
structures, such as glycosides (79), glycal (20) or hydroxyglycal esters (21):

Me
Me)\" 0
o] o OH OH
OH HO ™~ SEt
Q OH OH SEt
. O m . .
Diacetonide Me Dithioacetal
Mezcox9o % 70 o// EtSH/H"
ZnCl,
1. Ac,O 1. BzCl
70 % | MeOH 70% | 2.Br,/P 85% | 2.Br,/P
H 3.Zn/HOAc 3. E,NH
OH OAc OBz
O 0] O
OH OAc OBz
HO OMe AcO 7 BzO 4
OH OBz

Glucoside Glucal Hydroxyglucal
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Once, tautomeric fixation has been achieved, the mono- or disaccharide is
to be converted into building blocks with useful functionality, such that the
modern preparative armoury of organic chemistry can directly be applied.
Thereby, the number of furanoid, open-chain, and pyranoid building blocks is
immense, in principle, yet when imposing the practical norms outlined for their
acquisition, the possibilities shrink substantially, as there are comparatively few
preparatively satisfactory methodologies available, reaction channels so to say,
and their outcome is usually dependent on the inherent stereochemistry of the
individual sugar derivative, such that transfer of reaction conditions from one
sugar to another rarely results in analogous products.

To be presented in the sequel, are a series of prototype reaction channels
leading from simple, tautomerically fixed D-glucose derivatives to enantiopure
building blocks along preparatively useful, practical protocols, followed by their
utilization for the straightforward total synthesis of a series of natural and non-
natural products in optically active, enantiomerically homogeneous form.

OAc OR OB(z)
AcO Q RO o}
AcO RO \ Br
AcO g, o & BzO o)
1 2 3
R=Ac, Bz Bn
85 % (2 steps) 70 - 75 % (4 steps) 50 % (5 steps)

By contrast, 2-oxoglycosyl bromides of type 2 (" ulosyl bromides "), with
an electron-withdrawing carbonyl function at C-2 rather than a participating
acyloxy substituent as in 1, have only recently become well accessible (25, 26).
Similarly, the original protocol for the obtention of enolone bromide 3 (27) — an
"advanced" building block due to only two asymmetric centers which flank the
versatile enolone ester functionality — has only recently been optimized (28) to
allow overall yields from D-glucose in the 55 % range.

Acylated 2-oxoglycosyl bromides of type II may efficiently be generated
from hydroxyglycal esters by either of two ways, i. e. a high-yield, three-step
procedure involving hydroxylaminolysis (29), deoximation (30), and photo-
bromination (37), or, alternately, by a one-step process, simply consisting of
exposure of hydroxyglycal ester I, in dichloromethane solution, to NBS or
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bromine in the presence of methanol (25, 26). Mechanistically, the direct
conversion I — II is thought to proceed via initial attack of a brominium ion to a
2-bromobenzoxonium salt intermediate of type III, in which the 2-O-benzoyl
group is captured by methanol; the resulting formation of methyl benzoate
leaves ion pair IV that combines to II. The ease with which this conversion can
be effected (30 min, room temperature) is as remarkable as the yields attainable
(80-90 %) and the applicability to disaccharide-derived hydroxyglycal esters
(32). Accordingly, glycos-2-ulosyl bromides of type II are nearly as well
accessible from basic monosaccharides as the standard acylated glycosyl
halides.

R R

B0 o) NBS / MeOH B20 )
BzO < BzO
0Bz (0]

Br BzOCH, |89
I Il

| |

R Br 2 R (o)
BzO — e} -MeOBz  BzO
Bz(ﬁm@ lNi:] NEs Bzm ®
5o 5
>¢ 0 Br®
Ph \ H
I OMe v ]

Glycosidation of these ulosyl bromides under Koenigs-Knorr conditions
proceeds in an essentially stereospecific manner, i. e. 2 — 4, so that with a large
variety of alcohols, even comparatively non-reactive saccharide OH groups,
high yields of the respective B-ulosides are obtained. As the subsequent hydride
reduction 4 — 5 proceeds with manno-selectivities of 5:1 to >20:1, this
methodology, which has been termed the "ulosyl bromide approach", has
proved highly advantageous for the generation of B-D-mannose-containing
oligosaccharides (33, 34).

Anomeric C-homologation can be effected by applying Reformatsky
conditions, zinc promoted addition to aldehydes smoothly providing
C-glycosiduloses of type 6 (35, 36). The synthetic potential of ulosyl bromides



54

is similarly accentuated by their glycosidation with vicinal diols, ethylene
glycol, for example, leading not only to the B-glycosidulose but by subsequent
elaboration of a cyclohemiketal to pyranodioxanes of type 7 (25, 37) — dioxane-
anellated glycosides that occur in a variety of Calotropa cardenolides which
may advantageously be synthesized for the first time by this methodology.

BzO

0Bz 0Bz nd” o o/ﬁ
BzO o] ROH/Ag,CO; | g,0 Q Ag2CO;3 Bzoﬁ‘l/o
-— — >
BzO OR Bz0 86 % B20
o] o HO

~90 %
Br

4 2
l H l Zn/RCHO Ill
B20 oB2 B20 on
OHp o BzO ““,‘-0
BzO - BzO
BzO OR BzO R
(o] OH ] (¢] “0
BzO
5 6 7
B-D-Mannoside C-Glycoside Pyranodioxane

In this context, pyranoid sugar enolones of type 8, or 9, i. e. those that carry
chiral centers on either side of the enolone structural element, are even more
powerful building blocks stereoselectivities in addition reactions. They are
accessible in various substituted forms from the respective hydroxyglycal esters
in another, preparatively delightful reaction channel, a chlorination —
hydrolysis — elimination sequence (27, 28).

0Bz 1. Cly/ HyO 0Bz
0 2. NaHCO, 0
0Bz it 4 -
BzO 4 9% \: OBz
OBz Bz0 0
8 9

In the case of D-glucose-derived hydroxyglycal ester 8, low temperature
chlorination affords an approximate 1:8-mixture of the cis-dichloride of
a-D-manno-configuration (10) and the a-D-gluco-benzoxonium salt (11), of
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which the latter, on in situ hydrolysis with water, is converted into the
o-D-hexulose 12. Brief warming with moist NaHCO,, or stirring with sodium
acetate in acetone, induces B-elimination of benzoic acid in 12 to yield an 8:1
mixture of dihydropyranone 9 and the dichloride 10, from which 9 can be
isolated in pure form by a single crystallization in satisfactory overall yield
(79 %) (27, 28).

0Bz OBz [ 0Bz
0] 0] 0]
OBz / lC—l2> OBz BzO + OBz CI cP
BzO ‘5‘5 0ee B0 Ci BzO o
OBz Cl o®
8 10 11 Ph
) a-D-manno - -
£ 79% (1:8) l
v
OBz OBz
0] o]
NaHCO;
- 0Bz -—
\ toluene HCI
OBz 70 °C BzO OBz (- )
BzO [o) (6]
9 12

Thus, from the stage of a hydroxyglycal ester of type 8, which is only a
one-pot reaction away from a bulk sugar, another simple, practical one-pot
reaction leads to enantiopure 2,6-dihydropyranones, which provide a prolific
ensuing chemistry, particularly with respect to hydride addition (38),
C-branching with Grignard or cuprate reagents (39), and Diels-Alder type
cycloadditions (40). O-Nucleophiles attack at the carbonyl function from the
sterically as well as electronically more favored pro-axial face to provide upon
the usually ensuing benzoyl group migration tetrahydropyranones of type 13
which are bis-acetal derivatives of actinospectose in the form present in natural
products of the spectinomycin type (cf. below). An even closer resemblance to
dioxane-anellated glycosides exhibits the pyrano[2,3-b] dioxane 16 preparable
from 9 in two high-yielding steps; being remarkably insensitive towards acidic
conditions, it is easily converted into the respective 1-halides, as, for example,
into the a-bromide 3 on treatment with HBr / acetic acid (27, 28). Alcoholysis
of such enolone bromides may be performed with high B-selectivity when
employing sodium hydrogen carbonate or silver carbonate as acid scavenger, to
give the P-glycosides in yields well over 80 % (27). Similarly, when subjected
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to glycolysis with ethylene glycol in the presence of Ag,CO,, bromide 3
smoothly elaborates the dioxane ring-anellated pyranone 16, the B-selective
glycosylation being followd by cyclization to the hemiketal and subsequent
benzoyl migration (arrows in 15) with liberation of the carbonyl function (37).

OBz [ OBz 1 OBz
0 MeOH 0 O
\ ol AL ' e
OBz Nal 0Bz 89 % OBz
BzO o lo] ?'\8 O BzO
9 Ph 5 | 13

90 %I HBr/HOAc

OBz ROH OBz
o} NaHCO; OOR  essentially
—_—> -specific
N\ Br 85-90 % \ P-sp
BzO (o) BzO 0
3 14
EOH
IC.
-BzO (\O ] o OB%
-0
» ,OH — = (‘j j
\ N 78 % | o~ ™o
0> (O OBz
|
i Ph o |
15 16

This "doubly glycosidic" anellation of — formally — a 2,3-diketosugar onto a
diol is highly reminiscent structurally of the broad spectrum antibiotic
spectinomycin (47) and the cardiac glycosides isolable from the latex and leaves
of Calotropis procera (42) a bushy plant indigenious in wide parts of Africa and
India. In these, a pyranoid 4-deoxy-2,3-dicarbonyl sugar, which has been
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designated actinospectose yet could only be "characterized" as an intractable tar
(41), is fused to cyclohexanediol-type aglycons:

Me" 5
OH
Spectinomycin Uscharidin
0 OH Me
0]
O V% O o on
= = N\
Me Me OH
0" "OH © HO o

Sugar component: Actinospectose

Indeed, the insight into the intricate stereochemical details of ensuing

reactions of the pyranoid enolone ester bromide 3 — the pyranoid enolone ester
14, de facto, is an actinospectoside derivative, 16 a structural element of the
spectinomycin as well as uscharidine-type cardiac glycosides (except for the
terminal benzoyloxy group) — eventually led to practical synthetic strategies for
their acquisition.
The R-methyl group in the pyranoid portion of spectinomycin pointed towards a
6-deoxy-hexose as the chiral educt and - given the ready elaboration of
dihydropyranones of type from hydroxyglycal esters, outlined above — for an
acylated 6-deoxy-D-hydroxyglucal as the actual starting material. The
tribenzoate 17 was chosen for this purpose due to its expeditious preparation
from methyl a-D-glucopyranoside in five large-scale adaptable, high yielding
steps (43). When sequentially subjected to low temperature-chlorination,
hydrolysis, and elimination — in a manner analogous to the conversion — and
treatment with HCIl, the crystalline actinospectosyl chloride 18 is readily
obtained in acceptable overall yield (43).
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OBz OBz
BZOUOBZ 1. Cly/H,0 NGO
] 5
Me" o 2.NaHCO; e No~ el
17 18

Exposing 18 and bis-carbobenzoxy-actinamine (19) to the usual
glycosylation conditions (Ag,CO;), however, no reaction took place at room
temperature, and at 50 °C it was sluggish and comparatively unselective,
obviously due to the low reactivity of the actinamine-5-OH. A more forcing
catalyst such as silver triflate, however, induced the desired B-selective
glycosylation of the sterically less hindered 5-OH, whereafter ketalization and
benzoyl group migration — in a manner analogous to (cf. above) — yielded the
bis-carbobenzoxy-spectinomycin benzoate 21 in good yield (37) considering the
three concomitant steps involved. Since de-O-benzoylation may readily be
effected (K,CO, / methanol) and hydrogenolysis is proceeding smoothly, this
sequence constitutes a most facile, efficacious total synthesis of spectinomycin,
requiring 12 steps from D-glucose with an overall yield of 9.9 %, averaging
80 % per step (37).

0Bz MeNCbz , O opz MeNCbz
0 Ag triflate / THF
= 3h, -78 °C
+ —
Me” o7 Cl TH e N0 0N '
OH Cbz
18 19 20
71 % 1. K,CO3 / MeOH
47 % | 3 steps 2.Pd/H,
QBZ CH,
BZOUOBZ 0
| = OBz
Me” S0 BzO ¢
0Bz
17
50 % | 6 steps Spectinomycin

D-Glucose
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This expeditious route to spectinomycin not only compares favorably with
two previous syntheses of this antibiotic, one elaborating the pyranoid half from
D-glucose in over 20 steps (44), the other requiring nine from the rather
incommodiously accessible L-glucose (45), in addition, this approach is versatile
enough to lend itself to the synthesis of uscharidine type cardiac glycosides from
steroidal diols.

Since calotropagenine, the aglycone of uscharidine, is accessible only with
difficulty, model experiments have been carried out with the more readily
available cholestan-2a,3B-diol 21. On Ag,CO;-mediated reaction with actino-
spectosyl chloride 18 two isomers formed smoothly in an approximate 3:1 ratio,
of which the major one - as evidenced by 'H- and ’C-NMR data, corroborated
by NOE experiments — proved to be the "unnatural" anellation product 23. The
minor product 22, however, could be readily debenzoylated by treatment with
butylammonium acetate in aqueous acetonitrile to afford the uscharidine analog
24 albeit in modest yield (46), yet crystalline form so that its linkage geometry
could be secured by an X-ray structure analysis (47).

NGO
+
Me'" N0 Nl
18 21
0, Ag2C03/CH2Clz
70/01 16 h, 25 °C
BzO OH
NN
+
v o 0
22
o, | BusNOAc
%0 A’l MeCN/H,0
BzO mp 142 - 144 °C
~ [a]Z -15.5° (CHCly
Me” ~07 ™o

24
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The 3:1 glycosylation selectivity observed clearly points towards a higher
reactivity of the 2-OH group in the diol educt 21 — a finding that similarly
should enable the effective introduction of an O*-blocking group, whereafter
reactions with actinospectosyl chloride 18 will uniformly be directed to the
"natural" glycosylation site. This obvious preparative solution has already been
carried out with 2-O-benzyl derivative of 21 providing after deprotection the
«cardenolide analog 24 in satisfactory yield (46).

(6R)- Dihydropyranones

A reaction channel to pyranoid enolone esters with only one chiral center
left — as compared to the five of the D-glucose starting material — also starts
from the readily accessible hydroxyglycal esters, e. g. 8. Actually, 8 constitutes
an ester of the enol form of 1,5-anhydro-D-fructose, in which the more reactive
enediol ester group should — under the appropriate conditions — undergo
selective saponification, thus liberating the carbonyl function. This cannot be
achieved directly though, since even mildly basic conditions result in a range of
products originating from B-elimination in the tribenzoate of 1,5-anhydro-
D-fructose 26 initially formed, and subsequent formation of the vic-diketone and
ensuing rearrangements of the benzilic acid type.

0Bz OH
(0] (o)
1,5-Anhydro-
OBz y/ '7%"’ OH D-fructose
BzO HO
(o]

OBz

8

88 % l NH,OH
OBz OBz NaOAc OBz
o) MeCHO 0 Me,CO 0
0Bz _— 0Bz —_—> \
BzO 0%  BzO 92%

NOH o) BzO o)

25 26 27
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A preparatively satisfactory means of selective enol ester cleavage consists
in the treatment with hydroxylamine, which not only induces
hydroxylaminolysis of the more reactive enol ester group to form the respective
hydroxamic acid, but captures the keto group thus liberated in the form of its
stable oxime (29):

NHOH
o. _R 0./ Rr o) NOH
NH,0H D NH,OH
‘ 5 —_— l rO —_— —
» H~  _RCONHOH H H

This delightfully simple methodology is generally applicable to hydroxy-
glycal esters and has provided acylated ketoximes of type 25 in large variety
acylated pyranoid ketoximes, featuring such useful properties as high tendency
for crystallization, ease of isolation and stability (29).

Deoximation of these ketoximes may readily be accomplished by any of the
standard procedures, transoximation to acetaldehyde, for example 25 — 26,
being feasible in 90 % yield (30). Elimination of benzoic acid is as easily
effected, stirring with sodium acetate in acetone at ambient temperature
providing the pyranoid enolone ester 27 in crystalline, enantiopure form. The
efficiency with which this building block can be elaborated from D-glucose is
noteworthy: the six-step reaction sequence involved can be reduced to two
hectogram-adaptable one-pot procedures comprising the conversion D-glucose
— hydroxyglucal ester (85 %), and the one-pot sequence hydroxylaminolysis —
deoximation — elimination (84 %) (48, 49).

The versatility of the enolone ester 27 is illustrated by a variety of
synthetically useful addition reactions, e.g. with lithium alkyls, Grignard
reagents and cyclopentadiene in a Diels-Alder type fashion (40, 48, 49), but,
most notably, it could be utilized for straightforward syntheses of the marine
natural products (-)-bissetone (28), a metabolite from the Gorgonian soft coral
Briareum  polyanthes (50), and (-)-palythazine (29), an unusual
dipyranopyrazine isolated from the salt water invertebrate Palythoa tuberculosa
.

(o}
HO N,
5 5 o} z | S OH
o) S OH HO $ X 0]
0 N
28 29
Bissetone Palythazine

(Briareum polyanthes) (Palythoa tuberculosa)
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That their absolute configuration is S,S in each case was only established by
their acquisition in enantiopure form from building block 27, its chirality in the
single asymmetric center fortuitously being a perfect match.

(S,S)-Bissetone (28), when traced back to building block 27, only lacks the
3-carbon branch, i. e. acetone. Indeed, the lithium enolate of acetone proved to
be a suitable three-carbon synthon attacking the carbonyl function with a 4:1
preference from the proaxial side (27 — 30). The benzoyl group shift directly
following the attack elaborates the desired 2-oxopropyl-branched tetrahydro-
pyranone 31, the dibenzoate of bissetone in fact, from which the parent
compound is generated simply by de-O-benzoylation (48):

OBz OBz HO (0]
o) O XX <
\ = 0Bz o} sl __OH
o o
27 28

BzO [e)

(S,S)-bissetone

NaOMe
® 2 %T MeOH

OBz

30 31

Elaboration of (S,S)-palythazine (29) from the key building block 27 was
similarly effected in a high-yielding reaction sequence: conversion into oxime
32, liberation of the carbony! function by debenzoylation (— 33), and controlled
catalytic hydrogenation to the aminoketone 34, which dimerizes at pH 9; the
concluding step is an air oxidation of the dihydropyrazine initially formed (52).

Both synthetic targets, i. e. 28 and 29, were obtained in crystalline form and
their configurational identity with the soft coral-derived products was
established on the basis of rotational values, CD and ORD curves, thus
unequivocally proving their S,S-configuration.



63

OBz OBz
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27 32
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OH OH
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= <
HO o EtOAc
0 NH, 0 NOH
34 33
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o z OH
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29

(S,S)-palythazine

(SR)- and (55)-Hydroxyhexanals

With macrolides of the phoracantholide and diplodialide type — the former a
defensive secretion from the metasternal gland of the Eucalyptus longicorn
beetle Phoracantha synonyma (53), the latter a metabolite of a plant pathogenic
fungus Diplodia pinea of high hydroxylase inhibitory activity (54) — it may be
presumptuous to think of sugars as suitable starting materials.
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Diplodialides and Phoracantholides

CHy; O CH; O e 0
D, CD, &
X R "R =
R=H or OH R =H or OH

CH; O H,C o} HiC o
X0
Pz Y

However, there invariably is a single chiral center along the carbon-chains,
an (R)-hydroxy group tied up as a lactone, and since (5R)-hydroxyhexenal 36 or
its a cis — trans isomerization product 37 can readily be elaborated from
D-glucose in the form of the cyclic acetal 35, a sugar-based approach to natural
products of this type is not only appropriate, but efficient.

CHs CHs CH,
(0] I’ (0] A OH
I —_—
X"OEt X""0H X
35 36 H X0 3

These key intermediate is accessible from triacetyl-D-glucal 38 in a large-
scale adaptable 5-step sequence in an overall yield of 30 %: conversion of 38
into hexenoside 39 according to a known two-step procedure (55), tosylation to
the chloro-tosylate 40, since the chloride ions formed during the reaction in situ
displace the activated allylic tosyloxy function, and, finally, the consecutive
reductive removal of tosyloxy- and chloro groups 40 — 35 (56,57):

The high versatility of 38 as a key intermediate towards macrodiolides is
amply demonstrated by its ready hydrolysis to the respective hexenal 40 or,
when preceded by hydrogenation, to the SR-hydroxyhexanal 39, whilst
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Approach to Macrodiolides

CHs
o
— OEt
35
H'/Aceton BF;
quantl A 81% MCPBA
CH, CH;
O OH

OH

41
HaC Q
(0]
—_
Diplodialides
Phoracantholides

Colletodiol

Carbonolide

peroxidation yields (R)-parasorbic acid 41 (56, 57) — all enantiomerically pure
6-carbon building blocks that represent major segments of macrolides: half of
diplodialide- and phorocantholide-type pheromones, the C,;-C,s-segment of
carbonolide, or the left portion of colletodiol.

For C-extension in the (5R)-hydroxyhexanal case it was found (58), that the
pyranoid lactol form 41 is so stable that reaction with Wittig ylides cannot be
effected under standard conditions. Thus, the acylic form had to be elaborated,
which was effected by thioketalization, acetylation (41 — 43) and
desulfurization, the resulting 5-O-blocked hexanal 44 then smoothly affording
the olefin 45. Liberation of the hydroxyl function and ensuing lactonization
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according to the Gerlach-modification of the Corey-Nicolaou procedure (59)
gave phoracantholide J (46), subsequent hydrogenation its dihydro derivative,
phoracantholide I (47) (57, 58), the rotations of both being practically identical
with those reported (60) for the products (53) secreted by the Australian
eucalyptus longicorn beetle:

Using the same approach, the diplodialides A, B and C, all constituents of
the fungi Diplodia pinea, have been synthesized in enantiopure form (58). This
again amply demonstrates the versatility of building blocks of type 41 and 42, of
which the enantiomeric (5S)-hydroxy-analogs 51 and 53, in fact, are as readily
accessible from l-rhamnose via di-O-acetyl-L-rhamnal 48 (61): conversion into
the 2,3-unsaturated ethyl glycoside 49, and standard tosylation to the 4-chloro
compound 50, since the 4-O-tosylate of 49 primarily formed undergoes Sy2
displacement by chloride ion under the reaction conditions; the outcome of the
subsequent dechlorination depends on the reagent used, LiAlH, reduction
proceeding with conjugate addition of the hydride ion to afford dihydropyrane
51, whereas exposure to NiCl,/NaBH, in aqueous ethanol smoothly elaborates
the isomeric 52 (61):

Each of the dihydropyranes thus obtained can be converted into their
respective enelactones by BF,;-catalyzed peroxidation (62), the hexenoside 52
then providing S-parasorbic acid 53 (61).



68

1. EtOH

AcO o 2 2. BN 0 OEt TsCl/pyr O OFt
Q 81% O T cl
AcO
8 NaBH,
NiCly 93 %] LiAIH,
7%
MCPBA

fj = Kj O
<

9 " -,
07 0" Me 9% E0 ‘e EtO Ve

o (o)

53 52 S1

3-C-Methyl-p-allose

Another highly versatile building block derived from diacetone-glucose 54
is the 1,2-acetonide of 3-C-methyl-a-D-allose in its furanoid form 57, which has
been utilized as the key compound in a convergent total synthesis of ACRL
Toxin I (63). Its elaboration from 54 starts with a pyridinium dichromate / acetic
anhydride oxidation (64), is followed by carbonyl olefination of the respective
3-ulose with methyl (triphenyl)phosphonium bromide and hydrogenation (— 55
— 56), and is completed by acid cleavage of the 5,6-isopropylidene group. This
four-step process 54 — 57, upon optimization of reaction conditions and work-
up procedure, allows an overall yield of 58 % (63), as compared to the 22 %
obtained previously (65).

Further processing of 57 towards the ketone 60 is readily effected by highly
regioselective tosylation of the primary hydroxyl group (66), hydride reduction
58 — 59, and oxidation with pyridinium chlorochromate (PCC) on aluminum
oxide to afford 60 in a yield of 70 % over the three steps (63). Due to the now
practical accessibility of these furanoid building blocks supplementary
modifications, that have already been performed, become preparatively relevant,
e. g. the conversion of tosylate 58 into the 5,6-epoxide (66), C-extensions (63,
66), shortening of the carbon chain via periodation of 57 (63), and
transformation of the respective products into acyclic derivatives by acid
hydrolysis of the 1,2-O-isopropylidene group (63, 66).

The utilization of the furanoid 3-C-methyl-D-allose building blocks 57 and
60 for a convergent total synthesis of ACRL Toxin I in the form of its stable
3-O-methyl ether (63) involved their conversion into enantiomerically uniform
connective segments. The key feature of the retrosynthesis was the expectation
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that the dihydro-o-pyrone ring could be introduced via a suitable acetoacetic
ester derivative. Thus, the molecule was dissected into the segments A, B, and
C, the advantage of this segmentation being a convergent reaction sequence,
since both, the twofold methyl-branched C-chain of synthon A and the
adipaldehyde building block B are derivable — each in the correct absolute
configuration — from the 1,2-acetonide of 3-deoxy-3-C-methyl-o-D-allofuranose
(57):
This strategy has been realized as outlined providing the ACRL Toxin I in
the form of its 3-O-methyl ether 61 (63), a variety of contiguous and non-
contiguous stereocenters can advantageously be elaborated by relying on the

predictable regio- and stereochemistry provided by the carbon framework of
furanoid or, sequentially, acyclic sugar-derived building blocks. The preparative
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outcome of the synthesis is quite satisfactory: 16 % overall yield for the thirteen
steps from diacetone glucose to the Cs-C,, building block B and 10 % for the
preparation of the C,-C,s-segment A (as the sulfone) from the same starting
material. The overall sequence shows good levels of stereocontrol in installing
the six asymmetric centres and two stereodefined double bonds, corresponding
to 2.5 steps per stereogenic unit.

Whilst the ACRL Toxin I totally synthesized in this way is the main and
most toxic component of the toxins produced by the phytopathogenic fungus
Alternaria citri (68), other synthetic work has concentrated on a minor,
essentially non-toxic component, i. e. ACRL Toxin IIIb (63) (69, 70) — a task
considerably easier as lack of a stereocenter in the pyranoid ring greatly
facilitates the joining of the acyclic and pyranoid fragments.

ACRL Toxin I
(61)

ACRL Toxin III
(63)

Modified Cyclodextrins

The use of low molecular weight carbohydrates as starting materials for the
generation of versatile enantiopure building blocks may also be extended to the
bulk scale-accessible disaccharides such as sucrose (70), lactose, maltose and
isomaltulose (7/) as well as to higher oligosaccharides, most notably the
cyclodextrins, which are well accessible from starch on a ton scale level (72).
Their use, in this context, lies less in the elaboration of building blocks to be
incorporated into complex target molecules, but in the design of novel flexible
host molecules with which to study and eventually understand recognition
phenomena at a molecular level.

In the cyclodextrins readily obtainable from starch, the six (a-CD), seven
(B-CD) and eight (y-CD) o(1—»4)-linked glucose units are "locked up" in a
strait-jacket type belt due to adoption of “C, chair conformations of the pyranoid
rings and a net of 2-OH -~ OH-3' hydrogen bonds (73, 74). As this structural
rigidity even persists on inclusion complex formation, as exemplified by the
three represenatives in Fig. 1 (75 - 78):
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Fig. 1. Topographies of cyclodextrin inclusion complexes: a-CD — nitromethane (75)
(top), B-CD - adamantane-carboxylate (76, 77) (center), and y-CD — 12-crown-4 (76,
78). The striking correspondence of hydrophobic surface regions of guest and CD-host at
their interfaces may be viewed in color on the Internet (79).
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Accordingly, incorporation of guests by o-, B-, and y-CD closely
correspondends to Emil Fischer's classic lock-and-key concept for enzyme
specificity (80), symbolizing the insertion of a lipophilic key into an equally
lipophilic cyclodextrin molecular lock. Although overly static, this process has
been extensively exploited towards 'artificial enzymes' or 'enzyme models' (87),
despite of overwhelming evidence that the majority of enzymes act in an
induced fit' fashion (82), implying the induction of significant conformational
changes upon 'docking' of the substrate. Such a distinctly dynamic process
obviously is essential for the catalytic groups to assume the required transition
state geometry.

By consequence, if low molecular weight cyclodextrins are to be realistic
enzyme models, flexibility has to be introduced into their macrocycles so that
they can mimic the dynamic induced fit mode of action rather than the
stationary lock-and-key approach.

"Installation" of flexibility into the common cyclodextrins — i.e. without
altering their o—(1—4)-intersaccharidic linkup - implies configurational
changes within their glucose moieties. Inversion of one equatorial OH group,
however, is not sufficient, as e.g. a-cyclomannin (the axial mannose-2-OH
pointing away from the cavitiy (83)) and a-cycloallin (the axial 3-OH of the
allose units directed into the cavity (84), cf. Fig. 3) retain the rigid ‘C, chair
conformation in their pyranoid rings, resulting in altered, yet still inflexible
topographies. The same holds for per-2,3-anhydro-a-cyclomannin (Fig. 2, top
right), in which the pyranose units adopt °H; halfchair conformations due to the
2,3-oxirane rings (85), yet its cavity is capable to include guests such as ethanol
(85) or 1-propanol (86).

To really embody flexibility into the common cyclodextrins without
altering their a-(1—4) interglycosidic link-up requires configurational changes
in the glucopyranoid ring at two positions, at C-2 and C-3 in fact, as in the
resulting o-cycloaltrin the “C, and 'C, chair conformations of the
a-D-altropyranose units are energetically equivalent and, hence, are in
equilibration with each other via their °S, skew-boat form:

OH
~ — RN — 0~ O
—0 OHO— OH

OH O\ OH /O OH

4c, 0s,

Readily prepared from a-CD in four high-yielding steps (87), a-cycloaltrin
crystallizes in a disk-shaped topography devoid of an open-ended cavity (Fig. 3,
left), since the altrose units are alternately arranged in essentially perfect ‘C, and
'C, conformations:
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Fig. 4

In aqueous solution, however, temperature-dependent 'H and "C NMR
studies, togehter with molecular dynamics simulations, reveal the six
altropyranose units to be in a complex dynamic equilibrium within the

“C, & %S, & !C, pseudorotational turntable. This gives rise to a large number of
macrocyclic conformations, ranging from a disk-shaped molecule with a hydro-
phobic central indentation (Fig. 3, left) to a torus form of the macrocycle with
an equally hydrophobic open-ended cavity, when all pyranoid rings are in the
skew-boat °S, form (85). Accordingly, a-cycloaltrin, and similarly its B- and
y-analogs (88), constitute the first thoroughly flexible cyclooligosaccharides
with which to realistically probe the induced-fit mode (82) of guest-host
interactions — a reasonable expectation since: mono-altro-B-cyclodextrin,
featuring one altrose and six glucose residues in an o(1-4)-link-up (Fig. 4, left),
can adapt the conformation of its flexible altrose moiety to the adamantane-
carboxylate guest (89):

Coda

The exemplary reaction channels described in this account, leading from
simple sugars to versatile enantiopure building blocks, provide a conceptual
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framework by which the chemistry of low-molecular weight carbohydrates,
accessible in bulk quantities, can be moulded towards the practical elaboration
of complex natural or otherwise interesting products in endntiomerically
homogeneous, optically active form. The synthetic potential, however, inherent
in cheap, bulk-scale available carbohydrates is huge and far from being
exhausted. Thus, particularly in view of the comparatively few reaction
sequences meeting process chemistry demands, there is an urgent necessity to
further develop practical, large-scale adaptable reaction channels from sugars to
versatile building blocks — a task that can successfully be achieved only if the
present chemical methodology is utilized to its fullest and the increasingly
emerging biotechnological procedures as well. All of this, unambiguously,
points towards broad-scale, practicality-oriented basic research to be performed
not only in academic institutions, but also in industrial laboratories, most
effectively, of course, if both cooperate closely. In short, the challenges for the
21* century, at least in outline form, are clear. The capacity to develop vibrant
and inciteful collaborations between academic and industrial institutions is
likely to emerge as one of the new frontiers of the utilization of carbohydrates
which Nature offers us on an annual basis.
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Chapter 5

General Three Carbon Chiral Synthons
from Carbohydrates: Chiral Pool and Chiral
Auxiliary Approaches

Rawle 1. Hollingsworth* and Guijun Wang

Department of Chemistry and Biochemistry, Michigan State University,
East Lansing, MI 48824
*Corresponding author: rih@cem.msu.edu

The use of carbohydrates to gain access to chiral 3-carbon
synthons for use in applications including pharmaceuticals,
agrichemicals, biomaterials and certain advanced materials is
discussed. Three basic approaches are described. The first one
is based on the direct scission of carbohydrates to yield 3-
carbon synthons directly, the second on 1 carbon degradation
reactions on optically pure 3-hydroxy-y-butyrolactones or their
derivatives and the third approach is based on the use of
carbohydrates as chiral auxiliaries to induce chirality into pro-
chiral substrates. Because of the general availability of
optically pure 3-hydroxy-y-butyrolactones on commercial
scale and the ease of the transformations, the second approach
has several practical advantages and represents a significant
step forward our drive to develop a general carbohydrate-
based chemistry platform.
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Introduction

Carbohydrates have the highest density of functionality and chiral centers of
all naturally occurring molecules. Some carbohydrates such as lactose, sucrose,
glucose and maltose are readily available in very pure crystalline forms on
commodity scale. Some polymers such as starch, chitin and cellulose are
produced as primary and secondary agricultural products. Carbohydrates are also
obtained from renewable resources. Because of these facts, carbohydrates have
long held the ultimate promise as raw materials for the development of a general
chemistry where a high density of chemical functionality and high optical purity
are required. A promise that can in no way be matched by fossil fuel chemistries.

Despite all of this promise, there are some very real challenges in the
development of a carbohydrate-based chemistry. The main ones are complexity
and redundancy. The high frequency of hydroxyl groups and the high density
with which they are packed into the molecular skeleton makes it very difficult to
develop orthogonal derivitization methods for mono and disaccharides and
virtually impossible for anything larger than a trisaccharide. Because of this, the
chemistry of carbohydrate polymers such as starch and cellulose has been one in
which physical attributes such as viscosity, gelling properties, swelling
properties, stickiness and other decidedly material properties are manipulated.
This is usually accomplished by changing polarity by techniques such as
methylation or changing charge by technicques such as carboxymethylation or
sulfation. There has not been much success in confronting the complexity of
these molecules to generate useful substructures with functionality and optical
purity to be of use in areas like pharmaceuticals, agrichemicals and advanced
materials until comparatively recently. The industrial chemistry of starch has
been reviewed. (1)

Several years ago, we introduced a method for the preparation of optically
pure 3,4-dihydroxybutyric acids and their y-lactones based on the alkaline
oxidation of 4-linked hexoses (2-4).

The method (scheme 1) was targeted to the utilization of readily available
carbohydrate sources such as lactose, maltose starch and maltodextrins. It was
applicable largely to the preparation of the (S)-acid 1 and the lactone 2 since
naturally occurring hexoses have almost exclusively the D-configuration and the
C5 carbon becomes the chiral center in the dihydroxy acid. More recently, direct
access to the (R)-isomers 4 and 5 was made possible by the development of a
similar oxidation method using 5-linked pentoses as the starting compounds

iinstead (5) (scheme 2). The availability of these 4-carbon compounds with
both stereochemistries has formed the basis for a very rich chemistry that has
been extended to the preparation of optically pure 3-carbon compounds. This
will be the main focus of the following discussion.
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Optically pure 3-carbon compounds from carbohydrates

There are several methods for the preparation of optically pure 3-carbon
compounds from carbohydrates. These fall into 3 major categories namely the
cleavage of carbohydrate chains to form the desired compounds directly, the
transformation of a (larger) carbohydrate-derived fragment to a 3-carbon one and
the use of carbohydrates as a chiral auxiliary to induce chirality into a pro-chiral
3-carbon fragment. We will review the first approach and discuss our efforts in
the other two areas more fully.

Oxidative scission of carbohydrates directly to 3-carbon synthons

Isopropylidene and other alkylidene glyceraldehydes

The oxidative scission of an protected saccharide is perhaps the oldest of the
approaches for preparing chiral 3-carbon synthons from carbohydrates. The
most used method is the oxidation of 1,2-5,6-di-O-isopropylidene-D-mannitol6
to yield 2,3-O-isopropylidene-D-glyceraldehyde7 using either periodate or lead
tetra-acetate (scheme 3) (6). The cyclohexylidene group is often used in place of
the isopropylidene. This reaction usually proceeds with satisfactory yield on
small scale but has little or no commercial value for several reasons. These
include the high molecular weights of the reagents, the tendency for over-
oxidation to the carboxylic acids and the toxicity of lead.

(o]
OH |
104 or Pb(OACc),
H o é

Scheme 3

Access to the isomeric (L)-protected glyceraldehydes by this approach is
limited because of the general unavailability of L-mannitol. One way of
circumventing this problem is to employ a 2-step degradation of 5,6-O-
isopropylidene-L-ascorbic acid 8 (scheme 4) (7).
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Scheme 4

This affords the L-acetal 10 via hypochlorite treatment of the intermediate
3,4-acetal of L-erythrose 9. The protected O-alkylidene glyceraldehydes are
extremely flexible and can be converted into a plethora of other chiral synthons
with a wide selection of uses using very standard chemical transformations
(scheme 5). One major limitation for its use is the ease of racemization of the
chiral center because of the ease of enolization of the aldehyde group. This is
especially true even in the mildest of basic conditions.

Isopropylidene and other alkylidene glyceric acids

A more recent and potentially more useful method (8) for preparing optically
active 3-carbon synthons is by the ruthenium catalysed oxidation of 1,2-5,6-di-
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O-isopropylidene-D-mannitol (scheme 6) to produce isopropylidene D-glyceric
acid 18.

0 (RuCl3)

Scheme 6

H O_IT 0
(0) : NaOCl /\/u\
0 OH

This has several advantages over the other methods mentioned above chief
among which is the much lower cost of reagents and the fact that the use of
heavy metals is limited to catalytic amounts. In a similar approach, hypochlorite
was used in the presence of perruthenate catalysts to oxidize acetals of ascorbic
and iso-ascorbic acid to optically pure acetals of glyceric acid (9).

Chiral 3-carbon synthons from optically pure 3,4-dihydroxybutyric acids.

The general availability of optically pure 3,4-dihydroxybutyric acids has
opened up several new routes to chiral 3-carbon fragments with a wealth of
functionality. The (S)- and (R)-enantiomers of 3-amino-1,2-dihydroxypropane
(15 and 19 respectively) are among the most useful chiral 3-carbon synthons.

Fo

15 19

A very facile method of synthesizing them is a Hofmann degradation of the
corresponding isopropylidene acetal of 3,4-dihydroxybutyramide (/0). The
amide 20 is obtained from the lactone 2 in quantitative yield by treatment with
ammonia. The protection of the dihydroxy function with the isopropylidene
group is necessary because participation of the 4-hydroxyl group during the
rearrangement will simply yield the starting lactone. The preparation of the (S)-
enantiomer 15 by this method is illustrated in scheme 7.
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The acetal can be further transformed into the corresponding bromo-diol
and epoxide 22 and 23 respectively (scheme 8).

Another method for producing a chiral 3-carbon fragment, this time directly
as a protected 5-hydroxymethyl-3-oxazolidin-2-one, is illustrated in scheme 9
(11). In this case, the amide 20 is converted to the 4-trityl ether 24. This
undergoes very facile Hofmann rearrangement to give the 5-trityloxymethyl-3-
oxazolidin-2-one 26 via the intermediate isocyanate 25. The oxazolidinone 26 is
a protected version of 3-amino-1,2-dihydroxypropane.

3-carbon chiral synthons using glucose as a chiral auxiliary

The use of chiral molecules as auxiliaries is an old established procedure. In
this approach, chirality is induced in a pro-chiral molecule by a combination of
steric and bonding effects. The use of carbohydrates as chiral auxiliaries has met
with only modest success. The enantioselective cyclopropanation of 2-alkenyl
glycosides is worthy of special note although in this case the product is not a 3-
carbon intermediate (/2). Other attempts such as epoxidations (/3),
dihydroxylations (/4) and brominations (/5) gave poor results. The primary
problems in the use of carbohydrates as chiral auxiliaries are devising a way of
attaching the pro-chiral substrate to the auxiliary in a way in which it can be
easily removed. The second problem is building in sufficiently severe steric
constraints and favorable electrostatic and bonding interactions. The redundancy
of hydroxyl groups also makes attachment of the substrate selectively to one
position problematic. We have sought to overcome these problems using various
strategies.

In one approach (/6) to the use of glucose as a chiral auxiliary for the
preparation of optically active 3-carbon synthons, we devised a strategy where
the substrate was attached to the auxiliary initially at one point and then
subsequently at a second point during the reaction. This is illustrated in scheme
10 where the preparation of both enantiomers of 1,2-dihydroxypropane (29 and
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31) from allyl alcohol by an oximercuration/de-mercuration sequence is
described.

The first point of attachment was through the anomeric position via a
glycosidic linkage to form a glycoside with the a- or B- configuration (27 or30
respectively). The double bond of the substrate is activated to attack by the 2-
hydroxy! group to form a cis-fused bicyclic system in the case of the a-glycoside
and a ftrans fused system in the case of the P-glycoside. The intermediate
mercurated species is demercurated by borohydride reduction. An alternative
demercuration strategy is to use bromide instead to give a protected 1-bromo-
2,3-dihydroxypropane. The product was recovered by oxidative degradation of
the auxiliary. Unlike other chiral auxiliary strategies where both enantiomers of
the auxiliary should be available if both enantiomers of the target molecule are to
be prepared, only one enantiomer of glucose is required in this method. The
enantio-chemistry is decided by which anomer (a—or B- ) is used. The driving
force that determines the enantiochemical outcome of this reaction is the
demanding steric requirements of the fused ring system28. The methyl group of
the protected propane diol must occupy an equatorial orientation to avoid the
extreme steric clash with the axial hydrogen atom at the 3-position. Because of
this, very high diastereoselectivities that translated into very high
enantioselectivities were obtained.

OH
HO (0] OH

HO (1) Hg(CF;000), HO

o) HO
N (2) NaBH,

a-glycoside 0
27 28
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OH
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One difficulty we encountered in the approach described above was
liberation of the 3-carbon fragment from the auxiliary. The glycosidic linkage
resisted acid hydrolysis and a rather severe acetolysis followed by basic peroxide
oxidation to degrade the carbohydrate moiety had to be performed. A second
approach to the use of glucose as an auxiliary is illustrated in scheme 11.

In this approach (17), the prochiral fragment was attached to the auxiliary at
only one point making the acid-catalysed release after transformation a simple
procedure. Chirality was induced by the borohydride reduction of a carbonyl
group on the pro-chiral fragment in the asymmetric environment created by
complexation of calcium ions between the C1 and C2 oxygens of the hexose.
The diastereomeric purity was good (~70%) but separation of the diastereomers
was more problematic.

Applications of chiral 3-carbon synthons

The uses of chiral 3-carbon synthons are many and have been discussed in
several reviews and other sources (/8-23). Molecules that have been prepared
from isopropylidene glyceraldehydes include various trialkoxynitrobutanes such
as 35 and 36 (24), Corey lactone variants 37 and 38 (25,26), nucleoside analogs
39-42 (27), verrucarinolactone isomers 43-46 (28), the enantiomers of
roccellaric acid 47 (29), rubrenolide 48 (30) and (+)-laurencin 49 (31).

Other compound classes in the synthesis of which chiral 3-carbon synthons
were used include sphingosine chains (32), 3-amino-2-azetidinones (33), B,y-
unsaturated-o-amino acids (34), fluorinated macrocyclic bis(indolyl)
maleimides®, fluorocyclopropyl alcohols (36) , 1-O-phosphocholine-2-O-acyl-
octadecanes and 1-O-phosphocholine-2-N-acyl-octadecane (37) diacyl glycerols
(38-42) and analogs of fragments of leukotriene-B4 (43).

Recently oxazolidinones have risen to much prominence as antibacterials for
use against various drug-resistant strains (44-46) and also for the treatment of
behaviour (47,48) and neurological (49,50) disorders. Optically active
isopropylidene glyceraldehyde prepared from both mannitol and ascorbic acids
have also been used in the synthesis of 5-hydroxymethyloxazolidinones by two
routes, one involving the oxime of the aldehyde and another involving
isopropylidene glycerol made by reduction of the aldehyde group (5/). The
method described in scheme 9 gives easy access to this class of compounds.
Structures 50-61 are examples of compounds of high pharmacological value that
contain chiral 3-carbon fragments.
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Structure 50 is the oxazolidinone antibacterial agent Linezolid, 51 is the
oxazolidinone Befloxatone used for treating behaviour disorders, Panasamine52
(also an oxazolidinone) is used for treating neurological disorders. Compounds
§3-56 are B-blockers, 57 is an a-adrenergic antagonist, 58 and 59 are antiviral
agents, 60 is a platelet aggregation factor and 61 is a thromboxane synthase
inhibitor. These are readily obtainable from the various intermediates derived
from optically pure 3-hydroxy-y-butyrolactones indicated in schemes 8-11.
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The most striking feature of structures 50-61 is their sheer diversity and
richness and the breadth of medical indications to which they are applicable. The
chiral 3-carbon fragment is arguably the most common substructure that can be
obtained from a general purpose synthon. Because of this, there has been a
steady introduction of methods for preparing chiral 3-carbon fragments into the
literature. Hence (R)-glycidol can be prepared from a racemic mixture of
glycidy! butyrates by treatment with porcine phospholipases to liberate only this
enantiomers (52). There are also the Sharpless method for preparing chiral
glycidols (53) and the Jacobsen chemistry using chiral manganese catalyst for
the synthesis of chiral amino-alcohols and epoxides (54,55). These are all
important additions to the arsenal of synthetic methodologies that chemists have
at their disposal.

Conclusion

The main approach we have taken to the application of carbohydrates in
chiral chemistry is one of developing as general a chemistry as possible from a
few readily-obtainable intermediates. Because we are interested in designing a
commercially relevant “green chemistry” strategy, optical purity, yields, cost,
environmental impact, flexibility, scalability, directness and generality are all
important. In this approach, the stereocenter in the C3 synthons is derived from
the 5-position of D-glucose or the 4-position of L-arabinose. Because of this, the
optical purities are extremely high (> 99.6 %). Typical yields that have obtained
in the conversion of the optically active hydroxy lactones to the 3-carbon
intermediates are greater than 85%. Low cost is also a key feature. The
carbohydrate raw materials are cheap and available and there are no exotic
catalysts. There are also no costly reduction steps. The environmental impact is
low because no heavy metals or halogenated solvents are used. The primary
carbohydrate raw materials are a renewable resource. The chemistry is very
flexible. It is relatively easy to incorporate functionalities such as nitrilo, bromo,
chloro, iodo, amino, alkylamino, carboxy and other functionalities into the chiral
3 carbon base fragments we describe here. Scalability is also an important
feature of the chemistry. The conversion of carbohydrate raw materials to the
intermediate lactone is currently being practiced on the multi ton level. The
availability of both isomers contributes to the generality and the direct access to
the more highly functionalized chiral 3-carbon synthons such as the amino and
halo derivatives is also an important and valuable feature of the approach. In
general, ways of generating a palette of chiral compounds without investing in a
new specific chiral technology for each are extremely valuable. Capturing the
rich structural functionality of carbohydrates is an excellent strategy for doing
this
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Chapter 6

1-Thio-1,2-O-Isopropylidene Acetals:
Annulating Synthons for Highly Hydroxylated
Systems

David R. Mootoo, Xuhong Cheng, Noshena Khan, Darrin Dabideen,
Govindaraj Kumaran, and Liang Bao

Department of Chemistry, Hunter College and Graduate Center,
CUNY, 695 Park Avenue, New York, NY 10021

Analogues of complex saccharides, in which one or other of
the acetal oxygens is replaced by a methylene residue or other
heteroatoms, have received attention as biochemical probes
and as potential therapeutic agents. The use of 1-thio-1,2-
isopropylidene acetals (TIA’s) as annulating synthons for
highly hydroxylated systems is illustrated by the synthesis of
B-C-, B-aza-C- and B-carba- galacto disaccharides.

Introduction

The implication of carbohydrate mechanisms in a number of health
disorders has led to interest in glycomimetic structures as biochemical probes of
carbohydrate-receptor interaction, and as potential therapeutic agents (/-3). As
starting points, structures which closely resemble an active O-saccharide, but
have variations in their conformational properties, and, or strategic functional
groups modifications, are often required (4,5). Amongst these are acetal
analogues in which one of the oxygens of the glycosidic linkage is replaced by a
methylene (CH,) residue. An additional feature of these structures is their
stability to chemical and enzymatic hydrolysis.

Our interest in such methylene acetal derivatives is connected with the
design of mimetics of Sialyl Lewis X (sLe*)1, a proposed native ligand for the

selectin family of cell adhesion molecules. sLe*-selectin interactions have been

© 2003 American Chemical Society 103
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implicated as an early phase in the inflammation process, and constitutes the
basis for the design of new therapeutic agents (6). One approach centers on sLe”
mimetics which can act as selectin antagonists (7), and the 1,1-Gal-Man
disaccharide 2 (8) has emerged as a lead compound. Although considerably less
complex than sLe", 2 the highly substituted structure is relevant to the question
of recognition specificity. In addition carbon acetal analogues of2 are likely to
have conformational properties which are quite different from the corresponding
analogues of non-trehalose type disaccharides (9, /0). Herein we describe the
synthesis of the C-glycoside 3, and derivatives of the aza-C-glycoside 4 (/7), and
the carbaglycoside 5. The methodology is a potentially general one for such
acetal analogues of 3-galacto-disaccharides (Fig. 1).

HO OH
CH-”\boﬁ\ OH NHAc
o HO OH o OH
HO o 0 0
OH OH
AcHN—
N6 OH
1 Sialyl Lewis X (sLe¥)
OH oy
OH
O
0 HO OH OH
HO—(__ X Y
OH

2 X=Y =0; sLe* Mimetic

3 X=0,Y =CH,; C-Glycoside Analog

4 X=NH, Y = CH,; Aza-C-Glycoside Analog
5 X=CH,, Y =0 Carbagycoside Analog

Fig. 1: sLe* and Acetal Analogues of sLe* Mimetic 2
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Of the different acetal analogues, C-glycosides have received the most
attention from synthetic chemists (/2-/6). “True” C-disaccharides, in which the
only structural difference from the O-disaccharide is the substitution of the
intersaccharide oxygen by a methylene, are generally more synthetically
challenging than C-linked analogues which have longer or functionalized
intersaccharide linkers, or unnatural aglycone segments. The most common
strategy for C-disaccharides involves the coupling of cyclic “glycone” and
“aglycone” components through the construction of the “glyconic” or
“aglyconic” C-C bond (/7-22). Practical aspects of this general approach are
easy access to the individual components, and the convergent design. However,
low coupling efficiency is a common problem. Strategies involving “sugar” ring
formation are also known, but generally involve lengthy, linear reaction
sequences (23-25). This approach is popular for aza-C-glycosides, since
preformed piperidine precursors are not as easily accessible as their ether
analogues (26-28).  There are less practical bond disconnections for
carbadisaccharides, than for the C-glycoside derivatives. One of the more
general approaches entails the use of epoxysugars or epoxycyclitols and
alcohol/amine partners (29, 30). Two major problems are the dearth of concise
routes to cyclitol components, and poor reaction yields when bond formation to a
secondary carbon is involved.

1-Thio-1,2-Isopropylidene Acetals (TIA’s)
Background

We envisaged assembly of analogues like 3-5 via construction of the
C2-C3 bond of the galacto ring. This strategy evolved from an earlier
methodology for the synthesis of adjacently linked cyclic ethers (3/). Treatment
of the bis-alkenylfuranoside 6 with iodonium dicolidine perchlorate (IDCP) led
to the THF-THP product 8. Noteworthy aspects of this reaction are the high
yield and the excellent stereoselectivity in formation of the THP ring. The
mechanism is believed to proceed via neighboring group participation by the
ring oxygen of the furanoside onto a first formed iodonium ion. Fragmentation
of the THF onium leads to the cyclic oxocarbenium ion 7, which is attacked by
the pendant alkene to give the THP ring. This subunit may be regarded as 1-
deoxy-galacto alditol, and suggested the use of 1,2-O-isopropylidenes like9 and
10 as annulating synthons for highly oxygenated structures (Scheme 1).
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Scheme 1

TIA’s as Glycomimetic Synthons

Methylenation of the ester derived from 1-thio-1,2-O-isopropylidene
(TIA) alcohol 18 and the acid 19, is expected to to give an enol ether-thioacetal
16 (32). Thioacetal activation in 16, should provide the versatile C1-substituted
galactal 14. Subsequent elaboration of 14 could lead to the B-C- and the aza-p-
C-galactoside as well as a variety of other derivatives. Juxtaposition of the
alcohol and acid moieties in the initial esterification partners (i.e. 20, 21),
followed by a similar sequence should provide the corresponding B-
carbagalactoside 13. Thus, the TIA methodology could provide a general routes
to C-, -aza-C- and carba- derivatives of a given -galactoside (Scheme 2).

C-Glycosides

A key reaction in the synthesis of the TIA alcohol 18 was the Suarez -
fragmentation (33) of the 2,3-O-isopropylidene-D-lyxose derivative 23 (34).
Treatment of 23 with diiodobenzene diacetate (DIB) provided the 1,2-O-
isopropylidene acetate 24 in 88% yield. Acetal exchange was effected by
treatment of 24 with thiophenol and BF3.Et;0 at -78 °C. Mild base hydrolysis
of the product provided 18 in 90% yield from 24, and in 65% overall yield over
the four one-pot operations for commercially available D-lyxose 22 (Scheme 3).

For the synthesis of the C-galactoside 11, TIA 18 was subjected to
DCC mediated esterification with 1.2 equivalents of the known C-manno acid 19
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(35). Tebbe reaction on the resulting ester 25, provided the enol ether 16 in 85%
overall yield from 18 (Scheme 4). The key cyclization reaction was promoted by
methyl triflate in the presence of 2,6-di-t-butyl-4-methylpyridine (DTMP), and
fresly activated molecular sieves, in CH,Clp. The galactal 14 was obtained in
88% yield. No evidence was observed for any of the exo-glycal isomer of14.
Hydroboration of 14 proceeded smoothly to the 3-C-galactoside 11 as a single

diastereomer. The stereoselective hydroboration of related C1 substituted
glycals has been reported (25).

(0)> O O
OBnppp )(O w
©{ OBn 2 > Xg 7
PhS X

OBn 88% 14
HOOC™ 19 b (25 X=0
16 X = CH, (85% from 18)
BnO oBnp
d () OBn
—_— >(O OBn
83%
HO
11
(a) 18, DCC, DMAP, PhH; (b) Tebbe; (c) MeOTf, DTBMP, CH,Cl
(d) BH3DMS then Na 0,
Scheme 4

C-disaccharide 11 was next transformed to the target compound3 via a
straightforward sequence of reactions (36). Thus acetonide hydrolysis in 11
provided the 3,4,6-triol which was subjected to BuSnO mediated selective
alkylation with methyl bromoacetate (37). This reaction produced a mixture of
02 and O4 lactone derivatives of the O3 alkylated product. Basic hydrolysis of
this mixture afforded, a single triol acid 26, in 51% overall yield from 11.
Finally hydrogenolysis 0f26 led to 3, the C-glycoside analog of sLe” mimetic2
(Scheme 5).

NMR analysis indicated that the O-disaccharide derivative of 11, exists
primarily in the exo-syn/exo-syn conformation (93%), corresponding to the
operation of two exo-anomeric effects (38). By comparison the C-glycoside11
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is considerably more flexible with distributions between 8-40% over five major
conformer populations. The glyconic bond to the galacto component
(exoanomeric orientation in 72% of all conformations) is more rigid than the
glyconic bond to the manno segment (exoanomeric orientation in 48% of all
conformations). Comparison of the binding affinity of2 and 3 might therefore
shed light on issues of conformational rigidity and induced fit, as they pertain to
the sLe"-selectin recognition.

BnO 0pn . o HO og
0 0Oz ) OBn —— HO{
>l o OBn 5%

OH
0 26
OH
11
HO oH
O OH OH
d oH 0
—_— Ho.(— OH
76% 0]
OH
3

(a) MeOH, HCI; (b) BwSnO then BrCH,COMe;
(c) KOH, EtOH-H,0, then H'; (d) Hy, Pd(OH),/C, MeOH

Scheme 5

The C-glycosidation methodology was also applied to the 1-6 and 1-4 linked C-
disaccharides 29 and 32, the C-monosaccharide 35 and the C-glycoside
containing an aminated aglycone, 38 (32). In the latter case, the sulfonamide
was found to be a compatible amine protecting group. The synthesis of these
structures paves the way for application to a variety of C-disaccharides, C-
glycolipids and C-glycosy! amino acids of biological significance (Table 1).

The strategy is also applicable to different glycone analogues, as
illustrated in the synthesis of the furano-glycal 44, a potential precursor to
derivatives of 3-deoxy-D-manno-octulosonic acid (KDO) (39). Thus, 2,3:5,6-di-
O-isopropylidene-manno-furanose 39 was subjected to the Suarez fragmentation,
and the product 40 was converted to the TIA alcohol 41 via a similar sequence
as outlined for TIA 18. Esterification of 41 with 2-furoic acid, followed by
Tebbe methylenation of the ester 42 provided the enol ether 43. Treatment of 43
under the standard cyclization conditions led to te glycal 44 in 85% yield
(Scheme 6).
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Table 1: C-Glycosides Prepared from TIA 18

o)
- | PP | RS
Z OH

Acid Glycal (%Yield from18)f C-Glycoside (%Yield)

®

OBn

OBn
0]
OBn 14 (65) 11 (75)

AN

19
0$-
TER
OO 28 (43) 29 (75)
«

27
OBn
N O
OBn 31 (60) 3207
OB
n OMe
30
CH3(CHa)1s 34(80) 35(80)
33
/SOzPh
(CH2)4—N\ 37(50) 38 (84)
36 Bn

a 10% of exo-glycal isomer obtained, easily converted to28 on heating in benzene
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Scheme 6
Aza-C-galactosides

We envisaged access to the aza-C-galactoside 12 via a stereoselective
double reductive amination on a diketone precursor. Previous results from this
laboratory and others suggested that the two new stereogenic centers created in
this reaction might proceed through the reduction of cyclic iminium ions, and
should favor the desired B-galacto type motif (27, 40). The glycal 14 was
considered as a precursor to a suitable diketone derivative (Scheme 1).

Accordingly, 14 was converted under standard dihydroxylation
conditions to hemiketal 45 in 80% yield. Selective benzylation of 45 provided
benzyl ether 46, which was transformed to the diketone 47, over two steps:
ketone reduction, and subsequent reoxidation of the resultant diol. Treatment of
47 under our standard reductive amination conditions (1.2 equivalents

NH4HCO;, NaCNBH3, dry MeOH, 4A MS, 2h) provided the aza-B-C-
galactos:de 12 in 72% yield. The structure of 12 was confirmed by HCOSY,

'>CNMR and MS analysis. No diastereomeric products were observed within
the limits of NMR detection (Scheme 7).
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OBn
OBn (0))
(0)> OBn
a c,d
X OBn > Al
— — 80% R,0O OR, 75%
® 45R, =
14 85% 46 R] H Rz Bn
OBn
OBn
X o Oz OBn
X NH OBn
BnO o 65%
47 OBn
12

(a) OsO4, NMNO, acetone; (b) BnBr, AgOTf, CH,Cl,; (c) NaBHy;
(d) Swern Ox.; (e) 1.3 eq. NH4HCO>, 2 eq. NaCNBH3, dry MeOH, 4A MS

Scheme 7

Carbagalactosides

The TIA acid 50 corresponding to the glycone component for the
carbadisaccharide synthesis, was obtained as an inseparable mixture with the
epimer 51. The starting material for 50/51 was the TIA alcohol 18 which was
used in the C-glycoside methodology. In view of subsequent reactions it was
necessary to first replace the silyl ether in 18 with a benzyl protecting group.
Swern’s oxidation of 48, followed by treatment of the resulting ketone with
carbomethoxymethylene triphenylphosphorane afforded 49 as a single alkene
isomer of undetermined stereochemistry. Hydrogenation of49 over palladium
on carbon provided a 1:1 mixture of 50/51. The stereochemistry of these
products was assigned subsequently in the carbadisaccharide products. The
(R,R,-Me-DUPHOS)-Rh catalysed hydrogenation (4/) gave a more favorable
selectivity for the desired isomer (50/51 = 8:1). However, this catalyst is
apparently easily deactivated, and these hydrogenations sometimes proceeded
with low substrate conversion.
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PhS 55%
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(a) nBuyNF, THF, 97%); (b) Bu;SnO, BnBr, PhH, 95%; (c) Swern Ox. 88%,
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50:51 = 1:1; (f) 5%[Rh(COD),0Tf/ (R,R)-Me-DuPhos, MeOH, 55 psi, 4 days,
90% based on recovered 49; 50:51 = 8:1

Scheme 8

In the event, it was possible to carry through the mixture of 50/51,
through subsequent steps and separate the diasteromers products at a later stage.
Accordingly DCC mediated esterification of a 1:1 mixture of 50/51 with the
mannose derivative 52, led to a mixture of ester products 53, which under Tebbe
reaction conditions provided a mixture of the enol ethers, 54. Treatment of 54
under the standard cyclization conditions afforded a mixture of cyclic enol ethers
55 in 74% yield. Hydroboration of this mixture gave a separable mixture of56
and 57 in a combined g'ield of 82%. The identity of these products was
confirmed by HCOSY, CNMR and Ms analysis. The absence of any other
products in the hydroboration reaction indicated that the deprotonation step in
the key cyclization step was, as in the C-glycoside systems, highly regioselective.

It is likely that this selectivity arises from torsional factors associated with the
cis-isopropylidenoxy residue.
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Summary

The foregoing chemistry constitutes a potentially general protocol for
preparing the C-glycoside, aza-C-glycoside and carbasugar analogues of a given
B-galactoside from a single TIA precursor 18. Important aspects of these
syntheses are the efficiency of the coupling with complex “aglycone”
components, and the high stereoselectivity at the pseudoanomeric position. As
illustrated for the analogues of the sLe* mimetic2, these attributes are especially
relevant to disaccharide systems. This chemistry also lays the groundwork for

applications of TIA chemistry to other classes of complex cyclic ethers and
cyclohexanes.
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Chapter 7

Iminosugars, Isoiminosugars, and Carbasugars
from Activated Carbohydrate Lactones:
Efficient Synthesis of Biologically Important
Compounds

Inge Lundt

Technical University of Denmark, Department of Organic Chemistry,
Building 201, DK-2800 Lyngby, Demark

The synthetic potential of selectively activated aldonolactones as
building blocks for synthesis of optically pure, highly func-
tionalised organic molecules is highlighted. Preparation of
iminosugars from selectively brominated lactones requires only two
transformations, in which the ring closure by reaction with
ammonia is the key step. Stereoselective alkylation of unprotected
bromodeoxylactones offers a general synthetic approach to
isoiminosugars. Radical induced carbocyclisation of w-bromo-
o,B-unsaturated aldonolactones yields functionalised cyclopentane
/cyclohexane lactones stereospecifically, generating one or two
chiral centers in the ring closing step. Stereo- and regio-selective
functional group interconvertion within the bicyclic cyclopentane-
lactone system gives access to hydroxy/amino substituted cyclo-
pentanes. Aldonolactones provide thus in few steps access to
compounds of biologically importance in an optically pure state.

© 2003 American Chemical Society 117
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Carbohydrate Lactones/Aldonolactones

Preparation and Chemical Reactivity

In the past twenty years aldonolactones have found widespread application
as cheap, chiral synthons for the synthesis of many biologically important
compounds and natural products (/). Particularly the area of aza- and carba-
sugar synthesis has seen aldonolactones emerging as versatile starting materials
(1,2). Aldonolactones constitute a more diverse chiral pool of compounds than
aldoses. From each aldose several aldonolactones/aldonic acids are available in
just one step, i.e. by anomeric oxidation of the aldose (3), by one carbon Kiliani
chain elongation [4] or by one carbon oxidative degradation (5). In addition, a
number of aldonolactones are available by some more special reactions
including reduction, or oxidative cleavage of the double bond in vitamin C (6).
As a result, aldonolactones are in many cases more readily available than the
corresponding aldoses, especially in the L-series.

The chemical reactivity of aldonolactones also differ remarkably from the
reactivity of aldoses. For synthetic manipulation of aldoses several steps are
usually required at the outset to protect and define the stereochemistry at the C-1
hemiacetal function eg. via a glycoside. The lactone group at C-1 in
aldonolactones, however, can be maintained through a number of
transformations (/,2). The reactivity of the hydroxy groups in aldonolactones is
also different from what is normally observed in aldoses. Particularly the
hydroxy group a to the lactone group show similar or enhanced reactivity as
compared to the primary hydroxy group. This gives rise to a number of
regioselective reactions in aldonolactones and diminishes the need for many
different protecting groups (/,2). Furthermore, it should be noted that
aldonolactones usually prefer the 5-membered 1,4-lactone form contrary to the
6-membered pyranose form predominant in aldoses.

Preparation of Activated Aldonolactones

The regioselective functionalisation of aldonolactones is possible at the
position o to the lactone and at the primary (©) position. The most efficient
method for this functionalisation is treatment of the aldonolactone/aldonic acid
with hydrogen bromide in acetic acid (Scheme 1). In this strongly acidic medium
the lactone is partly acetylated followed by formation of acetoxonium ions.
These then undergo opening with bromide ions to give acetylated
bromodeoxyaldonolactones (7). The formation of acetoxonium ions controls the
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regio- and stereo-selectivity of introduction of the bromine: bromide is always
opening the acetoxonium ion at the primary position and at C-2, with inversion
of the configuration. These are formed from 1,4-lactones having the OH-2 and
OH-3 in a cis-orientation. In two cases however, in glucono- and xylono-lactone
having the OH-2 and OH-3 in a trans-orientation, bromine is also introduced at
C-2 with inversion of the configuration. The acetoxonium ions are here formed
between two trans hydroxy groups from the open aldonic acids, which in these
cases are present to a certain extend. In general, the aldonolactones adopt the
1,4-lactone form (7).

HBr
Br (OH) AcOH HO CBr,, PPh,
oo 25 L—‘—{(OH © 70 Pyridine %o
or
SOBr,, DMF
HO Br HO OH 2 HO OH
a,@-Dibromo-a,@-dideoxy- n=0,12
aldonolactones Aldonolactones @-Bromodeoxy-aldonolactones
TsCl
Pyridine
HBr
COOMe AcOH o TsO (OH) O
Br -— (o}
OH then
MeOH HO OH HO OTs

Br Tetronolactones
2,4-Dibromo-2,4- n=0,1,2
dideoxy-tetronic a,0-Di-O-tosyl-aldonolactones
acid methyl esters

Scheme 1

Carbohydrate Synthons: Preparation of selectively activated aldonolactones

Regioselective bromination of the primary position can also be achieved
with carbontetrabromide and triphenylphosphine in pyridine (8) or thionyl
bromide in DMF (9). Regioselective mesylation or tosylation of the primary
hydroxy group, however, is inefficient due to competing sulfonylation of theo-
hydroxy group. Instead, o,,@-di-O-tosylated aldonolactones can in some cases be
formed in good yields by using 2.0-2.3 eq. of tosyl chloride in pyridine (/0). The
2-O-tosylated aldonolactones thus formed have the same configuration as the
starting lactones and thus are C-2 epimers to the bromodeoxy aldonolactones
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prepared by with hydrogen bromide/acetic acid. Access to new activated
lactones has thus been achieved.

Carbohydrate Mimics

Development of carbohydrate-based therapeutics has been hampered by the
enzymatic biodegradability of these molecules. Carbohydrates, as part of
glycoproteins, glycolipids and other glycoconjugates, are essential partners in the
important processes such as cell-cell communication, and molecular and cellular
targeting. This insight, although not fully understood, has led to the discovery
that interfering with the appropriate enzymatic processes by use of enzyme
inhibitors, carbohydrate mimics, may have valuable therapeutic effects and
contribute to the understanding of such fundamental processes. The term
“carbohydrate mimics” is used for small molecules that contain essential
functional groups to resemble the structure and the conformation of the parent
carbohydrate in the transition state of the enzymatic processes. Several sugar
analogues with basic nitrogen instead of oxygen in the ring (iminosugars), or
with this oxygen beeing replaced by a methylene group, are stable towards
hydrolysis due to the lack of the acetal function. These type of compounds have
been recognised as glycosidase inhibitors.

Iminosugars

Synthetic approaches

Preparation of iminosugars from activated aldonolactones requires two
transformations: ring closure to form the pyrrolidine/piperidine ring and
reduction of the lactone group. To carry out these transformations we have
developed four different strategies (2) as shown in Scheme 2. Strategy I relies on
direct ring closure of the activated lactones with ammonia to form iminoamides,
which subsequently are reduced to iminoalditols. In strategy II the two steps
have been interconverted. Strategy III implies reaction of activate
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Scheme 2

Strategies for preparation of iminosugars from selectively activated
aldonolactones

pentono- or tetrono lactones/esters with ammonia to give lactams, which are
subsequently reduced to the iminoalditols. Strategy IV differs from the other
strategies by introducing the nitrogen via an azide. Diactivated lactones can
selectively be transformed to 2-azido lactones, which by azide reduction and ring
closure give rise to iminoacids. Reduction then affords pyrrolidines.

The ring closure of diactivated aldonolactones by ammonia is a very easy
method to obtain iminoalditols. By monitoring the reactions by *C NMR
spectroscopy, it has been shown that o,0-diactivated aldonolactones react with
the basic aqueous ammonia to give diepoxy aldonic acids, having an epoxy
group at the o,B-position and at the primary position. The primary epoxide, as
the more reactive of the epoxides formed, was subsequently opened by ammonia
to give a w-amino-w-deoxy-a,B-epoxy-aldonic acid. Subsequent attack by the
primary amino group at C-3 (sugar numbering) of the remaining epoxy group
yielded the heterocyclic ring, as exemplified in Scheme 3 (2, 114,12).
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5-Membered iminosugars from bromodeoxyhexonolactones

Reaction of C-5 activated pentonolactones (/3) and of 2,7-diactivated
heptonolactones (/75,13) with ammonia gave in both cases 6-membered imino
sugars by similar formation of epoxide intermediates (Scheme 4). The 6-bromo-

2,6-dideoxy-D-arabino-hexono-1,4-lactone gave by reaction with ammonia the
7-membered lactam (/4) (Scheme 4).

CONH, OH
OHH OHy
(0] NH, N N
B0 — OHHO E—— OHHO
HO HO
H
U
OH
Br
N_o X
oy o
—_— —_—
HO™ HO
HO OH HO OH
Scheme 4

6- and 7-membered iminosugars from bromodeoxyaldonolactones
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Using this type of chemistry, more than 30 different iminoalditols have been
synthesised without using any protecting group strategy, and a number of new
glycosidase inhibitors have been identified (2,12,13,14). Some selected
interesting features will be discussed below.

Glycosidase inhibitory properties

The cleavage of glycosidic bonds is catalysed by acids, and the enzymatic
cleavage is catalysed by amino acid residues in the active site of the enzymes.
Two different mechanisms may operate, resulting in either retention or inversion
of the anomeric configuration (/5). During the hydrolytic step the partial
positive charge being developed at C-1 of the sugar will be stabilised as an
oxocarbenium ion, resulting in a double bond character between the ring oxygen
and the anomeric carbon. This cause distortion of the conformation of the
pyranose ring to a half chair (/5). The sugar mimics have thus often been found
among the 5-membered iminosugars, since they posses a planar structure

B-glucosidase B-mannosidase
(Almonds) (Snail)
H H x H
N N
‘< N QH N> |< H,N>
HO HO Y
HO X ‘ HO
X K, (mM) K; (mM) X Y K@mM
H 6 20 H OH 19
OH 12 OH H 12
NH, 3
a-galactosidase B-galactosidase
(Green coffee beans) (E.coli)
Ho _H Ho _H
N N
kOH > kOHHO>
OH
K; (mM) K. (mM)
15 2
Scheme 5

6-Membered 5-carbon amino/hydroxy iminosugars as inhibitors of hexosidases
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having the nitrogen, protonated by the amino acid residues, and three other
carbons of the ring within a plane. The structure-activity-relationship (SAR) is
often not fully understood, and different ring size iminoalditols as well as
bicyclic structures have been identified as valuable enzyme inhibitors (/6).

Among the 6-membered 5-carbon iminoalditols, which we have synthesised,
we have interestingly found good inhibitors for glycosidases of hexoses in spite
of their lacking hydroxymethyl group (2,73). Thus, B-glucosidase inhibitors as
well as inhibitors of B-mannosidase, of which not many simple molecules are
known, have been synthesised (Scheme 5). The 1,5-imino-pentitol havingL-
arabino-configuration was identified as a good a-galactosidase inhibitor. It can
be viewed as galactostatin lacking the C-6 hydroxymethyl group. Galactostatin is
the parent 6-membered “iminogalactose” which is the “natural” a-galactosidase
inhibitor. The iminopentitol, having L-ribo-configuration and likewise lacking
the C-6 hydroxymethyl group, inhibits B-galactosidase. Both compounds do have
two cis-hydroxy groups at positions, corresponding to C-3 and C-4 in galactose.
This structural motif may be responsible for their inhibitory properties found.

Most interesting is the finding, that three stereoisomeric 6-membered 7-
carbon iminoalditols, which were synthesised from activated heptonolactones by
reaction with ammonia (//5), were found to be powerful inhibitors towardsa-L-
fucosidase from human liver enzymes (/3) (Scheme 6). The known 1,5-
dideoxy-1,5-imino-D-arabinitol (/7,/8) which we have synthesised more
conveniently from 5-bromo-5-deoxy-D-arabinono-1,4-lactone by stratgy II
(Schemes 2 and 4) (/3), also inhibits a-L-fucosidase. The minimal structural
motif for this inhibition is the absolute configuration of the hydroxy bearing
carbon atoms, which should be the D-arabino in 6-membered iminoalditols (79).
The 7-carbon 1,5-iminoalditols are stronger inhibitors (Ki 16, 9 and 3 uM,
Bovine kidney) compared to the parent 1,5-imino-D-arabinitol (Ki 30 pM),
showing the importance of a carbon branching at the piperidine ring (Scheme 6).

Finally, we have synthesised some trihydroxylated 7-membered
iminoalditols (/4). We hoped that due to the flexibility of the azepane ring
system, certain conformational advantages over the 5- and 6-membered ring
inhibitors in terms of fitting into the active site of glycosidases, might emerge.
Recently, a tetrahydroxyazepan with C,-symmetry was found to exhibit
noteworthy glycosidase inhibitory properties against quite a range of different
types of glycosidases (20). The 1,2,6-trideoxy-1,6-imino-D-arabino-hexitol
(Scheme 4) inhibited a-L-fucosidase with Ki 65 uM (Scheme 6). The inhibition
was in the same range as for the 5S-membered arabinitol and by superposition of
the energy minimised conformations of these two compounds, good fittings for
the hydroxy groups were found (/4). The methyl group in
deoxyfuconojirimycin, the most potent inhibitor of a-L-fucosidase reported to
day (21) (Scheme 6), has been shown to be the vital prerequisite for this
pronounced inhibition.
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The 1,2,6-trideoxy-1,6-imino-D-arabino-hexitol was found to inhibit o-D-
glucosidase (Ki 12 pM, Bakers yeast), B-D-glucosidase (Ki 51 uM, Almonds)
and B-D-galactosidase (Ki 13 uM, E. coli) as well, indicating the flexibility of
the 7-membered ring system (/4).

Evaluation of nine 1,4-dideoxy-1,4-imino-hexitols, prepared by strategies I
and II, are reported elsewhere (2,12). Among other results, some interesting (22)
and selective (/2) o-D-mannosidases were found.

Isoiminosugars/1-N-iminosugars

The success of iminosugars as glycosidase inhibitors has been largely
attributed to their resemblance to the transition state for glycosidic cleavage as
discussed above (75, 23). During the hydrolytic reaction, the developing positive
charge at C-1 is partly decolalised by the ring oxygen. The protonated
iminoalditols, mimicing the transition state, possesses glycosidase inhibitory
activity, as discussed above. Changing the position of the nitrogen to the
anomeric position might thus result in compounds beeing operativ as glycosidase
inhibitors since part of the positive charge in the hydrolytic step will be
developed at this place. These type of compounds are named isoiminosugars or
1-N-iminosugars.

HO COOH
OH NH

NHAc

Siastatin B
isolated from a microorganism 197

10 steps
o s 8% overall yield OH
———
OH —_— OH NH.HCI
HO HO
OH .
Isofagomine
Scheme 7

Isoiminosugars
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The first reported isoiminosugar was siastatin B 1, isolated from a
microorganism in 1974 and shown to be a strong inhibitor of N-
acetylneuraminidase (24). Many analogues of siastatin B 1 were prepared and
tested as glycosidase inhibitors, but not untill the first synthesis of isofagomin
(25) the full potential of isoiminosugars was realised. Isofagomin was found to
be the most potent B-D-glucosidase inhibitor to date (Ki 0.11 pM, almonds)
(Scheme 7). Since then many different isoiminosugars have been prepared and
many have shown remarkable inhibition of B-glycosidases. Placing the nitrogen
at the anomeric position thus seems greatly to enhance inhibition of B-

glycosidases in favour of a-glycosidases (26), which are preferentially inhibited
by iminosugars.

OH R
ﬁ0H NH. HCI <’ ‘ :NH
H

HO o
Isofagomine I” u
Cy
HO R
0 N \"/E
5 /M~§_7=o S, )0 <= o
S HO HO %

Scheme 8

Strategy for the synthesis of isoiminosugars

The potential of isoiminosugars requires efficient synthetic procedures for
this type of compounds, procedures which also will allow for synthesis of
analogous structures. The first reported preparation of isofagomin, which was
based on 1,6-anhydro-D-glucose (laevoglucosan), gave about 8% overall yield in
10 steps (25). Retroanalysis of the isoimino-structures reveals that they can be
viewed as hydroxylated 3-alkylated piperidine derivatives, which might be
obtained from a-alkylated lactams, again obtained from alkylation of 2-deoxy
aldonolactams (Scheme 8). As shown above (Scheme 4) such lactams are
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obtainable from ®-bromodeoxyaldonolactons by reaction with ammonia. An
investigation of alkylation of unprotected 5-bromo-2,5-dideoxyaldonolactons
was thus initiated.

AlKkylation of 5-Bromo-2,5-Dideoxypentonolactons — Synthesis of
Isoiminosugars

Synthesis of 3-alkylated piperidine derivatives could of course be performed
most directly by alkylation of 2-deoxyaldono-1,5-lactams, as outlined in Scheme
8. After unsucessfull experiments due to solubility problems, we turned our
interest to the alkylation at C-2 of unprotected 2-deoxy-o-
bromodeoxyaldonolactons. This strategy requires set-up of a dianion in the
presence of a primary bromine, followed by stereoselective alkylation at C-2,
two possible doubtful reactions (Scheme 9). Gratifyingly, both reactions could
be performed satisfactory.

Scheme 9

Alkylation of unprotected 5-bromo-2, 5-dideoxy-pentono-1,4-lactones

Treatment of the 2-deoxyaldonolactone with BuLi or LDA in
tetrahydrofurane at —78 °C gave the dianion within 10 min. Addition of methyl
iodide as the electrophile gave after work up the 2-methylated aldonolactone,
having the methyl group trans to the 3-OH group. The isolated yield was 63 %
and the stereoselectivety 95:5 (27) (Scheme 10). A similar result was obtained
from the C-3 isomeric aldonolactone (27). The synthesis of isofagomine by this
method requires an electrophile, which gives a hydroxymethyl group at C-2,
either directly or after modification.

We thus investigated a range of such one-carbon electrophiles (Scheme 10).
Formaldehyd, as the most reactive one, gave the desired product directly (28).
Using benzaldehyde as the electrophile likewise lead to a C-2 branched
aldonolactone in a high yield and stereospecificity. The two diastereoisomeric
compounds obtained, due to the new chiral center formed in the side chain, were
both isolated in a crystalline state (28).
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Alkylation using electrophiles which might give a one-carbon branching at C-2

Having the 2-alkylated 5-bromolactones in hand, the conversion to
isoiminosugars were performed by transforming the bromine to an amino group
via an azide displacement followed by reduction. This gave directly the optically
pure lactams by crystallisation. Reduction of the lactam function gave

II;II 1) in situ
OH 0 silylation
H2/Pd C 2) BH,;:Me,S
OH
Syrup: 87 %
H
N, HCI OF Ha
C_{ o
HO
Crystalline: 90 % Isofagomine
Scheme 11

Short synthesis of Isofagomine:4 steps from the 5-bromo-5-deoxy-
pentonolactone
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the isoiminosugar, as exemplified for the synthesis of isofagomine, now
available from the bromolactone in four steps (28) (Scheme 11). Isofagomine
inhibits B-glucosidase (almonds) with a Ki 0.11 pu M.

Using this simple strategy, we have been able to prepare several
isoiminosugars in good yields (27,28). The inhibitory properties of the
isoiminosugars synthesised are under investigation.

Highly Functionalised Cyclopentanes and Cyclohexanes:
Synthesis of Carbasugars

A number of both naturally occurring and synthetic polyhydroxy
aminocyclopentanes and —cyclohexanes have been found to be powerful
inhibitors of glycosidases (29). The discovery of antibiotic and antitumor

Glycosidase inhibitors:
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Scheme 12

Examples of known biologically active cyclopentane derivatives
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activities of some naturally occurring carbonucleosides such as aristeromycin
and neplanocin A has initiated the interest into the field of highly functionalised
carbocyclic compounds and of carbocyclic nucleosides, and has resulted in an
increasing number of synthetic procedures within this area (30). Carbovir, which
undoubtly has been the most popular synthetic target among the carbocyclic
nucleosides, was first synthesised in 1990 (37). It displays potent anti-HIV
activity but is too toxic for clinical uses. The related carbanucleoside abacavir
(32) is entering clinical use for dual therapy together with AZT for the treatment
of HIV (33) (Scheme 12).

A number of different approaches for conversion of carbohydrate
derivatives into functionalised carbocyclic compounds have been reviewed (34).
Our approach towards the synthesis of this type of compounds has been the
radical initiated carbocyclisation of w-bromo-w-deoxy-o,fB-unsaturated
aldonolactones.

The 2,3-unsaturated lactones are easily obtained from o,0-
dibromoaldonolactones, either by a reductive elimination, or by a base catalysed
elimination of acetic acid yielding C-2 substituted 2,3-unsaturated lactones.
Thus, when 2,7-dibromo-2,7-dideoxy-D-glycero-D-ido-heptono-1,4-lactone (1)
was treated with sodium sulfite in methanol (35) the unsaturated lactone2a was
formed in good yield (36), whereas pyridine or triethylamine eliminates a 3-O-
actyl group from 1b or lc to give the 2-O- or 2-N-substituted unsaturated
lactones 2b or 2¢, respectively (37) (Scheme 13). The protecting groups in the
side chain must be alkyl rather than acyl groups, since the base will cause a
further elimination of the latter. The lactones 1b and 1c are protected at C-5 and
C-6 with an isopropylidene group.

o Na,S,0;, Na,SO, 0
BrmFO ———————> (0]
MeOH, H,0 —
0,
OAc 8% —OAc
~OAc —OAc
—OAc —Br
—Br 2a
O pyridine o
ﬁ z O % triethylamine (_Z 0
OAc - OR X
—OR X —OR
—OR a H —Br
L : 2b
Br 1b b: OAc 2
le ¢ NHCOCF,
Scheme 13

Preparation of 2,3-unsaturated-aldono-1,4-lactones
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Radical induced carbocyclisation of the unsaturated lactones 2a, 2b or 2c¢ in
ethyl acetate using tributyltin hydride and a radical initiator gave in all cases
stereospecifically cis-fused bicyclic cyclopentane lactones 3 in quantitative
yields (Scheme 14). Thus, 7-bromo-2,3,7-trideoxy-D-arabino-hept-2-enono-1,4-
lactone (2a) gave the bicyclic cyclopentane lactone 3a in a quantitative yield as a
single stereoisomer. Deacetylation gave the corresponding dihydroxy compound
4a in a crystalline state (80% overall yield) (Scheme 14). Similar results were
obtained from other unsaturated aldonolactones (36). When the carbocyclisation
was performed using an unsaturated lactone having a substituent at C-2 (2b or
2¢) the bicyclic cyclopentane lactones 3b or 3¢ were formed with high
stereoselectivity (>95%) with regard to the configuration at C-4 (Scheme 14).
The success of generating stereospecifically the second new chiral center might
be attributed to the roof-shaped conformation of the bicyclic system, thus
protecting the endo phase from being trapped by the tinhydride in the final step
(36a,37a). The configurations of the two new chiral centers formed were thus
both dictated by the configuration at C-4 in the starting lactone 2: the protons
at C-1, C-4 and C-5 in the products 3 were all cis.

The lactone function in the bicyclic cyclopentane-lactones can be reduced
to a hydroxymethyl group using sodium or calcium borohydride, whereby
carbahexo- and —pentofuranoses were obtained (36,37) (Scheme 14).

5 OAcX
60OACc
7-Br
X, H

1) reduction | / ~OH X

2) aq HCI e

)aq OH . a: H

HO OH b: OH
carbahexofuranoses| c: NH,, HCI
Scheme 14

Stereospecific carbocyclisation: formation of a bicyclic cyclopentane-lactone.
Synthesis of carbahexofuranoses
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When radical induced carbocyclisations of 8-bromo-2,3-unsaturated
octonolactones i.e. 5 or 8 (Scheme 15) were performed, cis-fused cyclohexane-
lactones 6 or 9 were formed with stereospecific generation of one or two new
chiral centers (38) (Scheme 15). Again the configuration of the new chiral
centers were determined by the configuration at C-4 in the unsaturated lactone.
Deprotection followed by reduction of the lactone function gave the carbocyclic
analogues of heptopyranoses, 7 or 10.

OR
H OH
Bu,SnH Ca(BH.)z = Ho OH
OamBN— “EOH /\OH OH
OAc OH
OAc 6-deoxycarba-p-L-gulo-
AcO heptopyranose
6 7
0 OH,
o RO AL O HOAJ.-OH __ ™
o BusSnH 0 == = HO” Y
— AIBN / ™ OH HO OH
AcO % HO H £ OH
OR carba-D-glycero-a.-L-
OAc alacto-heptopyranose
Br 8 RR=(CH),C 9 10 8 ptopy!

Scheme 15

Stereospecific carbocyclisation: Synthesis of carbaheptopyranoses

As a conclusion, it should be emphasised that 2,3-unsaturated
aldonolactones, in which a radical can be generated at the primary position, are
useful starting materials for the stereospecific synthesis of highly functionalised,
optically pure carbocyclic compounds.

Stereoselective Modification of the Bicyclic Cyclopentane-Lactone

The inexpensive, commercially available D-glycero-D-gulo-heptono-1,4-
lactone (“glucoheptonolactone” since it is prepared from D-glucose) is the
precursor for the 2,7-dibromo-2,7-dideoxy-D-glycero-D-ido-heptono-1,4-lactone
(1) (Scheme 13) which, via the unsaturated lactone 2a and radical induced
carbocyclisation, could be transformed into the crystalline dihydroxy
cyclopentane lactone 4a in high yield (Scheme 14). This short and efficient
synthesis of the cis-fused cyclopentane lactone provides easy access to a chiral
synthon which might be modified stereospecifically for many purposes. Such
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successful transformations to valuable chiral molecules would thus only rely on
the inexpensive “glucoheptonolactone”. Our aim was now to study such
transformations of 4a: to change the configurations of the hydroxy groups, to
introduce amino groups and to functionalise all carbon atoms within the
cyclopentane ring. Subsequent reduction of the lactone ring would then result in
chiral, highly functionalised cyclopentanes, which also might be viewed as
carbasugar derivatives.

From the bicyclic diol 4a we have prepared three new bicyclic chiral
synthons: a bromohydrin 12, an epoxide 14 and an allylic acetate 13 (Scheme
16). Thus, reaction of the diol with hydrogen bromide in acetic acid gave atrans
bromo-acetate, 11, with bromine introduced regio- and stereopecifically at C-7.
Deacetylation to 12 followed by treatment with potassium carbonate in acetone
gave the 7,8-cis-epoxide 14 (39). Treatment of 11 with an organic base (DBU)
introduced a double bond between C-6 and C-7 to give the allylic acetate 13
(40). Hereby three new chiral synthons are accessible for further stereospecific
modifications, taking advantage of the steric demanding roof-shaped bicyclic
system. In the following only the preparation of nitrogen substituted carbocyclic
derivatives, due to their possible biological activity, will be discussed, while
other transformations have been performed as well (39,40,41).

HO AcO HO
H 0 1) HBr, AcOH H o H o
HO @ 0 QA0 _ o o _HO' o o
85% 100%
H 4a H 1 H 12
DBUl 83% K,CO, l97%
AcQ g H
o) (0]
0 (0]
H i3 H 4
Scheme 16

Preparation of 3 new chiral building blocks from 4a.
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Synthesis of Amino/Hydroxy Substituted Cyclopentanes and a Carbocyclic
Nucleoside

Nucleophilic substitution of the bromohydrine 12 as well as of the epoxide
14 was studied in order to introduce a nitrogen substituent at the carbocyclic
ring. Azide substitution of 12 gave a C-7 azido derivative (39) which was also
the case by opening of the epoxide 14 with the same nucleophile. Similarly, the
epoxide was opened by ammonia at C-7 exclusively to give the rrans amino
alcohol 15 (39) (Scheme 17). Using a Ritter type reaction, in which acetonitrile
acts as the nucleophile in the presence of an acid or of a Lewis acid, the
nucleophile again opened the epoxide at C-7 to give the trans acetamido alcohol
16 (39). Accordingly, steric and not electronic requirements might be
responsible for this regioselectivity in both a “SN2 and SN1 like” substitution
reaction.

Reduction of the lactone ring of 15 yielded the aminocyclitol 17, 1-amino-
1,5-dideoxycarba-p-L-xylo-hexofuranose (Scheme 17).

HQ o
_ HCI )
NH, (liq) HN o
2) Hi
o H 975/0/0' H 15 CaC]z
L 2\ o ~NaBH, HOE
2 57% .. An.. NH
H CH,CN HCI |54% 6(7 " 2
14 F; Et,0 HO R
HO HO  OH
H 17
0, 1-amino-1,5-dideoxycarba
AcHN:» 0 B-L-xylo-hexofuranose
H 16
Scheme 17

Synthesis of amino/hydroxy substituted cyclopentanes: carbasugars

In order to functionalise the methylene carbon in the cyclopentane ring, we
took advantage of the allylic acetate 13 (Scheme 16). Deacetylation gave the
allylic alcohol 18 which by epoxidation of the double bond gave the 6,7-epoxide
19, with the epoxy group in acis relation to the C-8 hydroxygroup (Scheme 18).
Nucleophilic opening of the epoxide with sodium azide, introduced
regiospecifically the azido group at C-7. Reduction of the lactone and of the
azido group gave the fully substituted amino hydroxy cyclopentane 22 (40)
(Scheme 18). The two amino cyclopentanols 17 and 22 can be used as
precursors for the synthesis of carbanucleosides, by building the heterocyclic
base from the amino group, according to literature methods.
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HO ¢

TBHP
VO(aca c!z
CI;): 81% Y - N
H g H 19 Ho H 29
OH
H,, Pd/C OH .
20
oN; .NH
CaCl,,NaBH, K __HCl ‘/‘ . o Ny
—_— OH S 100% OH R
HO OH HO _ OH
21 22
Scheme 18

Synthesis of densely functionalised, optically active cyclopentanes

Further studies on the use of the unsaturated compounds 13 or 18 as chiral
building blocks have been published (41).

As pointed out above there is an interest in having access to new unsaturated
carbanucleosides due to their biological activities, and we have investigated the
possibility for using the bicyclic allylic alcohol 18 as a starting material in that
context. Thus, substitution of the allylic hydroxy group with 6-chloropurine ina
Mitsonubo reaction gave in a non-optimized reaction 20% of the nucleoside
analogue (23). Reduction of the lactone moity gave 24 which by reaction with
ammonia gave the unsaturated nucleoside (25) (Scheme 19 (4/).

The similarity of the carbonucleoside 25 with the newly synthesised epinor-
BCA (42), with promising activity against HIV, might indicate similar valuable
acitvity for 25. It remains, however, to be evaluated by testing.

Conclusion

Carbohydrate lactones have proven to be versatile starting materials for a
range of complex target molecules. In this review the emphasis has been made to
highlight the superior strategies from aldonolactones, when planning the
synthesis of iminosugars and carbasugars ie. highly functionalised
pyrrolidine/piperidine or cyclopentane/hexane derivatives in an optically pure
state. The importance of the optical purity of such biologically active compounds
can not be overestimated, and thus the “chiral pool” should be considered in
comparison with alternative methods by asymmetric synthesis.
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Chapter 8

Rigid Polycycles and Peptidomimetics
from Carbohydrate Synthons
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The synthesis of conformationally constrained bicyclic and
tricyclic compounds, obtained via 5-Exo-Trig iodocyclisation
of polybenzylated sugars with an allylic substituent at the
anomeric position, is described. The conformation of these
molecules has been studied by n.O.e. experiments and
Molecular Dynamics calculations. The introduction of an
amino and a carboxylic group resulted in the formation of
conformationally constrained bicyclic glyco-aminoacids that
mimic protein turn conformation.

The design of new drugs with improved activity is frequently based on the
introduction of conformational constraints in order to freeze bioactive
conformations of the molecules. For this purpose, a variety of conformationally
constrained scaffolds, that can be functionalized with different pharmacophores,
have been developed. In this context, carbohydrates appear to be ideal substrates
due to their conformational rigidity and offer the possibility of different
functionalization of their hydroxyl groups. (/) On the other hand, the
introduction of an amino and a carboxylic group into the rigid structure of the
carbohydrate, allows to obtain conformationally constrained peptidomimetics,
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once the rigid glyco-aminoacid is incorporated into a peptide sequence. Pursuing
this aim, the synthesis of different glyco-aminoacids has been performed, and the
conformational analysis shows that these molecules can induce linear, B-turn or
y-turn conformation in peptides. (2) Azasugars, in which the amino group is
already present in the cyclic skeleton, have also been exploited as analogues of
aminoacids, and in particular of L-proline, provided that a carboxylic moiety is
present in the structure. (3) The structural variety of glyco-aminoacids obtained
so far is however limited to the well established pyranosidic and furanosidic
forms bearing the amino and the carboxylic groupsin different positions of the
cycle.(2,4) We investigated the possibility of forming bicyclic structures which
modify and enhance the rigidity of the sugar conformation, and allow to locate
the amino and carboxylic groups in new relative orientations.

Bicyclic structures from carbohydrates

Sugars constrained in their energetically preferred or in a different
conformation, have attracted the interest of synthetic chemists since a long time.
An emblematic example is the 1,6-anhydro-D-glucose 1 (Figure 1), a
commercially available compound in which the preferred “C; conformation of
the D-glucose is reversed into a 'C, conformation. More recently, rigid bicyclic
carbohydrate-based structures have been developed by Fleet for the production
of target oriented combinatorial libraries. (5) In the field of azasugars, it has
been postulated that in castanospermine 2, the presence of the five-membered
ring is responsible for the high activity of the molecule as inhibitor of a-
glucosidase, because it obliges the hydroxyl group corresponding to the C-6
hydroxyl group of D-glucose in a perpendicular orientation with respect to the
plane of the piperidine cycle. (6 )

0] OH
OH
© HO N
HO
OH OH OH
1 2

Figure 1
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Furthermore, spiro-heterocycles derived from sugars are attractive targets,

and some representative molecules of this class, such as hydantocidin3 (Figure
2), are interesting bioactive molecules. (7)

HO NH\( ©
o)

NH

OH oH ©
3
Figure 2: Hydantocidin
In 1987, studying the possibility of using different electrophiles in Sinaj’s
C-glucosydation procedure (Scheme 1) based on the Wittig-mercuriocyclization

approach, (8) we observed that the use of iodine in oxolane-water at pH 4
resulted in the formation of the furanosidic structure 6. ( 9)

BnO
1) Hg(OAc)
OH_ 2) KCl ?
HgCI
BnO
HO o
—_— OBn
|
OBn

Scheme 1

This result clearly indicates that the 5-Exo-Trig cyclization is strongly
favoured, the iodonium jon being easily attached by the y-benzyloxy group
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despite the presence of a free hydroxyl group in 8 position. The process results
in a regioselective debenzylation, with formation of a cyclic iodoether.

We took advantage of this observation in order to effect selective
debenzylations, once an allylic appendage is attached to the sugar. For example,
when the polybenzylated allyl-C-glucopyranoside 7 (10 ) is treated with iodine in
THF at 0 °C, the bicyclic compound 8 is obtained (85:15 in favor to the 2’R
isomer), which upon treatment with zinc and acetic acid undergoes a reductive
elimination affording the C-glucoside 9 selectively deprotected at C-2. (/1)

OBn Gen
I, THF,0°C, 1.5 h o
BnO 80% yield, 70% d.e.
8 o]
'CH,I
7 / H,
_— Zn, AcOH,
Et20-MeOH 1:1
OBn
BnO 0
BnO
OH
9 /
Scheme 2

This selective deprotection has been exploited in order to obtain C-
glycosides of aminosugars, the synthesis of which is complicate when starting
from the corresponding aminosugar. (//)

The iododebenzylation approach seams to be quite promising in order to
obtain conformationally constrained bicyclic structures. With this idea in our
mind we have inserted an allylic appendage at the anomeric center of different
sugars. This can be effected by Lewis acid catalyzed reaction of the sugar with
allyltrimethylsilane obtaining a C-glycopyranoside with an o anomeric
configuration, (/0) or by reaction of the glyconolactone with allylmagnesium
bromide, followed by Lewis acid catalyzed reduction of the obtained lactol with
triethylsilane, affording the B-C-glycopyranoside. The two processes are
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complementary from the stereochemical point of view, and we observed that the
iodocyclization-debenzylation also occurs on the B-C-glucopyranoside 10, where
the allylic appendage is equatorially oriented. In this case the reaction is much
slower, requiring 5 hrs at rt. for the stereoselective formation of the bicyclic
iodide 11. (11b)

OBn
BnO °
BnO /
OBn
10
72% yieldl :zgc 5H§: =
OBn
BnO °
BnO CHal
(0]
1
Scheme 3

By the same reaction sequence, D-arabinofuranose was transformed into a
bicyclic scaffold (Scheme 4). Commercially available 2,3,5-tri-O-benzyl-D-
arabinofuranose was converted into the anomeric acetate 12, which was allylated
by treatment with allyltrimethylsilane in the presence of a catalytic amount of
boron trifluoride etherate. The reaction, effected at rt. in acetonitrile, afforded 13
as a 1:1 mixture of a and P diastereoismers (72% yield). The iodocyclization
was effected with iodine in dichloromethane at 0 °C. Only thep diastereoisomer
reacted in 12 hrs, affording the bicyclic iodoether 14 as a mixture of
diastereoisomers (49% yield). The diastereoisomer with 2’-(S) configuration,
was formed in about 20% d.e. 14-R and 14-S were separated by flash
chromatography and their absolute configuration at the 2’ carbon was assigned
by a NOESY analysis. In compound 14-R a consistent NOESY crosspeak
between H-2’ and H-3 protons is diagnostic for the (R) configuration. The
opposite (S) configuration in compound 14-S is indicated by a strong n.O.e.
between H-2’ and H-2.

A spiro bicyclic structure was obtained by treatment of the a-allyl-C-
fructofuranoside 15 (/2) with iodine (Scheme 5). The reaction afforded the spiro
derivative 16, which once more resulted from the 5-Exo-Trig cyclization,
involving a benzyloxy group and consequent debenzylation.
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The reaction stereoselectively affords the 2°-R isomer as the major product
(d.e. 33%). The absolute configuration of the 2’ carbon was determined by
NOESY analysis, in particular consistent n.O.e.s between H-1 and H-1’b and
between H-1a and H-2’ protons were observed. Treatment of 16 with zinc and
acetic acid, afforded 17, that was transformed in the C-fructoside 18 (Scheme 6).
Compound 18 can be considered as an a- or a B-C-fructoside, in which both the
hydroxymetyl “arms” can be further manipulated. An interesting example of this
is the formation of the new spiro structure 20, as reported in Scheme 6.

OSitBuMe;
OBn

17

2) PCC, CHoCl2

Ph3P-CHCOzEt
—e
MeCN
(70%) OCOPh

20 19

1 1) AcOH, THF, H20 (92%)

Scheme 6

Selective deprotection of the silyl ether by hydrolysis, oxidation of the free
hydroxyl group to the aldehyde 19 and then reaction with
carboethoxymethylenetriphenylphosphorane ~ directly afforded the spiro
compound 20, which is an interesting bicyclic Michael acceptor.

Alternatively, compound 17 was oxidized to the aldehyde 21 (Scheme 7),
according to the Swern procedure, then treated with vinylmagnesium bromide in
THF at room temperature to afford compound 22, in which the two double bonds
can be exploited for further cyclizations. Compound 22 was obtained in a very
high diastereomeric excess (97.5% determined by HPLC), reasonably due to a
Cram-chelated intermediate in which magnesium coordinates to the carbonyl
oxygen and the oxygen of the furanosidic cycle (Figure 3), the attack of the
Grignard reagent occurring from the less hindered re face of the carbonyl group.



148

OH
BnO o =0 CHy=CHVgBr BnO o
BnO THF, rt » BnO
\\ 75% yield \
OB OBn
21

n
22 (97.5%d.e.)

CH,l l b, THF, 0 °C
BnO
o) BnO
B 1% b, THF, r.t. O 0o
- BnO
60%
CHal (60%) CH,l
OBn 24 OBn
23

Scheme 7

Treatment of compound 22 with an excess of iodine in THF at 0 °C
resulted in the formation of compound23, the free hydroxy! group being favored
in the nucleophilic attack to the iodonium ion. It is worth of note that, despite the
presence of two double bonds, at 0 °C the reaction is regioselective. Increasing

the temperature to 20 °C, the second iodocyclization with debenzylation occurs,
affording compound 24 in 60% overall yield.

RMgX

Mg---O V) re face

H
BnO o

BnO

N

OBn
21

Figure 3
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The iodocyclization reaction can also be extended to azasugars, provided
that one can introduce an allylic appendage at the “anomeric” centre of this class
of molecules. The synthesis of an allyl “C-glycoside” of nojirimycin has been
reported by R. R. Schmidt from glucose through the key intermediate 1-fluoro-
1-deoxynojirimycin, using a complex multistep sequence. We have developed a
new and efficient approach which allows the stereoselective synthesis of
polybenzylated a-1-allyl-1-deoxynojirimycin in 6 steps and 36% overall yield,
using tetrabenzylglucose as commercially available starting material. The
synthetic strategy, reported in Scheme 8, requires first the introduction of the
amino function and the allylic appendage and finally the cyclization to the
desired piperidine derivative. From a stereochemical point of view, the allylation
and the cyclization reactions are crucial to the effectiveness of the synthesis, and
must be highly stereoselective

OBn CH;=CHCH,MgBr OBn

o THF, tt. OH NHBn
BnO —————» BnO
BnO (81% yield, 0% de.) g

OBn NHBn 6 OBN

25

1) FmocCl, Na,COs3,
diox H20 (89%Yield)
2) PCC, CH.Cl,,

4A m.s. (90% yield)

1) piperidine, DMF

2) NaBH(OACc)3,
OBn ACOH, dry Na;SO4, OBn
1,2-DCE, -35 °C

BnO

Scheme 8

The introduction of the amino group was performed by reaction of
tetrabenzylglucose with benzylamine. The resulting glycosylamine25 was then
treated with allylmagnesium bromide in order to introduce stereoselectively
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(through a Cram-chelated intermediate), the allylic appendage. The cyclization
of the open-chain intermediate 26 to the “allyl-a-C-glycoside” of nojirimycin 28,
was accomplished by PCC oxidation of the N-Fmoc protected derivative to
ketone 27, followed by deprotection and reductive amination with sodium
triacetoxyboronhydride.

Preliminary results indicate that the polybenzylated azasugar 28 can be
converted into the bicyclic derivative 29 (Figure 4), by treatment with N-
iodosuccinimmide in THF at room temperature, taking advantage of the allylic
appendage. In this reaction a single stereoisomer is obtained, the stereochemistry
of which has still to be elucidated.

OBn /B"
BnO N
BnO H
(6]
29 CHol
Figure 4
H
o H BugNN3 N
toluene CH,N3
CH,| —» BnO .
BnG ~o (87% yield) Y
- ')
o B0 30
14-S
. 1) Ac20, CF3COOH
(75% yield) lz) MeONa, MeOH
H H
HO (o NG CroyH;S04 o
acetone/H;0
5 CHoN; CH,N3
R l:I o (85% 'Id)HO ] : ©
K % yiel = H
BnO 328 BnG

Scheme 9
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Introduction of azido and carboxylic functions

As example of introduction of amino and a carboxylic functions in a rigid
bicyclic glyco-structure, compound 14-S was treated with tetrabutylammonium
azide in toluene at 70 °C, affording the azide 30-S in 87 % yield (Scheme 9).

In order to introduce the carboxylic function, azide 30 was regioselectively
debenzylated at the primary hydroxyl group by controlled treatment with acetic
anhydride and trifluoroacetic acid, (/4) followed by saponification of the acetate
at C-5. The product 31 was finally converted into the carboxylic acid 32 by
Jones oxidation.

The same sequence of reactions was accomplished on the bicyclic iodide
16-R (Scheme 10), the reaction of which with tetrabutylammonium azide in
toluene at 60 °C afforded the azide 33-R in 76% yield. Selective deprotection of
the primary hydroxyl group of compound 33-R and Jones oxidation, finally
afforded compound 35-R as masked glyco-aminoacid. The azido group was
maintained in these compounds as protected equivalent of the amino group.

BU4NN3

BnO 0 0 toluene, BNO o (0]
60 °C
BnO — BnO
(76% yield)
CHol CHaN3
OBn OBn
16-R 33-R
1) Ac,0, CF3COOH, 0 °C
(81% yield) | 2) MeONa, MeOH
COOH
HO o)
o 0 CrOyH,SO0, o
acetone/H,0 BnO
BnO
< 57% yied) CHoN3
CHoN3 OBn
OBn
35-R 34-R

Scheme 10
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Molecular dynamics and NMR structural studies

Molecular mechanics (MM) and dynamics (MD) are useful tools to
investigate the conformational properties of organic molecules. (/5) In
particular, the combined use of MM and MD can be very effective in sampling
the potential energy hypersurface (PES) when structurally constrained molecules
are considered. In the present work, the PES has been described using the MM+
forcefield (/6) and MM optimizations were followed by short MD runs (10 ps)
carried out at different temperature (from 300 to 700 K) in order to sample the
PES efficiently. Usually, due to the steric properties of the molecules
investigated, no more than 10 MM/MD cycles were necessary to localize all the
relevant energy minimum structures.

These energy minimum structures have been compared with the structures
resulting from the interproton distances calculated through a collection of
NOESY experiments using different mixing times (from 0.4 to 1.3 s). Extracting
the maximum n.O.e. values for each nuclei couple from the curves indicating the
variation of magnetization transfer in NOESY spectra, distances were calculated
by comparison with geminal standard distance (1.8 A). (17)

We investigated the conformation of the amino acids 36 and 37
corresponding to the azido acids 32 and 35 deriving respectively from D-
arabinose and D-fructose (figure 5). We assumed that the conformation of the
bicycle does not considerably change susbstituting the azido group with an
amino group in position 3°.

H o - COOH
(0] : 0 0
o CHoNH, BnO
E H o) CHoNHo
BnO OBn
36 37

Figure 5

The computational investigation of 37-R and 37-S shows that, even if these
molecules are characterized by steric constraints due to the spiro linkage of the
two five-member rings, up to four slightly different conformers featuring similar
energy were located by the MM/MD procedure. The comparison of the
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7A

8A

37-R

37-S
Figure 6

computational data with interproton distances obtained by NOESY experiments
on the azides 35-R and 35-S allowed to refine the conformational search and
converge on the structures schematically shown in Figure 6.

37-R and 37-S are characterized by very similar, even if not identical,
structural properties of the two S-member rings. The distance between the C=0
and the NH, groups is about 7 A for 37-R and 8 A for 37-S. Moreover, the
orientation of the NH, group in 37-R seems more suited to mimic protein turn
mimetics.

The conformational analysis of 36-R and 36-S shows that these molecules
are characterized by a high rigidity, due to the condensed five-membered rings.
In fact, the MM/MD procedure always converged on the sameconformer family,
as shown in Figure 6. In particular, 36-S features a very small distance between
the C=O and the NH, group (about 6 A) and is characterized by a mutual
orientation of these two groups that appears very favourable to mimic sharp
turns. On the other hand, 36-R is characterized by C=0O/NHj distance of about 7

In conclusion, compound 36-S is an excellent candidate as protein p-turn
mimetic because of its conformational rigidity and the correct mutual orientation
of the carboxy and amino groups. Compounds 37-R, 37-S and 36-R can act as
rigid spacers having a fixed distance of about 7-8 A between the carboxylic and
the amino groups. These compounds are good candidates to space the C- and N-
terminal residues of protein Q loops where, according to the definition of
Les;\czynsky and Rose, (/8) the distance between segment termini is approx. 4-
1A
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Chapter 9

Recent Progress in Total Synthesis and Development
of Natural Products Using Carbohydrates

Kuniaki Tatsuta

Graduate School of Science and Engineering, Waseda University,
Shinjuku, Toyko 169-8555, Japan

The total synthesis and development of a variety of natural
products have been accomplished by using carbohydrates as
chiral sources. The target molecules are nonsteroidal
progesterone receptor ligands (PF1092A, B and C), antibiotics
(pyralomicins), glyoxalase I inhibitor and its precursor KD16-
Ul, glycosidase inhibitors (valienamine and validamine), N-
methyl-D-aspartate receptor antagonists (ES-242s) and one of
big four antibiotics (tetracycline).

1. Introduction

All the structures of natural products are very beautiful and attractive.
Then, I would like only to relate them to my favorite compounds, carbohydrates.
In my opinion, carbohydrates are the language of chiral natural products;
therefore, I have focused on the use of carbohydrates as chiral precursors in
organic synthesis.

Herein, I would like to present our recent work in the total synthesis
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and development of medicinally useful natural products, which use
carbohydrates as chiral sources to determine the absolute structure of the natural
products and to clarify their structure - activity relationships (/).

2. The First Total Synthesis of Progesterone Receptor Ligands,
PF1092A, B and C

The microbial metabolites (-)-PF1092A, B and C (10, 11 and 12) were
isolated as new nonsteroidal progesterone receptor ligands by the Meiji Seika
group from the culture broth of Penicillium oblatum, and the absolute structures
were finally determined by X-ray crystallographic analysis (2).Structurally, they
belong to the complex eremophilane-type sesquiterpenes, with four contiguous
cis-substituents on an octalone skeleton fused with a butenolide ring.

The first enantiospecific total synthesis of (-)-PF1092A, B and C (10- 12) is
based on the SnCl4- promoted cyclization of an a-keto methyl sulfone and
dimethy] acetal followed by a Stork annulation which gives the octalone core (3)
(Scheme 1).

The critical step was the direct opening of the furanose ring (4 to 5) by
silylation with simultaneous formation of the enol silyl ether, because the one-
step opening of the furanose ring is generally difficult.

The synthesis was initiated with the stereoselective introduction of two
methyl groups onto the tritylated butenolide 1 to give the dimethylated lactone 2
(67%) along with the C-2 epimer (13%). As this stereocenter will be lost in the
Stork annulation (vide post), both epimers could be used in the total synthesis of
12. Their structures were confirmed by the NOE enhancement in 2. After
detritylation, the resulting alcohol was transformed to the dimethyl acetal 3.
Reaction with the lithiated MeSO2Ph gave the lactol 4, which was silylated to
the open chain having the enol silyl ether 5 (91%). These reactions seem to
depend on the readiness of the enol silyl ether formation.

After investigating various derivatives and Lewis acids, the desired aldol-
type cyclization of 5§ with B-elimination was realized by treatment with SnCly.
Desulfurization with Al(Hg) with concomitant reduction of the olefin gave the
cyclohexanone 6 (69%). These procedures feature general methods of entry into
optically active cyclohexanes and cyclohexanols. The annulation of 6 was carried
out according to Stork's procedure (4) by silylation to give the silyl enol ether,
followed by successive treatment with a silylated methyl vinyl ketone and with
MeONa to give the desired octalone 7 in 60% overall yield. The introduction of
the ethyl methyl ketone moiety to C-2 in6 was expected to occur with addition
trans to the C-3 methyl group to afford the natural configurations in7. The NOE
enhancement was clearly detected between two methy! signals to support thecis-
dimethy] structure. Compound 7 was converted into the Zn enolate and reacted
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with methyl pyruvate to give 8 quantitatively as a diastereomeric mixture.
Closure to the desired lactone 9 was affected upon heating 8 with CSA. Finally,
stereospecific SeO7 oxidation of 9 with the aid of the hydroxy group afforded
the cis diol 12, identical with the natural product (-)-PF1092C (12) in all respects
3.

Since (-)-PF1092C (12) has already been transformed into (-)-PF1092A
and B (10 and 11) by selective acetylation, the synthesis of 12 constitutes the
completion of the total synthesis of 10 and 11 (3).

3. Total Synthesis of Glyoxalase I Inhibitor and Its Precursor KD16-Ul

A glyoxalase I inhibitor (19) was isolated in 1975 from the culture broth
of Streptomyces griseosporeus by Umezawa and co-workers. The absolute
structure was determined by chemical studies and X-ray analysis (5). Its
precursor, (-)-KD16-U1 (18), had been already isolated in 1974 from the culture
broth of Streptomyces filipinensis by a chemical screening method developed in
our laboratories (6), and converted to the aforementioned glyoxalase I inhibitor
by treatment with crotonic acid and BF3-Etp0 (7). The glyoxalase system, which
consists of glyoxalase I, glyoxalase II and reduced glutathione, catalyzes the
conversion of a-keto aldehydes to a-hydroxy acids. The glyoxalase I inhibitor
(19) has also been reported to exhibit antitumor activities. The structures and
bioactivities of these compounds 18 and 19 have attracted our attention because
of our program in developing novel methodology for the preparation of densely
functionalized carbocycles from carbohydrates. The first synthesis was achieved
by Vasella et al. in which methyl a-D-glucopyranoside was effectively used as
starting material (8). As mentioned in the synthesis of PF1092s (10— 12) (3), the
SnClg-promoted aldol-like cyclization of phenylsulfonyl enol silyl ethers
containing a dimethyl acetal has been explored extensively in our laboratories.
This transformation is ideally suited to the synthesis of carbocycle-containing
natural products and carba-sugars, since the core skeleton arises after appropriate
replacement of the phenylsulfonyl group. Accordingly, the novel synthesis of (-)-
glyoxalase I inhibitor (19) and its precursor, (-)-KD16-Ul (18) has been
accomplished by the similar manner (9) (Scheme 2).

The key step was the introduction of the hydroxymethyl group onto the
a-phenylsulfonyl cyclohexenone 16 through the Michael type addition of
tributylstannyl lithium followed by trapping with formaldehyde and
desulfonylation.

The cyclohexenone 16 would arise from the enol silyl ether containing the
dimethyl acetal 15, which originates from one-step opening of the
phenylsulfonylmethyl furanose 14. Thus, the starting material simplifies to
commercially available D-ribonic acid y-lactone.
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In practice, the silylated lactone 13 was converted into 14 by acetal
formation followed by reaction with lithiated methyl phenyl sulfone (9).
Compound 14 was silylated to produce, as expected, the labile enol silyl ether 15
having a simultaneously silylated hydroxy group. The SnClg-promoted
cyclization of 15 resulted in the formation of the cyclohexenone 16. Trapping of
the intermediary B-tributylstannyl sulfone with formaldehyde-followed addition
of tributylstannyl-lithium to 16. This reaction gave an adduct which, upon
treatment with silica gel, was converted through simultaneous elimination of the
phenylsulfonyl and tributylstannyl groups to the desired a-hydroxymethyl-
cyclohexenone 17. De-O-silylation with 90% TFA afforded 18, which was
identical with the natural (-)-KD16-U1 (18) in all respects (9).

The synthetic (-)-KD16-U1 (18) was treated with crotonic acid and BF3-
Et20, as previously reported in our laboratories (7), to give the selectively
acylated product 19 identical with the natural glyoxalase I inhibitor (19).

4. Novel Synthesis of Natural Pseudo-aminosugars, (+)-Valienamine
and (+)-Validamine

(+)-Valienamine (25) and (+)-validamine (29) have been found to be key
components for biological activities in pseudo-aminosugars and pseudo-
oligosaccharides such as validamycins, acarbose, and trestatines (/0). Both
pseudo-aminosugars 25 and 29 were also isolated from the fermentation broth of
Streptomyces hygroscopicus subsp. limoneus IFO 12703 to show some biological
activities.

Few syntheses of optically active compounds 25 and 29 have been
reported by using L-quebrachitol, (-)-quinic acid, and D-glucose derivatives,
although the racemates of 25 and 29 have been synthesized in a variety of
methodologies.

As mentioned in the synthesis of the glyoxalase I inhibitor (19) and its
biosynthetc precursor 18, we have extensively developed the one-step opening of
a furanose ring containing a phenylsulfonylmethyl group followed by aldol
condensation as a general method for the construction of optically active
carbasugars (9).

Now, both the utility and the versatility of our method are demonstrated
in the stereoselective synthesis of natural (+)-valienamine (25) and (+)-
validamine (29) (//) (Scheme 3). Furthermore, the anchor effect of an amino
group will be described in the stereoselective hydrogenation of the olefin of25
to give 29 (Fig. 1).

The starting compound 20, which was prepared from D-xylose by
bromine oxidation and tritylation, was converted into 21 by the similar
procedures with the synthesis of 17.



163

"IN Aduey] 1940 L7 ul dnoi3 ourwe ay) Jo
109]J9 JOYOUR I} puB SABIPIULIDUI A3Y] JO SUOTIBULIOJUO)) ‘| "1

IN Aduey
| 1
HH
WOWO . HY Ve L€ Wowo re e owow
wono X >—_H Y g JOH . wowo-Z Y H)
Z5 WOWO N°H N,
H HO H (o]
H N H H



164

upBUANBA (6T

ve
NI-M N—,—ZI
~N-PH ..H
< <
HO - H HO3/IDH wWowo y H N Kouey /'H
HG WOWJ
€T (44 12 07
N s810 HO
OH

HO
R PH
I < ’ < —
INOWO WOWO
Y H NH Y H

WOWO ‘avad ‘d'ud

WOWGJ

psaL
’ -
HO <o H
sglL 1



165

£ 2waYoS
UIMEPIBA 67
N—-¢
H .b:
—
HO . H HOSI /IDH
HO
LT 9
ZHN N
. .o : .-o
=~ oo JOX 2w X 5 ®
| vs
IN Asusy OWO , 0 IN Kausy /°H wowo Y (>Wo) %W
NOWO

FHwe g EOE%



166

Stereoselective reduction of the carbonyl group in 21 by Zn(BHg)2 in
ether to give the a-alcohol was followed by exchange of the protecting groups to
give the properly protected alcohol 22.

Although 22 possessed three hydroxy groups, the allyl hydroxy group at
C-1 was expected to be more reactive than others.

As expected, Mitsunobu inversion of the allyl alcohol22 using HN3 gave
predominantly the a-azide 23 (/2). Mild hydrogenation of 23 with 1 atm of
hydrogen over Raney Ni produced the corresponding amino compound24 in a
quantitative yield without any significant reduction of the olefin.

Deprotection of 24 with methanolic hydrogen chloride gave the
hydrochloride of (+)-valienemine (25), which was chromatographed on Dowex
1X2 (OH-type) with water to provide, after recrystallization from a little of
water, needles of the free base 25 as a monohydrate. Both the hydrochloride and
the free base of 25 were identical in all respects with the authentic samples of the
natural product (/7).

On the final stage to synthesize validamine (29), extensive efforts were
directed toward stereoselective hydrogenation of the olefin 24 that would ensure
the configuration of the hydroxymethyl group at C-5.

Unfortunately, catalytic hydrogenation of24 either on Raney Ni or Pd-C
gave an approximately 1: 1 mixture of the diastereomers due to the C-5.

The !H-NMR studies of 23 and 24 indicated that their conformations
were different (Fig. 1). Compound 23 adopts the usual half-chair form with the
quasi-axial azido group, while the amino compound 24 exists in the boat-like
form with the quasi-equatorial amino group. The latter form 24 might be due to
the interaction such as hydrogen bonding between the C-1 amino and C-2
hydroxy groups.

The quasi-axial amino group or hydroxy group of methylcyclohex-2-
enylamines or 2-enols has been known to act as the anchor toward the surface of
Raney Ni on catalytic hydrogenation to give preferentially the trans isomer (/3).

Accordingly, the quasi-equatorial amino group of 24 could not participate
in the anchor effect for stereoselective hydrogenation.

We expected that the conformation of the acetonated derivatives 26 and
27 would be much more rigid than 24 to keep the half-chair form having the
quasi-axial amino group. Mild catalytic hydrogenation of 26 gave quantitatively
the corresponding amino compound 27.

As a mixture of dioxane and HpO was used for catalytic hydrogenation,
the 1H-NMR spectra of 24 and 27 were measured in dioxane-dg and D20 to
support that existed in the half-chair form with thequasi-axial amino group (Fig.
1). The quasi-axial amino group of 27 was expected to assist the anchor effect
giving the desired 1,5-trans isomer 28.

As expected, catalytic hydrogenation of 27 over Raney Ni in a mixture of
dioxane and HO gave, after evaporation of the solvent, thefrans isomer 28 as a
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single product in a quantitative yield. Direct hydrogenation of 26 to 28 was also
achieved in a quantitative yield with 3 atm of hydrogen on Raney Ni.

Acidic deprotection of 28 gave quantitatively the hydrochloride of (+)-
validamine (29), which was chromatographed on Dowex 1X2 (OH-type) with
water to yield the free base of29. Both the hydrochloride and the free base of29
were identical in all respects with the authentic samples of the natural product
un.

In summary, the novel synthesis of (+)-valienamine and (+)-validamine
has been accomplished by our synthetic strategies for the constructing of
carbasugars. The absolutely stereoselective hydrogenation of 26 and 27 to give
(+)-validamine (29) is particularly noteworthy.

5. The First Total Synthesis of Pyralomicin 1c and 2¢

Pyralomicins 1c and 2¢ (36 and 38) have been isolated from culture broth of
Microtetraspora spiralis as novel antibiotics including antitumor activities.
Structurally, 36 and 38 are endowed with the 5-hydroxy-8-methyl- [1]-
benzopyrano[2,3-b]pyrrol-4-(1H)-one structure 32 as a common core binding a
carba sugar and a sugar moiety, respectively.

The first total synthesis of pyralomicin 1c and 2c (36 and 38) has been
effectively accomplished in our laboratoriess (15, 16) (Scheme 4).

Since pyralomicinone (32) has been synthesized from pyrrole and 2,4-
dihydroxytoluene derivatives (for examples: 30 and 31), the first aim in the
synthesis of pyralomicin 1c (36) is the effective construction of the carba sugar
moiety 35 (15).

We expected the regio- and stereoselective connection of 35 with
pyralomicinone (32) to be controlled under Mitsunobu conditions with inversion.

Furthermore, it was anticipated that the carba sugar 35 would be synthesized
by the similar strategies as developed by us in the syntheses of glyoxalase I
inhibitor (19) and its precursor, KD16-U1 (18) (9).

The starting material in this synthesis was L-arabinonic acid y-lactone 33,
which was readily derived from L-arabinose by tritylation and bromine oxidation
(11, 15). Conversion of 33 to 34 was carried out by the similar procedures with
the preparation of 17 and 21.

Stereoselective reduction of the carbonyl group of 34 was examined in a
variety of conditions, and the best result was realized by using NaBH4 and
CeCl3-7H20 to give the desired a-alcohol in 69%. This was protected with
methoxymethyl group followed by de-O-silylation to give quantitativelythe triol
35. Although 35 possessed three free hydroxy groups, the allyl hydroxy group at
C-1 was expected to be more reactive than others.

With pyralomicinone (32) and the alcohol 35 in hand, we turned to their
connection. Both components 32 and 35 were coupled under modified
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Mitsunobu's conditions using a novel reagent, #n-Bu3P=CHCN to give
predominantly the desired N-C product with inversion (/7), which was
deprotected under acidic conditions to give pyralomicin lc (36). This was
identical with the natural product in all respects, completing the first total
synthesis. As expected, the by-products, which would result from the reaction of
other hydroxy groups with 32, were not significantly observed.

Next, pyralomicin 2c (38) was synthesized from 32 and 37 (/6). The
glucosyl donor 37 was prepared from benzyl a-D-glucopyranoside by
methoxymethylation followed by hydrogenolysis. The stereoselective N-
glycosylation of 37 with 32 was effectively accomplished by using Mitsunobu
conditions to give 38, after acidic deprotection. This was identical in all respects
with the natural product 38 (/6).

The total synthesis of pyralomicin 1c (36) and 2c (38) indicated that
Mitsunobu conditions were useful for the stereoselective construction of N-C
bonds.

6. The First Total Synthesis and Mode of Action of N-Methyl-D-
aspartate Receptor Antagonists, ES-242s

A bioxantracene (-)-ES-242-4 (46) was isolated from the culture broth of
Verticillium sp. in 1992 as one of eight antagonists for the N-methyl-D-aspartate
(NMDA) receptor (/8). These novel natural products are reported to inhibit the
[ Hithienyl cyclohexylpiperidine binding to rat crude synaptic membranes, and
therefore, are of potential therapeutic interest for the treatment of
neurodegenerative diseases. (-)-ES-242-4 (46) is structurally remarkable having
an axially chiral binaphthalene core that is adorned with two pyrans of the same
absolute chirality. Our interest in the construction of densely functionalized
naphthopyran ring systems, via tandem Michael-Dieckmann reactions, promoted
us to attempt the first stereocontrolled total synthesis of (-)-ES-242-4 (46) (19).

To this end, the naphthopyran derivative 44 was our first target, which
could be derived from the o,B-unsaturated lactone 40 and the o-methylbenzoate
41 through Michael and Dieckmann reactions. It was expected that the pivotal
conversion of a monomer 44 to a dimer 46 could be accomplished by oxidative
coupling (Scheme 5).

On one hand, the o, B-unsaturated lactone 40, which was derived from di-
O-acetyl-L-rhamnal (39) according to reported procedures, was submitted to
Mitsunobu inversion with HCO7H, followed by hydrolysis and
methoxymethylation to afford 40. On the other hand, the o-methylbenzoate 41
was obtained from 3,5-dihydroxytoluene under the protocols described by
Solladié.

Addition of lithiated 41 to 40 was followed by Dieckmann reaction to
provide a single product 42 as expected from trans addition to the C-4 O-MOM



171

group. Aromatization of 42 was followed by O-benzylation to give 43. Hydride
reduction of 43 to the lactol was followed by treatment with Et3SiH and TFA.
The pyran 44 was obtained. Oxidative dimerization of 44 was examined under
several conditions with a variety of metals such as Fe(II), Mn(II) and Cu(II). The
best result was realized by the protocols reported by Noji, Nakajima and Koga
using CuCl(OH)- TMEDA (20), which was prepared from CuCl and TMEDA
under oxygen. The diastereomeric mixture of 45 was produced as a stable
intermediate (IR [KBr] 1648 cm-1). Finally, 45 was aromatized with aq. NaOH
followed by acid hydrolysis to remove the O-MOM group. Expectedly, two
atropisomers were produced and isolated by silica gel column chromatography
to give 46 and 47 in 37% and 38% overall yields, respectively. The former 46
was identical in all respects with an authentic sample of the natural (-)-ES-242-4
19).

Furthermore, the diastereomeric analogs (49 and 50) of ES-242-4 (46)
were synthesized from 39 by the similar synthetic strategies but without
isomerization of the C4 hydroxy group to understand the structure-activity
relationships. Similarly, Michael-Dieckmann type reaction of 48 with 41 gave
the tricyclic compound, which was converted into the atropisomers49 and 50
(21, 22).

The absolute and atropisomeric structures of all isomers 46, 47, 49 and 50
were determined by their chemical derivation and the X-ray crystallographic
analysis of O-benzyl derivative of 49 (23).

Finally, the structure-activity relationships were disclosed as follows (23):
Two hydroxy groups at C-4 and C-4’ in 46 (ES-242-4) and 49 are observed to be
far apart, while two hydroxy groups in47 and 50 are close together. The shorter
distance between these two hydroxy groups may be responsible for the stronger
inhibitory activities against [P’H]JMK-801 binding to the NMDA receptor (23).
Namely, 47 and 50 showed stronger activities than 46 and 49, suggesting that the
appearance of their activities may be attributed to the intramolecular metal
chelation formation between their two hydroxy groups.

7. The First Total Synthesis of Natural (-)-Tetracycline

For almost half a century, tetracycline (68) has been well-known as a major
antibiotic from the viewpoint of its unique structural features as well as
antibacterial activities (24). The total synthesis of tetracycline families was
initiated by Woodward’s 6-demethyl-6-deoxytetracycline synthesis in 1962 (25),
followed by Muxfeldt’s terramycin synthesis in 1968 (26), and culminated by
Stork’s 12a-deoxytetracycline synthesis in 1996 (27). However, all these
syntheses have been accomplished only in racemic forms. The total synthesis of
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natural (-)-tetracycline (68) remained an unanswered challenge, despite the
remarkable achievements as described above.

Very recently, the first total synthesis of (-)-tetracycline (68) has been
completed in our laboratories (28) by using D-glucosamine as a chiral starting
material, which stereospecifically constructs the densely and sensitively
functionalized A ring (Scheme 6).

From the retrosynthetic perspective (Fig. 2), the tetracyclic structure is
expected to be accessible by tandem Michael-Dieckmann type reaction of 59
with 60. The suitably substituted chiral intermediate 59 would be synthesized by
Diels-Alder reaction of the cyclohexenone 57 and the silyloxybutadiene 58. The
regio- and stereoselectivities are established as a consequence of the dienophile
geometry according to Gleiter’s theory (29). Compound 57 could be obtained
from 51 through Ferrier reaction of 54.

As a viable synthetic relay from anhydrotetracycline (66) to tetracycline
(68) has been reported by Wasserman and Scott via a two-step hydration at the
5a, 6-position (30), 66 was our first target. A reliable 12a-hydroxylation is
required for the synthesis of 66, although evidence of such hydroxylation has
been reported (27, 31).

The starting 51, which was prepared from D-glucosamine, was converted
into the olefin 52 by selective silylation, oxidation and Wittig olefination
(Scheme 2). After de-O-silylation of 52, the resulting alcohol was led to the
selenide 53. Treatment of 53 with borane followed by HyO, oxidation gave
stereoselectively the alcohol by simultaneous formation of a new olefin group,
which was benzylated to 30. This was submitted to Ferrier reaction (32) with
HgCl5 to give the cyclohexanone 55. The [4+2] cycloaddition of 56, which was
derived from 55 by dehydration, with the butadiene 58 did not proceed because
of the steric repulsion. Therefore, 55 was epimerized at C2 and dehydrated to the
isomer 57. The a-hydroxymethyl group was an important factor for the
stereospecific introduction of the hydroxy group at 12a in 63 and 64. This
cycloaddition with 58 in the presence of 2,6-di-ferr-butyl-4-methylphenol
(DBMP) proceeded from the P-face of 57 regio- and stereoselectively as
expected. This highly stereoselective reaction gave a labile adduct, which upon
acidic oxidation was transformed to the o,B-unsaturated ketone 59. The tandem
Michael-Dieckmann type reaction of 59 with the isobenzofuranone 60 gave the
tetracyclic compound, which was in turn aromatised to 61 in high yield.

After selective de-O-benzylation of 61 with BBr3 (Scheme 3), the alcohol
was converted into 62 by exchange of the N-protecting group followed by O-
methylation of the enol Treatment of 62 with Bry gave stereoselectively the
bromide 63. The opening of the pyran ring was examined under a variety of
conditions. PCC-PDC oxidation of the alcohol of 63 was found to give the C12a
alcohol 64 followed by B-elimination and oxidative opening of the pyran.
Compound 64 was transformed to the nitrile 65 by our newly developed method.
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Hydrolysis of 65 to give the amide with concomitant removal of the N-Boc group
was followed by N-dimethylation and de-O-methylation to produce
anhydrotetracycline (66). This was identical with a naturally derived sample in
all respects.

The final stage was to introduce stereoselectively the hydroxy group into
the C6 position according to the reported procedures (30). By photooxidation of
66, the corresponding C-6 peroxide 67 was obtained. The successive
hydrogenolysis on Pd-C gave no significant product (27, 30), while the desired
reduction proceeded smoothly on Pt black to give (-)-tetracycline (68) in a fairly
good yield, which was neutralized with HCI in MeOH to give the hydrochloride.
This was identical with the hydrochloride of natural (-)-tetracycline in all
respects, completing the first total synthesis (28).

8. Conclusion

The total synthesis of medicinally useful natural products was
accomplished by using carbohydrates to determine their absolute structures and
to illustrate the usefulness of carbohydrates as chiral sources, and the analogs of
the natural products were developed to further clarify the structure - activity
relations.
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Chapter 10

Synthesis of Natural and Unnatural Products
from Sugar Synthons

Minoru Isobe and Yoshiyasu Ichikawa

Laboratory of Organic Chemistry, School of Bioagricultural Sciences,
Nagoya University, Chikusa, Nagoya 464-8601, Japan

We have developed two methods for the synthesis of natural
and unnatural products from D-glucose. Enantio-and diastereo-
switching method established a new strategy for the synthesis
of four possible stereomers for natural products synthesis, and
this powerful method was successfully applied to the synthesis
of unnatural protein phosphatase inhibitors. The second
synthetic method involved the preparation of the urea-
glycosidic linkages for the synthesis of glycopeptide mimics.

Enantio-switching Method for the Synthesis of Natural and Unnatural
Products from Sugar Synthons

"Carbohydrate synthons in natural product synthesis" which is the title of
this special symposium has an inevitable problem to be solved, because we often
need both enantiomers of synthons for the synthesis of optically active natural
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products, however, only one enantiomer of sugar synthon is available in many
cases. We realized this problem during the retro-synthetic analysis of tautomycin
1 (TTM) as shown in Figure 1.

o0 OH O 0oH 0 OH

0y
OMe

o) Tautomycin (1 l/

Segment C of Tautomycin ( 2)

.................................... pseudo-enantiomeric - D - Glucose

Okadaic Acid (6)
Figure 1. Retrosynthetic analysis of tautomycin

Since segment C of TTM 2 is structurally similar to Segment C of okadaic acid
(OKA) 4which had been prepared from D-glucose (/), we proposed a synthetic
plan of Segment C of TTM 2 employing heteroolefin 3 which may also be
derived from pyranose sugar derivative. But Segment C of TTM2 is pseudo-
enantiomeric form to its counterpart of Segment C of OA 4; we recognized a
problem associated with difficult availability of L-glucose. This problem led us
to develop a new synthetic method "the enantio-switching method" which was
applicable to both enantiomers starting from readily available D-glucose
derivatives as shown in Figure 2 (2).
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Enantio-switching Method for the Synthesis of Segment C of TTM

Enantio-switching method comprises C-glycosidation of alkyne,
epimerization of its cobalt complex (3) and 1,2-asymmetricinductionvia hetero
conjugate addition to hetero olefins (4). Namely, C-glycosidation of silyl
acetylene to the D-glucose derivatives 9 proceeds in a completely alpha-axial
manner, and further transformation of the acetylenic group with bis-
cobaltoctacarbonyl gave the bis-cobalthexacarbonyl complex 10.

wZ

.utl , H l;lu

PhO,S :. 0 R i
i R_O0G SO,Ph
\/U pseudo-enantiomeric \LJ‘/\’ 2

Segment C of Okadaic Acid 7

Segment C of Tautomycin 13

EtsSin ~L 0L OR
T ool s,
UX

/ 8

O\ 12
H o H 1) TMS —==—SPh L aSse \ SPh
RONOFOR | 7 BE.OEt Yol % HoH Z
' /\fj - R'O/\Ej/ 1) TOH R0 O
7 —- —-
X 2) Cox(CO)q ) 2) 1
D-Glucose 9 1

Figure 2. Enantio-switching method for the synthesis of Segment C of tautomycin

Epimerization of alpha-configuration of 10 into a B-equatorial configuration
through acidic treatment and decomplexation by iodine provided the pseudo
enantiomeric form of D-glucose derivative 11 (5). Finally, 11 is converted into
the hetero olefin 12 which then received a variety of nucleophiles by chelation
control to accomplish the synthesis of segment C of TTM 13.

Enantio-switching and Diastereo-switching Method for Natural Products
Synthesis

We have further developed this enantio-switching method for the synthesis
of natural products as outlined in Figure 3. In this method, enantio-switching
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method was combined with diastereo-switching method which is based on a- and
B-chelation control of the face selectivity of heteroolefin (6). Thus, C-
glycosidation of D-glucose derivatives at C-1 position of pyranose and
hydrosilylation provided the axial-hetero olefin A, which received a-chelation
controlled heteroconjugate addition by alkyllithium to afford 1,2-syn isomerC.
B-Chelation controlled addition of alkylmagnesium bromide to heteroolefin A
provided 1,2-anti isomer D (diastero-switching method) (7). Enantio-switching
method depicted in Figure 2 gave equatorial heteroolefin B which was
transformed into pseudo-enantiomeric 1,2-syn and 1,2-anti isomersE and F by
diastero-switching method. This strategy opened a completely stereo controlled
fashion for the synthesis of four possible 1,2-syn- and anti-isomers starting from
only one D-glucose derivative. Most notable point in this method is the newly
generation of asymmetric centers in the acyclic portion using the pyranose as a
chiral auxiliary. This method expanded the usefulness of sugar synthons for
natural products synthesis and, in fact, applied to our study of the protein
phosphatase inhibitor.

Diastereomers
RO 1,2-syn 1,2-anti

A : H X

/ ng-hu&Eb X ] 1§
c D
Heteroolefm
D - Glucose

Eihstereo-ewiﬂching method ] ......... Pseudoenantiomers -------+--

\ RO 1,2-syn 1,2-anti

Equatorial
Heteroolefin

Figure 3. Enantioswitching and Diastereoswitching Method

Synthesis and Structural Recognition Studies of Protein Phosphatases
Inhibitors

Our synthesis of OKA and TTM provided various opportunities for
collaborating with biochemists, and this collaboration has given birth to our
expanding interests toward structural recognition between protein phosphatases
(PP) and inhibitors such as OKA or TTM (8). OKA has strong inhibitory effect
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to protein phosphatase Type 2A (PP2A), while TTM inhibits more effectively to
protein phosphatase Type 1 (PP1) than type PP2A. We expected that structural
difference of segment C portion of OKA and TTM determine the selectivity of
these inhibitors towards PP1 and PP2A. The synthetic strategy combined
Enantio-switching and diastereo-switching method prompted us to synthesize a
chemical probe which will clarify the selectivity of OKA and TTM towards PP.
Towards this end, we have designed and synthesized a hybrid molecule between
TTM and OKA, named as okadamycin 14 (9). This unnatural product inhibits
PP2A more effectively than PP1, which supports our hypothesis that the portion
of Segment C determined the selectivity of inhibitions to PP.

o]
nQ
=
o

Figure 4A. Unnatural Inhibitor, okadamycin
New Unnatural Inhibitors of Protein Phosphatases, Heptanortautomycin

Further studies in this area proposed the second generation of such a hybrid
molecule, namely heptanor-tautomycin 15,as shown in Figure 4. This hybrid
molecule has the structure of TTM with the enantiomeric form of Segment C of
OKA 16. We planned an improved route to 16 via 17, which has been used in
our total synthesis of TTM (2).

0 QHOY OHO OH

‘{?:\)L o}\i/\,lk:)\,
OMe :
15

18
Figure 4. Retrosynthetic analysis of Heptanor-tautomycin

o)

During previous synthesis of subsegment C1 of TTM 17 by using enantio-
switching method, we have encountered a problem during epimerization of the
intermediates as shown in Figure 5. The epimerization 0f20 into 21 was difficult
because of the axial methyl group in pyranose ring, which greatly diminished the
driving force of thermodynamic equilibrium. In fact, the epimerization of the
dicobalthexacarbonyl complex 20 with trifluoromethane sulfonic acid gave a
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mixture of 20 and its B-isomer 21 with the ratio of 1: 1.1, and the B-isomer 21
was separated by flash chromatography. After three recycling of the recovered
a-isomer 20, we obtained B-dicobalthexacarbonyl complex 21 in 65% yield.
Decomplexation of 21 with iodine and hydrosilylation of 22 using 1mol% of
sodium hexachloroplatinate (IV) gave 23 in 88% yield.

Aco\ Me A0 H Me
o, CozCOp H _Co)(CO)g TIOH A0S o

>

" —_— Me ' S~Ssph__ ——— WY~ CoulCON

1 || 2" ettt "
Me SPh Me

, SPh ACOW EtySiH, Na;PtClg Aco%koﬁ/\r&ﬂs
H HH HH

n-BuOH, 110°C H SPh
22 23

SPh

Figure 5. Previous synthtesis of Sub-segent C1 of TTM

To solve this problem, we modified the steps as show in Figure 6, where the
methyl group be introduced after epimerization of the dicobalthexacarbonyl
complex 25 which may give a 1: 4 mixture of25 and 26 through our previous
study (/0). In addition, we have recently developed a new reductive
decomplexation method of bis-cobalthexacarbonyl complex, which is applicable
to the synthesis of 27 in a single step from bis-cobalthexacarbonyl complex 26

un.

A
Aco =~ \-H Coz(CO),, c° ACO)  TIOH 0 o 00,0,
O \SPh —_— Aco/b/;/sph
H

a:p=1:4 2%
! co\ Me
A new reductive decomplexation A‘?%o)(\r SiEt, Introduction of %ﬁ}/\rsﬂ
i i Ac — — A
method with H
ESi o7 H SPh Me group 2 HH  sph

Figure 6. A new plan for the synthesis of Segement C1 of TTM

Synthesis of Heptanor-tautomycin

The synthetic plan in Figure 6 has been realized as full steps shown in
Figure 7. C-Glycosidation of 18 with phenylthiotrimethylsilyl-acetylene and
boron trifluoride etherate followed by treatment with biscobaltoctacarbonyl gave
the biscobalthexacarbonyl complex 25 in 92% yield. Epimerization of the cobalt
complex 25 was achieved with trifluoromethane sulfonic acid in
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dichloromethane at room temperature for 10 min under thermo-dynamically
controlled condition.
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Figure 7. Epimerization and introduction of a methyl group  55%

A 1: 4 mixture of 25 and 26 was obtained in 72% yield and the B-isomer 26
was separated by chromatography. Reductive decomplexation and
hydrosilylation of 26 was achieved by treatment of 26 with triethylsilane in
toluene at 65° C overnight to afford 27 in 89% yield. Introduction of the ring-
methyl group was achieved by SN2' reaction of the allyl pivalate 30, because
hydrolysis of acetate was the major reaction in the case 0f27. Thus, treatment of
30 with lithium methyl cyanocuprate in ether at 0°C gave the methyl adduct 31
and 32 in 61and 17% yield respectively. Treatment of 32 with pivaloyl chloride
gave 31 in 55% yield.

Synthesis of sub-segment C117 and further transformation into enantiomeric
Segment C of OKA 16 are shown in Figure 8. Heteroolefin 33 was prepared by
oxidation of 31 with m-chloroperbenzoic acid, and heteroconjugate addition of
methyllithium-lithium bromide complex to 33 was achieved by a-chelation
controlled manner, and successive desilylation with tetrabutylammonium
fluoride afforded 34 in 96% yield with high diastereoselectivity (syn: anti = >99:
1). Hydrogenation of the double bond of 34 in the presence of platinum oxide
gave 35. Treatment of 35 with methyltriphenoxyphosphorus iodide and reductive
ring opening of the resulting 36 by zinc (/2) furnished the open chain compound
37. Protection of the alcohol 37 as t-butyldimethylsilyl ether followed by
epoxidation of the olefin 38 with m-chloroperbenzoic acid furnished Sub-
segment C-1 17 as a mixture of two diastereomers. Epoxide ring opening by
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lithium acetylide in the presence of boron trifluoride diethyl etherate gave39 in
96% yield. Hydrogenation of the triple bond of 39, oxidation by PCC, removal
of silyl ether protecting group and spiro-ketalization in refluxing methanol in the
presence of p-toluenesulfonic acid completed the synthesis 0f16 in 63% overall
yield from 39.
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Figure 8. Synthesis of enantiomeric Segment C of OKA

With the efficient synthesis of 16 accomplished, the coupling reaction of
Segment C and Segment B of TTM 40 (/3) was undertaken. Treatment of 16
with n-butyllithium gave the corresponding sulfone carbanion, which reacted
with 40 in the presence of borane trifluoride etherate to give 41. Desulfonylation
of 41 with sodium amalgam afforded 42 in 73% overall yield from 40.
Protecting group manipulation of 42 gave the diol 43 in 70%yield. Selective
esterification of 43 with Segment A of TTM 44 under Yamaguchi condition and
two-step deprotection involving removal of-butyldimethylsilyl groups with poly
(hydrogen fluoride) pyridine complex and cleavage of the two dithioketals using
mercury perchlorate in aqueous acetonitrile furnished the synthetic Heptanor-
tautomycin 15 in 52% overall yield from 43.
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Figure 9. Synthesis of Heptanor-tautomycin
Synthetic Studies of Glycopeptide Mimics with Urea-glycosyl Bonds

In recent years, glycopeptides have become important area for bioorganic
and medicinal research work because of its important biological activity.
Research work in this area stimulated the development for the synthesis of
glycopeptide mimics for medicinal studies and therapeutic applications.
Glycopeptides have two modes for the attachment of glycosides to the peptide
backbone involving either oxygen atom in the side chain of serine and threonine,
or nitrogen atom in the side chain of asparagine. In the studies of glycopeptide
mimics, O- and N-glycosyl linkages have been replaced by carbon-carbon,
carbon-sulfur, and carbon-aminooxy bonds (/4). In this project, we propose an
approach to the synthesis of glycopeptide mimics in which O- and N-glycosyl
linkages are replaced by urea-glycosyl bonds.

Retrosynthetic analysis for the synthesis of a key building blockI for such a
glycopeptide mimics is shown in Figure 10. It was envisaged that the synthesis
of I could be achieved by a coupling reaction of the glycosyl isocyanatesII and
the amino acid derivatives III, and initial work focused on the synthesis of the
glycosyl isocyanates IV.
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Figure 10. Retrosynthetic analysis for the glycopeptide mimics
with urea-glycosyl bonds

The first synthesis of glycosylisocyanate has been reported in 1914 by E.
Fisher, who described the reaction of teteraacetylbromoglucose with silver
isocyante in xylene (/5). Subsequent attempts to repeat his work by Johnson and
Bergman found that two types of the glucosyl isocyantes A and B were formed,
which suggested that this method seemed to suffer from non-stereospecificity
(16). In this context, we have explored anew method for the stereospecific
synthesis of the a-and B-glycosyl isocyanates and have now recognized hat
oxidation of the glycosyl isocyanides IV is a good synthetic route for the
preparation of the glycosyl isocyanates II. At the beginning stage of this route,
the synthesis of the a- and B-glucosyl isocyanides has been developed, as shown
in Figure 11.

Catalytic hydrogenation of the a—azide 45 afforded the a-glucosyl amine 46
which easily epimerized at the C-1 position to afford the thermodynamically
stable B-glucosyl amine 47 due to the reverse anomeric effect (/7). To avoid this
problem, the reaction mixture was immediately treated with acetic formic
anhydride after hydrogenation. This procedure afforded a mixture of the
formamides 48 and 49 which was dehydrated under mild conditions (PPh3,
CBry, Et3N) to give the glucosyl isocyanides 50 and 51 in the ratio of 81:19 (18)
and the a-glucosyl isocyanide 50 was separated by silica-gel chromatography.
The B-glucosyl isocyanide 51 was also prepared by a similar procedure starting
from B-azide52. In this case, B-glucosyl amine 47 was stable, and easy
convertible without epimerization at the C-1 position during the transformation
from 47 to 51.
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Figure 11. Synthesis of o and [-glucosyl isocyanides

With both a- and PB-glucosyl isocyanides in hand, we next examined
oxidation of the glucosyl isocyanides. After extensive experimental efforts, we
have finally realized that Method A (pyridine N-oxide in the presence of a
catalytic amount of iodine) (/9) and method B (2,4,6-trimethyl-
benzonitrileoxide) (20) are the most satisfactory oxidizing reagents. From the
practical point of view, we preferred method A because pyridine N-oxide is
commercially available. A typical example employing method A is shown in
Figure 12. Oxidation of the a-glucosyl isocyanide 50 by method A in the
presence of powdered molecular sieves 3A proceeded at room temperature for
30 min, and the resulting reaction mixture was immediately treated with
cyclohexylamine to provide the o-glucosyl urea 54. This reaction sequence
involved the transformation of in situ-generated glucosyl isocyanate53 into the
stable glucosyl urea 54 in a one-pot process, which avoided the problem,
associated with the isolation of the reactive glucosyl isocyanate53. The resulting
glucosyl urea 54 was isolated in 91% yield after purification. A similar
procedure starting from B-glucosyl isocyanide 51 gave B-glucosyl urea 56 in
95% yield. It should be noted that the epimerization at the anomeric position has
never been observed during the transformation from the glucosyl isocyanides
into the glucosyl ureas.
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Figure 12. Stereospecific synthesis of thea- and B-glucosyl urea

The structures of the glucosyl urea 54 and 56 have been determined by
NMR, that is, 13C NMR analysis of the urea carbonyl carbon of 54 and 56
appeared 156.9 and 155.6 ppm, and ureido-glycosidic carbon appeared at
77.2and 80.2 ppm, respectively. A small coupling constant (5 Hz) of 54 between
Hjand Hp, and large coupling constant (9 Hz) of 56 determined - and f-
stereochemistry at the anomeric positions.

Finally, the synthesis of a key building block for the glycopeptide mimics
with urea-glycosyl bonds has been achieved, as shown in Figure 13.

Oxidation of 51 by method A and subsequent treatment of 55 with
ammonium trifluoroacetate 57 in the presence of diisopropylethylamine provided
58 in 67% yield.
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Figure 13. Synthesis of glycopeptide mimics with a urea-glycosyl
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synthesis of densely functionalized,
optically active, 136
See also Carbasugars
Cyclopentylamine, 130

D

3,5-Diaminosugars, synthesis of
family, 13-14



Diastereo-switching method, natural
products synthesis, 183184
Diels—Alder reactions
levoglucosenone as dienophile, 8
levoglucosenone conversion, 2324
(6R)-Dihydropyranones
(S,S)-bissetone, 61-62
deoximation of ketoximes, 61
hydroxyglycal esters as starting, 60
(S,S)-palythazine, 61-63
versatility of enolone ester, 61
2,6-Dihydropyranones, one-pot
reaction, 55-56
3,4-Dihydroxybutyric acids, chiral 3-
carbon synthons from, 90-91
Diplodialides, macrolides, 63—67

E

Enantiocontrol, levoglucosenone
synthesis, 35-36
Enantiopure products,
levoglucosenone, 35-36
Enantio-switching method
natural products synthesis, 183-184
synthesis of natural and unnatural
products from sugar synthons,
181-182
synthesis of segment C of
tautomycin, 183
5-Exo-Trig cyclization, spiro-
heterocycle from sugars, 143144,
145

F

(+)-Febrifugine, synthesis, 42

FK506 immunosuppressant, synthesis

of Cys.34 fragment, 43
D-Fructose

annual production volume and price,

49¢
synthetic potential, 48
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Furanoid systems, preparation, 51
Furanosidic cycle, 147, 148f

G

L-Galactose, synthesis, 40
Glucal, preparation, 51
D-Gluconic acid, annual production
volume and price, 49¢
Glucose
carbohydrate precursors, 1-2
use as chiral auxiliaries, 91
D-Glucose
annual production volume and price,
49t
macrolides synthesis, 64—66
(S,S)-palythazine, 61-63
preparation of spectinomycin, 58
retrosynthetic analysis of tautomycin,
182f
synthetic potential, 48
L-Glucose, synthesis, 41
Glucoside, preparation, 51
L-Glutamic acid, annual production
volume and price, 49¢
Glycomimetic synthons, 1-thio-1,2-
isopropylidene acetals as, 106, 107
Glycopeptide mimics with urea-
glycosyl bonds
first synthesis of glycosyl isocyanate,
190
oxidation of glucosyl isocyanides,
191
retrosynthetic analysis, 190f
stereospecific synthesis of a- and -
glucosyl urea, 192f
synthesis of o.- and -glucosyl
isocyanides, 190, 191f
synthetic studies, 189-192
Glycosidase inhibitors, biologically
active cyclopentane derivative,
130
C-Glycosides
preparation, 54
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preparation from 1-thio-1,2-
isopropylidene acetals, 106, 108—
109, 110¢
Glyoxalase I inhibitor, total synthesis,
160-162

H

Health disorders, carbohydrate
mechanisms, 103
Heptanor-tautomycin
epimerization and introduction of
methyl group, 1871
retrosynthetic analysis, 185/
synthesis, 186—188, 189/
unnatural inhibitor of protein
phosphatases, 185-186
Hexoses
conversion to six-carbon synthon,
50-51
potential, 50
L-Hexoses
L-allose, 40
L-altrose, 4041
asymmetric epoxidation (AE),
39
L-galactose, 40
L-glucose, 41
L-mannose, 41
synthesis, 3841
L-talose, 4041
Hydantocidin, spiro-heterocycle from
sugars, 143
Hydroxyglucal, preparation, 51
Hydroxyhexanals, sugars as starting
materials, 63-67

I

Iminosugars
a-L-fucosidase inhibitors, 125
glycosidase inhibitory properties,
123-126

6- and 7-membered, from
bromodeoxyaldonolactones, 122
S-membered, from
bromodeoxyhexonolactones, 122
6-membered S-carbon
amino/hydroxy, as inhibitors of
hexosidases, 123
strategies for preparation, 121
synthetic approaches, 120-123
See also Activated carbohydrate
lactones
Immunosuppressant FK-506, synthesis
of Cys.34 fragment, 43
Inclusion complexes, modified
cyclodextrins, 71, 72f
Iodine addition, levoglucosenone, 8
Iodo analogs, levoglucosenone, 4
Iodobenzylation approach
constrained bicyclic structures, 144—
145
double iodocyclization with
debenzylation, 148
Isofagomine
isoiminosugar, 126, 127
short synthesis, 129
See also Isoiminosugars/1-N-
iminosugars
Isoiminosugars/1-N-iminosugars
alkylation of 5-bromo-2,5-
dideoxypentonolactones, 128-130
alkylation using electrophiles for
one-carbon branching at C-2, 129
isofagomine, 126, 127
potential, 127-128
short synthesis of isofagomine, 129
siastatin B, 126, 127
strategy for synthesis, 127
synthesis, 128-130
See also Activated carbohydrate
lactones
Isolevoglucosenone
applications, 10
chemical reactivity, 12
double dehydration of levoglucosan,
3,9



enantiopure, 37
mechanism of sigmatropic
rearrangement, 10
new chiral building blocks from, 11—
12
schematic of formation, 3
synthesis from levoglucosenone, 9
synthetic approach to (1,2)-S-
thiodisaccharides, 11
transformation to levoglucosenone,
35
Isomaltulose, annual production
volume and price, 49¢
Isopropylidene glyceraldehydes,
oxidative scission to 3-carbon
synthons, 8889
Isopropylidene glyceric acids,
oxidative scission to 3-carbon
synthons, 89-90

K

(-)-Kainic acid, synthesis, 43

Ketoximes, deoximation, 61

Koenigs—Knorr conditions,
glycosidation of ulosyl bromides,
53

L

L-Lactic acid, annual production
volume and price, 49¢
Lactones. See Activated carbohydrate
lactones
Lactose, annual production volume
and price, 49¢
Levoglucosan, dehydration, 2-3, 9
Levoglucosenone
addition of iodine, 8
additions to carbonyl group at C-2,
5
cellulose pyrolysis, 2-3
chemical reactivity, 12
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conjugate system of C-2
nitroalkenes, 5

coupling 3-iodo derivative with 1-
thiosugars, 4-5

description, 33

enantiopure products, 35-36

epoxidation using Corey reagent, 3—4

functionalizing C-3 and C-2
positions, 3—5

internal acetal functionality, 36

3-iodo analogs, 4

Michael addition reaction of sugar
thiol, 7

new chiral building blocks from, 3-9

3-nitro analog synthesis, 9

preferred stereochemistry of adducts,
7

preparation, 22-23

reactivity as dienophile in Diels—
Alder cycloaddition, 8

reduction of nitro group at C-2, 7

schematic of formation, 3

stereochemistry and NOE correlation
of 2-acetamido group effect, 8f

stereochemistry of adduct and NOE
effect between H's at C-1 and
nitromethyl at C-2, 6f

synthesis, 34—36

synthesis of (+)-conduritol F and (+)-
febrifugine, 42

synthesis of C,3-C34 fragment of FK-
506 and (-)-shikimic acid, 43

synthesis of eight L-hexoses, 38-41

synthesis of isolevoglucosenone
from, 9

synthesis of (-)-kainic acid, 43

synthesis of levoglucosenone-type
chiral building block, 36-38

synthesis of L-novioses, 41-42

synthesis of (-)-physostigmine and
(-)-physovenine, 44

synthetic exploitation of
levoglucosenone-type chiral
building block, 38-44

testing reactivity of nitroalkenes, 6
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utility and synthesis, 33
Levoglucosenone conversion
Baeyer—Villiger oxidation, 25-27
Diels—Alder reactions, 23—24
Michael additions, 24-25
pyrolysis of hexyl derivative, 27-28
Levoglucosenone preparation
mixtures for pyrolysis, 22
procedure, 22-23
production in pure form, 22
Linezolid, oxazolidinone, 97
Lipase, levoglucosenone synthesis,
34-35
L-Lysine, annual production volume
and price, 49¢

M

Macrolides, hydroxyhexanals, 63—-67
Maltose, annual production volume
and price, 49¢
D-Mannitol, annual production
volume and price, 49¢
D-Mannose, topographies of
hexameric non-glucose
cyclooligosaccharides, 74f, 75f
L-Mannose, synthesis, 41
B-D-Mannoside, preparation, 54
Mannostatin A, 130
Medical indications, diversity, 98
3-C-Methyl-D-allose, building block,
68-71
N-Methyl-D-aspartate receptor
antagonists
first total synthesis, 172, 173
mode of action, 170-171
Michael additions
levoglucosenone conversion, 24-25
sugar thiol, 7
Mimics, carbohydrate, 120
Mitsunobu reaction, levoglucosenone,
37-38
Molecular mechanics and dynamics,
rigid polycycles, 152-153

Monosaccharides, enantiopure educts,
48

N

Natural and unnatural products from
sugar synthons

diastereo-switching method, 184

enantio-switching and diastereo-
switching method for natural
products, 183—184

enantio-switching for synthesis of
segment C of tautomycin (TTM),
183

enantio-switching method, 181-182

epimerization and introduction of
methyl group, 187f

new plan for synthesis of sub-
segment C1 of TTM, 186f

new unnatural inhibitors of protein
phosphatases, heptanor-TTM,
185-187

okadamycin (OKA), 185/

oxidation of glucosy! isocyanides,
191

previous synthesis of sub-segment
C1 of TTM, 186f

retrosynthetic analysis of heptanor-
TTM, 185f

retrosynthetic analysis of TTM, 182f

stereospecific synthesis of o~ and f3-
glucosyl urea, 192f

synthesis and structural recognition
studies of protein phosphatases
inhibitors, 184—185

synthesis of a- and B-glycosyl
isocyanides, 190, 191f

synthesis of enantiomeric segment C
of OKA, 188f

synthesis of heptanor-TTM, 186—
188, 189f

synthetic studies of glycopeptide
mimics with urea-glycosyl bonds,
189-192



Natural products

actinospectose, 57

acylated 2-oxoglycosyl bromides,
52-53

calotropagenine, 59

carbohydrates as chiral precursors,
157-158

carbonolide, 66

colletodiol, 66

2,6-dihydropyranones, 55-56

(6R)-dihydropyranones, 60—62

diplodialides and phoracantholides,
63-67

generation of pyranoid structures, 51

(5R)- and (5S)-hydroxyhexanals, 63—
67

3-C-methyl-D-allose, 68-71

modified cyclodextrins, 71-79

2-oxoglycosyl bromides, 52

reaction channel of chlorination,
hydrolysis, elimination sequence,
54-55

(S,S)-bissetone, 62

(S, S)-palythazine, 62, 63

spectinomycin, 56-57, 58

ulosyl bromides, 53-54

uscharidin, 57, 59-60

See also Carbohydrates

Natural products using carbohydrates

conformations of key intermediates
and anchor effect of amino group,
1631

first total synthesis and mode of
action of N-methyl-D-aspartate
receptor antagonists, 170-171,
172,173

first total synthesis of natural (-)-
tetracycline, 171, 174, 176-178

first total synthesis of progesterone
receptor ligands, 158—160

first total synthesis of pyralomicins,
167-170

novel synthesis of pseudo-
aminosugars, 162, 166-167

novel synthesis of validamine, 165
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novel synthesis of valienamine, 164
retrosynthetic approach to
tetracycline, 175f
total synthesis of glyoxalase I
inhibitor and its precursor, 160—
162
Neplanocin A, 130
Nitroalkenes
conjugate system, 5
reduction of nitro at C-2 of
thiodisaccharides, 7
testing reactivity, 6
Nojirimycin, allyl-a-C-glycoside of,
149-150
L-Novioses, synthesis, 41-42
Nuclear magnetic resonance,
structural studies of rigid
polycycles, 152—-153

(0]

Okadamycin
structure, 1851
synthesis and structural recognition,
184-185
synthesis of enantiomeric segment C
of, 1881
Oxazolidinones, preparation, 92, 94
2-Oxoglycosyl bromides
accessibility, 52
generating acylated, 52-53
glycosidation, 53
synthetic potential, 53—-54

P

(-)-Palythazine, natural product, 61
(S,S)-Palythazine

building block, 62

preparation from D-glucose, 63
Panasamine, oxazolidinone, 97
(S)-Parasorbic acid, synthesis, 67-68
Pentoses
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conversion to five-carbon synthon,
50-51
potential, S0
Peptidomimetics
carbohydrates, 141-142
See also Polycycles and
peptidomimetics
Pharmacological value, compounds
containing chiral 3-carbon
fragments, 94, 96
Phoracantholides, macrolides, 63—67
(-)-Physostigmine synthesis, 44
(-)-Physovenine, synthesis, 44
Platelet aggregation factor,
preparation, 97
Polycycles and peptidomimetics
allyl-a-C-glycoside of nojirimycin,
149-150
1,6-anhydro-D-glucose, 142f
D-arabinofuranose to bicyclic
scaffold, 145, 146
azasugars, 142
bicyclic structures from
carbohydrates, 142-150
castanospermine, 142
conformational analysis, 152—-153
double iodocyclization with
debenzylation, 148
5-Exo-Trig cyclization, 143—144, 145
extending iodocyclization reaction to
azasugars, 149
furanosidic cycle, 147, 148f
C-glucosydation procedure, 143
hydantocidin, 143f
introduction of amino group, 149-
150
introduction of azido and carboxylic
functions, 151
iododebenzylation approach, 144—
145
manipulating both hydroxymethyl
arms for spiro structure, 147
molecular dynamics and NMR
structural studies, 152-153

polybenzylated azasugar to bicyclic
derivative, 150
selective debenzylations, 144
spiro bicyclic structure from o.-allyl-
C-fructofuranoside, 145, 146
spiro-heterocycles from sugars, 143
Wittig-mercuriocyclization approach,
143
Progesterone receptor ligands, total
synthesis, 158—160
Protein phosphatases inhibitors,
synthesis and structural recognition,
184-185
Pseudo-aminosugars
conformations of key intermediates
and anchor effect of amino group,
163f
novel synthesis of natural, 162, 166—
167
validamine, 165
valienamine, 164
Pyralomicins, first total synthesis,
167-170
Pyranodioxane, preparation, 54
Pyranoid structures, generation, 51
Pyrolysis
cellulose, 2-3
levoglucosenone conversion, 27-28
mixtures of cellulose and vegetable
oils, 22

R

Reaction channels
chlorination, hydrolysis, elimination
sequence, 54-55
D-glucose derivatives, 52
initial stage, 51
simple sugars to enantiopure building
blocks, 79
stereochemistry, 52
Reformatsky conditions, ulosyl
bromides, 53-54



Rigid polycycles. See Polycycles and
peptidomimetics

S

Saegusa reaction, levoglucosenone, 34
(-)-Shikimic acid, synthesis, 43
Sinay's C-glucosydation, spiro-
heterocycle from sugars, 143
D-Sorbitol, annual production volume
and price, 49¢
L-Sorbose, annual production volume
and price, 49¢
Spectinomycin
doubly glycosidic anellation, 56-57
preparation, 58
starting material, 57
structure, 57
Stereochemistry
adducts of nitroalkenes, 6f, 7
reaction channels, 52
thiodisaccharides, 8
Structural recognition
protein phosphatases inhibitors, 184—
185
rigid polycycles, 152-153
Sucrose
acid-sensitive intersaccharide
linkage, 48
annual production volume and price,
49¢
Sugar alcohols, annual production
volume and prices, 49¢
Sugar-derived acids, annual
production volume and prices, 49¢
Sugar-derived building blocks. See
Carbohydrates
Sugars, annual production volume and
prices, 49¢
Sugar synthons. See Natural and
unnatural products from sugar
synthons
Synthons, annulating. See 1-Thio-1,2-
isopropylidene acetals (TIAs)
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Synthons, carbohydrate. See
Polycycles and peptidomimetics

Synthons, three-carbon. See Chiral
three-carbon synthons

T

L-Talose, synthesis, 4041
L-Tartaric acid, annual production
volume and price, 49¢
Tautomeric fixation, sugar to
enantiopure building block, 51-52
Tautomycin (TTM), retrosynthetic
analysis, 182f
Tetracycline
first total synthesis of natural, 171,
174, 176-178
retrosynthetic approach, 175f
1-Thio-1,2-isopropylidene acetals
(TIAs)
acetal analogues of B-galacto-
disaccharides, 104f
annulating synthons for highly
oxygenated structures, 106
applying strategy to glycone
analogues, 109
aza-C-galactosides, 111, 112
background, 105
carbagalactosides, 112-113, 114
D/L galacto synthons, 106
general routes to C-, -aza-C-, and
carba- derivatives of -
galactoside, 107
glycomimetic synthons, 106
C-glycosides, 105, 106, 108-109
C-glycosides prepared from TIA,
110¢
mimetics of Silalyl Lewis X, 103—
104
synthesis of furano-glycal, 109, 111
synthesis of TIA alcohol, 107
Thiodisaccharide
stereochemistry, 8
synthesis, 4-5, 11
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Three-carbon synthons
step-by-step carving out, 50
See also Chiral three-carbon
synthons
Thromboxane synthase inhibitor,
preparation, 97
Topographies
cyclodextrin inclusion complexes,
71, 72
hexameric non-glucose
cyclooligosaccharides, 74f, 75f

U

Ulosyl bromides
accessibility, 52
generating acylated 2-oxoglycosyl
bromides, 52-53
glycosidation, 53
synthetic potential, 53—54
Unnatural products. See Natural and
unnatural products from sugar
synthons
Urea-glycosyl bonds. See
Glycopeptide mimics with urea-
glycosyl bonds
Uscharidin, structure, 57

\%

Validamine
conformation of key intermediates
and anchor effect of amino group,
163f
novel synthesis, 162, 165, 166—167
Valienamine, novel synthesis, 162,
164, 166167

w

Wittig-mercuriocyclization, spiro-
heterocycle from sugars, 143

X

D-Xylitol, annual production volume
and price, 49¢

D-Xylose, annual production volume
and price, 49¢





