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Functional group interconversion

Aminocyclitols are a group of natural products with remark-
able biological activities. Over the last years, significant ef-
forts have been made to develop synthetic methodologies di-
rected not only towards their total synthesis but also towards
the design of structural analogues with improved or novel
biological properties. The aim of this review is to provide the
reader with a concise update of the most relevant methods
for the synthesis of aminocyclitols described in the literature.

The review is organized according to the methodologies used
for the construction of the aminocyclitol framework. These
methodologies include chemoenzymatic approaches, intra-
molecular cyclizations, reactions of cyclitol derivatives with
nitrogen nucleophiles, and rearrangement reactions.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

1. Introduction

Aminocyclitols are a group of natural products of signifi-
cant relevance in medicinal chemistry, as they are structural
components of a variety of antibiotics,!!! glycosidase inhibi-
tors,># and other families of biologically active com-
pounds.”) From a structural point of view, aminocyclitols
are cycloalkanes containing at least one free or one substi-
tuted amino group and three additional hydroxy groups on
the ring atoms.!! Because of their close structural relation-
ship with sugars, aminocyclitols are also regarded as amino-
carbasugars.’!

Natural aminocyclitols are secondary metabolites found
as structural subunits in some complex natural products,
such as validamycins, a family of antibiotics isolated from
the fermentation culture of Streptomyces hygroscopicus.[®! A
validamycin is composed of one valienamine unit, together
with an additional unit variously of validamine, valiol-
amine, or hydroxyvalidamine. The a-amylase inhibitor acar-
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bose is another complex natural product containing an
aminocyclitol unit (valienamine), linked in this case to a
trisaccharide (Figure 1).
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Figure 1. C7N aminocyclitols isolated from natural sources.

The above aminocyclitols are also known as C7N amino-
cyclitols,®! due to the presence of a characteristic hy-
droxymethyl side chain. However, simpler aminocyclitols of
the inosamine type (aminocyclohexitols) and some 1,3-di-
aminocyclitols (Figure 2) are found in several natural prod-
ucts with antibiotic properties.'! In this context, the devel-
opment of resistance to antibiotics by pathogenic agents has
boosted the design of structural analogues with improved
biological profiles.

:‘V textbooks on these topics.
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Figure 2. Natural products containing the 1,3-diaminocyclitol moi-
ety.

In addition to the antibiotic properties of 1,3-diaminocy-
clitols, many of the known aminocyclitols are glycosidase
inhibitors, due to their ability to act as carbohydrate mim-
ics.''l An important group of natural glycosidase inhibitors
is to be found in a series of aminocyclopentitols represented
by the mannostatin family of mannosidase inhibitors, the
trehalase inhibitor trehazolin, and the chitinase inhibitor
allosamidin (Figure 3). A lot of effort has been devoted to
the total synthesis of these natural products and their ana-
logues.'? As glycosidases are involved in a variety of dif-
ferent biological processes, glycosidase inhibitors are suit-
able therapeutic targets for the development of new chemo-
therapeutic agents against viral infections, cancer, and dia-
betes, inter alia. In this context, some glycosidase inhibitors
containing aminocyclohexitol cores have recently appeared
on the market. This is the case with the a-glucosidase inhib-
itor voglibose (Figure 3), used for lowering postprandial
blood glucose levels in people with diabetes mellitus type 2.
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Figure 3. Natural and synthetic glycosidase inhibitors containing
aminocyclitol cores.

More recently, the abilities of some aminocyclitols to in-
terfere with sphingolipid metabolism/'3! have paved the way
for research into new potential therapeutic applications for
this class of compounds. This is the case with N-octylvalien-
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amine (NOV, Figure 3), currently under study for chemical
chaperone therapy for the treatment of Gaucher’s dis-
ease.l'4 In addition, aminocyclitols are also candidates for
the development of pharmacological tools for the study of
the inositol phosphate cycle and related processes.!'>] On
the other hand, the 1,2-diaminoinositol framework has also
been incorporated both into new salen asymmetric cata-
lysts!6:171 and into new chelating agents.['8 Finally, amino-
cyclitols have also been found to serve as key intermediates
in the synthesis of some natural products, such as those of
the Amarilladaceae alkaloids.['*)

The aim of this review is to provide the reader with a
concise update of the most significant synthetic methods
for the synthesis of aminocyclitols described in the recent
literature. Synthesis of O-glycosides derived from aminocy-
clitols, as well as biotechnological approaches, with the ex-
ception of some relevant chemoenzymatic methods, are not
covered in this review.

2. Starting Materials

Most of the reported syntheses of aminocyclitols make
use of the chiral pool as the main source of starting materi-
als. Several natural products containing polyhydroxycyclo-
hexane skeletons, such as vibo-quercitol, quinic acid, or cy-
clophellitol (Figure 4), have frequently been used as starting
materials in the syntheses of aminocyclitol derivatives. Clas-
sical examples are to be found in the syntheses of valiol-
aminel®” and related amino-carbasugarsi?!! from quinic
acid, the syntheses of (-)-valiolamine and (-)-1-epi-valiol-
amine from vibo-quercitol,[*?l and the total syntheses of (+)-
validamycin B and (+)-validoxylamine B from cyclophelli-
tol derivatives.!?’!
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(-)-vibo-quercitol quinic acid (+)-cyclophellitol

Figure 4. Natural products containing polyhydroxycyclohexane
skeletons.

Carbohydrate derivatives are probably the most common
starting materials, due to the well established protocols for
their conversion into suitable functionalized carbocycles.
Several general synthetic strategies have emerged along this
line; they include: a) rearrangement reactions, such as the
classical Ferrier rearrangement from methyl hex-5-enopyr-
anosides,?¥ or the Claisen rearrangement,>’! b) radical cy-
clizations,?°281 ¢) cycloaddition reactions,*”! and d) ring-
closing metathesis.[3]

Examples of enantioselective syntheses leading to car-
bocycles are also known. Thus, it is worth mentioning the
reported Pd-catalyzed asymmetric allylic alkylations for the
enantioselective kinetic desymmetrization of achiral or ra-

cemic conduritols.?!-32
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Finally, several alternative protocols based on chemo-
enzymatic approaches have also gained relevance for the
synthesis of cyclitol derivatives. This is the case with the
enzymatic dihydroxylation of aromatic systems with Pseu-
domonas putida, in which the initially formed chiral bromo-
diols can act as precursors of a variety of functionalized
cyclitolst*3! (Scheme 1).
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Scheme 1. Functionalized cyclitols obtained by enzymatic dihy-
droxylation of aromatic systems with Pseudomonas putida.
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The enzymatic resolution of a racemic dibromo diace-
toxy conduritol B derivative, obtained from p-benzo-
quinone, is another example of a chemoenzymatic approach

to enantiopure cyclitol derived building blocksP#
(Scheme 2).
0
- (_s_te_af)_S) @: f esolution O Q
0
(racemic) (+)-diol (-)-diacetate

Scheme 2. Enzymatic resolution of a dibromo-diacetoxy-substi-
tuted conduritol B derivative.

In a related example, the enzymatic resolution of a cyclo-
hexene meso diester has been used to obtain a chiral mono-
ester that can be used as starting material for a multistep
synthetic sequence leading ultimately to aminocyclitols.
Thus, fortamine, the aminocyclitol moiety of the natural
antibiotic fortimycin A, was synthesized from an enantio-
pure building block obtained by the above approachl*3

(Scheme 3).
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Scheme 3. Enzymatic desymmetrization of a meso diester.
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Some of the most general synthetic approaches to amino-
cyclitols that have emerged over the last years are discussed
in the following sections. They include the still relatively
unexploited chemoenzymatic methods, the synthesis of ami-
nocyclitols by intramolecular cyclization of suitable precur-
sors, reactions between cyclitol derivatives and nitrogen nu-
cleophiles, and a set of methods based on rearrangement
reactions.

3. Chemoenzymatic Approaches

Despite the above examples of the use of enzymes for the
enantioselective synthesis of stereochemically defined cycli-
tols, literature reports directed towards the direct formation
of aminocyclitols by chemoenzymatic methods are still
scarce. In this context, a recent account of the desymmetri-
zation of the 2,5-dideoxystreptamine precursors 1 and 2 by
enzymatic acylation in organic media is worth mentioning
(Scheme 4).%¢1 The approach afforded the corresponding
monoesters 3 and 4 in high enantiomeric excesses. These
compounds were used as building blocks in the synthesis of
2,5-dideoxystreptamine precursors.
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- . - U
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2
a) Candida rugosa lipase / vinyl acetate
b) Hy Pd/C, MeOH

Scheme 4. Desymmetrization processes to provide 2,5-dideoxy-
streptamine precursors.

Another noteworthy contribution to the field is the ni-
troaldol-type intramolecular cyclization between a masked
3-hydroxy-4-nitrobutyraldehyde and dihydroxyacetone
phosphate (DHAP) catalyzed by fructose-1,6-bisphosphate
aldolase (RAMA, Scheme 5).371 This transformation was
applied to the synthesis of the diastereomeric mixture of
nitrocyclitols 5, which were separated and reduced to the
corresponding aminocyclitols 6, structural analogues of the
glycosidase inhibitor valiolamine.

)
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OH OH
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—_ =
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Scheme 5. Intramolecular chemoenzymatic nitroaldol condensa-
tion.
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4. Intramolecular Cyclizations

4.1. Carbocyclization of Sugars Based on the 1,3-Dithiane
Methodology

Starting from D-glucosamine, a series of diversely O-pro-
tected building blocks of general structure 7 containing a
propane-1,3-diyl dithioacetal motif have been synthesized
and successfully used in the synthesis of iminosugars and
aminocyclitols.’8! Treatment of compounds 7 with nBuLi
at low temperature afforded the corresponding O-protected
aminocyclitol derivatives 8, which have been used as ad-
vanced synthetic intermediates of a variety of aminocycli-

tols (Scheme 6).
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Scheme 6. Intramolecular cyclization of 1,3-dithianes.

In a recent work, this carbocyclization approach has also
been implemented for the synthesis of C7N aminocyclitols
(see Section 1) and aminocycloheptitols.**! Oxidation of the
primary hydroxy group of 9 to aldehyde 10, followed by
Corey—Chaykovsky epoxidation to 11 and intramolecular
carbocyclization, thus led to a mixture of aminocyclitol pre-
cursors 12 and 13 as a result of the competition between 6-
exo and 7-endo cyclization pathways (Scheme 7).

Interestingly, the cyclization course could be modified by
judicious choice of protecting groups on the starting open-
chain precursor. Thus, tri-O-benzyl-protected 11 (R! = R?
= R? = Bn) led selectively to the six-membered aminocycli-
tol 12 under similar cyclization conditions. The fact that
addition of LiBr substantially increases the ratio of cyclo-
hexane vs. cycloheptane aminocyclitols is interpreted by the
authors as an indication of the participation of a Li-che-
lated intermediate in this process.

4.2. Radical Cyclization of Oxime Ethers and Pinacol
Coupling Reactions

Tributyltin hydride- or samarium diiodide-based re-
ductive couplings of polyhydroxylated oxime ethers func-
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2 s Dess-Martin  R2Q),

reagent

R20,

NHR
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OH O

M

OR' s
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tionalized at their terminal positions with bromide, a,B-un-
saturated ester, aldehyde, or ketone groups have been re-
ported to afford aminocyclopentitols (z = 1, Scheme 8) and
aminocyclohexitols (z = 2, Scheme 8) in good yields and
with high stereoselectivity under mild conditions.[>7-40-41]
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Scheme 8. Intramolecular radical cyclization of oxime ethers.

Application of this protocol to functionalized substrates
derived from different carbohydrates allows access to a vari-
ety of aminocyclitols with defined regio- and stereochemis-
try. Moreover, the resulting O-benzylhydroxylamine inter-
mediates can be further reduced in situ with excess Sml, in
the presence of water to afford the corresponding amino
alcohols in excellent yields (Scheme 8). The resulting poly-
hydroxylated aminocyclopentitols are structural motifs
present in several natural products, such as the glycosidase
inhibitors mannostatin A, trehazolin, and allosamidin, as
well as the carbocyclic nucleosides aristeromycin and ne-
planocin A.

In a related approach, the amino polyol building block
14, derived from D-glucosamine, was used in a Sml,-pro-
moted intramolecular pinacol coupling reaction to afford a
diastereomeric mixture of the aminocyclopentitol core 15,
present in the hopanoid family of natural products*? and
also structurally close to those found in the trehalase inhibi-
tor trehazolin (Scheme9). Interestingly, this Sml,-pro-
moted pinacol coupling can be performed in a one-pot se-
quence after in situ Swern oxidation of the starting amino
diol 14, allowing its direct transformation into the corre-

sponding aminocyclitols.
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Scheme 7. Intramolecular 1,3-dithiane cyclization to afford C7N aminocyclitol (12) and aminocycloheptitol (13) precursors.
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Scheme 9. Intramolecular pinacol coupling.
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4.3. Intramolecular Nitrile Oxide—Alkene Cycloadditions
(INOC:s) and Intramolecular Nitrone—Alkene
Cycloadditions (INACs)

These types of intramolecular cyclizations are versatile
synthetic tools that have been used for the elaboration of
functionalized aminocyclitols of different ring sizes from
sugars.[*3] Both nitrile oxides and nitrones can be generated
from a common aldehyde precursor (Scheme 10). Nitrile
oxides are therefore usually formed by treatment of the
starting aldehyde with NH,OH, oxidation of the resulting
oxime with a chlorinated reagent (NCS, NaOCl, or chlora-
mine-T), and base-induced elimination of HCI from the in-
termediate hydroximinoyl chloride.** Intramolecular [1,3]-
dipolar cycloaddition of the transient nitrile oxide leads to
a bicyclic fused isoxazoline, an advanced precursor of the
target aminocyclitol through C=N reduction and simulta-
neous reductive cleavage of the N-O bond. On the other
hand, treatment of the starting aldehyde with an N-substi-
tuted oxime, followed by treatment of the resulting nitrone
under basic conditions, leads to a fused isoxazolidine sys-
tem that, as above, leads to the target aminocyclitol by N—
O bond reductive cleavage.

INOC
[S)
‘ NrOH Np ’
\ng/ ) |\ 4® ()
E—
n n
oxime nitrile oxide isoxazoline
HO NH2
(a)

amlnocyclltol
o)
\
N

v &;4

aldehyde nitrone isoxazolidine

INAC

(a): NH,OH-HCI/ base
(b): NaOCI / Et3N

(c): reductive N-O cleavage
(d): R-NHOH-HCI / base

Scheme 10. General approaches to aminocyclitols based on INOC
and INAC methodologies.

Relevant applications of both methodologies to the syn-
thesis of aminocyclitols have been reported. The INOC ap-
proach, for example, has been used to explore new glycosi-
dase inhibitors containing aminocyclopentitol scaffolds.[*>!
As can be observed in the example shown in Scheme 11,
despite the fact that intramolecular cyclization gave rise to
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a diastereoisomeric mixture of isoxazolines, each of them
afforded a single diastereomer upon reduction of the imine
moiety. The high diastereoselectivity observed for this re-
duction step in systems of this kind has been interpreted on
the basis of the configuration of the stereogenic center o to
the C=N bond, as well as on the basis of the nature of the
C(o) substituent. !

O._.OMe N o
chiral ____, Br (steps) \ ~
pool Bno" > 0Bn BnO" 0Bn

HONH,-HCI
—_—

pyridine
OBn OBn
EH O\N
XY 7 _NaoCI /
BnO™ OBn BU4NHSO4 BnO" ¢“08n BnO™ OBn
OBn

1) LiAIH4 / Et,0
2) H, Pd/C MeOH- HBr

Ned ox;

Scheme 11. Application of the INOC approach to the synthesis of
aminocyclopentitols.

Intramolecular nitrone—alkene cycloadditions (INACs)
have also been successfully applied to the production of
aminocyclitols from chiral pool precursors.*” As shown in
Scheme 12, treatment of a starting D-glucose-derived allylic
alcohol with TFA/H,O afforded a transient hemiacetal that
was treated directly with N-benzylhydroxylamine hydro-
chloride and NaHCO; to give a fused bicyclic isoxazolidine
as a single diastereomer. This finding has been interpreted
as a result of the in situ formation of an N-benzyl nitrone
and a concomitant regio- and stereoselective INAC reaction
to afford the observed product. In general, the stereochemi-
cal outcome of the process is dictated by the orientation of
the alkoxy substituents in the sugar ring skeleton.

OBn OBn OI
o
\/'\5_7--0 TFA/H,0 \/'\Si\/mot-i - uOH
BnO "o nd’ OH BnO" " ~0Bn
OH

O-NBn NH;

OH
OBn HCOONH, HO™ > YoH

OH OH

NHBn(OH)-HCI Pd/C
_—

NaHCO3 —

Scheme 12. Synthesis of aminocyclohexitols based on the INAC
approach.

4.4. Intramolecular Aldol Reactions

Aldol-type reactions are among the most powerful syn-
thetic methodologies for C—C bond formation. In the field
of aminocyclitol chemistry, there are some illustrative exam-
ples of this general methodology. An intramolecular Mu-
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kaiyama aldol reaction of aldehyde 16 in the presence of
TBSOTf and DIPEA, for example, took place with enoli-
zation of the lactam group and silylative carbocyclization
to yield the bicyclic system 17.1481 The process afforded
the trans-configured system with total stereocontrol
(Scheme 13). This intermediate was further elaborated into
a positional isomer of validamine.

o TBSOTT 1ggo OTBS
DIPEA o
?—
B
OTBS n OTBS
17
OH
COOH 7
1) Na /NHs TBSO__~ HO\ A
2) Boc,O / DMAP (steps) \O
_— - > R
2 LiOH, aq THF TESO™ Y “0OTBS HO™ > “OH
NHBoc NH,
positional isomer of
validamine

Scheme 13. Intramolecular Mukaiyama aldol reaction.

The nitroaldol condensation (Henry reaction) is a variant
of the aldol reaction commonly used to generate B-nitro
alcohols. These are versatile synthetic intermediates amena-
ble to further transformations into a wide variety of func-
tional groups.? The intramolecular version of this reaction
has been successfully applied to the elaboration of nitro-
substituted cycloalkanes in the context of the total synthesis
of some natural products.’®3! In particular, this reaction
has been used in the synthesis of nitrocyclohexanol adducts
starting from D-glucosel®? and also in the synthesis of inosi-
tols through subsequent removal of the nitro group under
radical conditions (n-BusSnH/AIBN).I33! For a chemoen-
zymatic version of this reaction and applications to the syn-
thesis of aminocyclitols, see Section 3 and Scheme 5.

4.5. Ring-Closing Metathesis

Ring-closing metathesis (RCM) has quickly evolved as a
suitable and versatile method for the synthesis of car-
bocycles from carbohydrates.?®! In the context of aminocy-
clitol chemistry, some interesting examples have been pub-
lished over the last years. Thus, RCM of aminodiene 18
(Scheme 14), obtained by a multi-step sequence from a suit-
ably protected furanoside, afforded conduramine 19, a key
intermediate in the synthesis of diaminocyclitols related to
2-deoxystreptamine aminoglycoside antibiotics.’*>31 Inter-
estingly, by use of a suitable carbohydrate precursor, both
enantiomers of the key conduramine intermediate 19 can
be obtained.

In a similar approach, Garner’s aldehyde, obtained from
L-serine by a multistep sequence,*® has been used as start-
ing material for the elaboration of diaminodienes 20 and 21
(Scheme 15). These precursors were used in RCM reactions
to provide diamino-cycloalkenols 22 and 23,57 which were
further functionalized by diastereoselective olefin epoxid-
ation or dihydroxylation to afford the target aminocyclitols
(Scheme 15).
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Scheme 14. Synthesis of conduramine 19 by ring-closing metathesis
of aminodiene 18.
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BocHN
Cbz” “PMB
23 (steps) ; 21
Boc NHBoc NHBoc
\)‘N' (steps) HO\W (steps) W
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NN S ;
CHO CbZ/N\PMB CbZ/N\PMB
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OH
HZN@% <P Bon
H2N$ CbZ—N‘
22 PMB

Scheme 15. Synthesis of diaminocyclitols by ring-closing metathesis
of diaminodienes.

In a very eclegant example, RCM has been used in a
multi-step synthesis of conduramines involving a Sharpless
catalytic asymmetric epoxidation of (E)-2,5-hexadien-1-ol

Boc,
BO N—F

o] (steps) Z M
AL~y e /(i )/FE
ACZO

OH -~ (b)

on~—>0)

Stereochemistry control

(a): 1) Sharpless epoxidation of (E)-2,5-hexadien-1-ol; 2) regio- and stereo-
selective epoxide opening with an amine precursor.

(b): Inversion / no inversion of the C2-hydroxyl after epoxide opening.

(c): Organometallic addition; Li reagents: anti; cuprates: syn

(d): cis-dihydroxylation: anti from oxazolidine cis; reversed stereochemistry
from oxazolidine trans.

Scheme 16. Stereocontrolled synthesis of aminocyclitols by ring-

closing metathesis and a combination of other organometallic-
based methods.
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followed by a diastereoselective addition of a vinylmetal
reagent to an intermediate aldehyde (Scheme 16).1°81 The
double bond cis-dihydroxylation of the resulting condur-
amines allowed access to a family of aminocyclitols
with full stereochemical control over the new stereogenic
centers.

4.6. N-Alkylative Cyclization

Intramolecular cyclization of cyclitol carbamates or
thiocarbamates with subsequent ring opening of an inter-
mediate oxazolidinone has been used for the introduction
of the amino functionality into aminocyclitols. Under suit-
able basic conditions, a nucleophilic nitrogen species can be
generated in order to take part in a C—N bond-forming pro-
cess through a stereocontrolled intramolecular Sy reaction.
By this approach, treatment of diol 24 with benzyl isocyan-
ate and subsequently with triflic anhydride, followed by
treatment of the crude triflate 25 with bis(trimethylsilyl)-
amide, afforded oxazolidinone 26, a precursor of the target
aminocyclitol 27 (Scheme 17).13%1

OCOPh o ~N=c=0 Tio, OCOPh
HO.,, Et;N o KN(TMS),
—_— )j\ —_—
HO” ™ Tf,0 Ph/\H O
o OCOPh
2 OCOPh
OH
Phw OCOPh o
HoN
N (steps) 2 ]i'j >
0:<O fffffffff > HO! . e}
: OH
2 OCOPh 27

Scheme 17. Intramolecular cyclization of a cyclitol carbamate.

In a related approach, iodocyclization of carbonimi-
dothioate 29, obtained by condensation of the potassium
salt 28 with p-methoxybenzyl isothiocyanate, followed by
iodomethane quench led to oxazolidinone 30 after iodide
treatment and aqueous sodium sulfite workup. This inter-

mediate was further elaborated into valienaminel>
(Scheme 18).
BnO\_ BnO\_
BnOO o ~NeGeg  BNO., A L
B0 Mel Bno’[j Na,SO;
0°k®
Y “CH,Ph
28 29 SMe
BnO\_ HO,
BnO:O/I (steps) HO.,,
———————— >
BnO” 7 "N\ HO” ™" ""NH,
o~ Ph OH
o)
30 valienamine

Scheme 18. Todocyclization of 29 in the synthesis of an advanced
intermediate of valienamine.
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A conceptually similar protocol was used in the elabora-
tion of the aminocyclopentitol moiety of the glycosidase
inhibitor (+)-trehazolin (Scheme 19).1° In this case, treat-
ment of alcohol 31 with p-toluenesulfonyl isocyanate and
subsequent iodocyclization generated iodide 32, a precursor
of the target aminocyclitol 33 after carbamate hydrolysis
and functional group manipulation.

oTBS oTBS otBs
‘. 1) TSNCO DBU
e e
2) I3/ K,CO3 /& benzene /
I N '/N’\ko
Ts 33 ¢
OTBS OTBS
L|BH4 @ \ \
MeOH ( 7
33
Ts

Scheme 19. Application of the iodocyclization reaction to the syn-
thesis of aminocyclopentitols.

Finally, a more sophisticated approach was described by
Trost et al. in the synthesis of (#)-valienamine.[®'l In this
case, the electrophilic species is the m-allyl system 35, re-
sulting from treatment of vinyl epoxide (*)-34 with a Pd
catalyst in the presence of tosyl isocyanate. The stereochem-
ical control of the process is remarkable, since the overall
transformation implies the ring opening of the epoxide (*)-
1 at the allylic position with retention of configuration

(Scheme 20).
OR
RO\__COOEt catalyst] COOEY COOEt
L —-Pd (L = —'Pd (L2
6 TsNCO
(¥)-34 35 O/\NTS
HO
UCOOH (Steps) " (R =TBDMS)
e | e =
)" HO “'NH,

}—NTs éH

(¥)-valienamine

Scheme 20. Synthesis of valienamine through an intramolecular cy-
clization onto a Pd m-allyl system.

4.7. Transannular Cyclization

A method to obtain 2,3-diamino conduritols based on a
Ramberg-Biacklund reaction of a 4,5-diazidothiepane 1,1-
dioxide has been described (Scheme 21).[°2! The azido

MsQ  OMs Ng N3

woMe NN yeo.,
DMSO

S S
02 02
OMe

H NH2

OMe

(steps)
D-sorbitol ---» MeO:.

OMe

H N3

OMe

KOH
—_—
ccly

HS(CH,)3SH
—_—

EtsN / MeOH

Scheme 21. Synthesis of conduramines by the Ramberg—Bécklund
reaction.
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groups are introduced by nucleophilic displacement, with
clean inversion of configuration, from a bis-mesyloxy inter-
mediate originating from the chiral pool. Thus, since the
stereochemistry of the heterocyclic system is dictated by the
nature of the starting hexose used to elaborate the thiepane
ring,[%3 a variety of configurationally related diamino con-
duritols can be obtained by this methodology. More re-
cently, a solid-phase version of the Ramberg-Backlund re-
action leading to conduritols has been described.[®¥

5. Treatment of Cyclitol Derivatives with
Nitrogen Nucleophiles

5.1. Ring Opening of Cyclitol Epoxides, Aziridines, and
Cyclic Sulfites and Sulfates

Cyclohexane epoxides are an abundant group of natural
products for which several synthetic strategies have been de-
veloped.[®] In this context, opening of cyclitol epoxides
with nitrogen nucleophiles has been extensively reported in
the literature. In general, reaction conditions require the use
of excess nucleophile in the presence of a polar solvent at
high temperature. Although the stereoselectivity of the ep-
oxide opening is controlled by the well established Fiirst—
Platner rule,[* which predicts frans-diaxial opening from
the most stable chair conformation, the regiochemistry of
the epoxide opening can be controlled in different ways.
Thus, in one of the syntheses of fortamine,*! the 1,4-diami-
nocyclitol moiety present in the aminoglycoside antibiotic
fortimycin A, the stereochemical restrictions imposed by
the starting substrate were crucial for the observed reaction
outcome (Scheme 22).

o N
N3 \ N_qo N3 CO,Me
@ ——
Me, O MeoOC HO *NMG

\N—4 OE o

0 / o
/ N3e (steps)
Me0OC\. XOE
3
S T ®
MeOOC \Q\NHMe

fortamine

Scheme 22. Synthesis of a fortamine precursor by epoxide opening
in a stereochemically constrained system.

On the other hand, product formation can also be con-
trolled by judicious choice of reaction conditions. The pion-
eering work of Calvani et al. on the chelation-controlled
aminolysis and azidolysis of 1,2-epoxycyclohexanes bearing
remote polar groups®”! inspired the use of Yb(OTY);%% or
LiClO,4,[%-711 allowing the regioselective opening of a fully
O-protected  conduritol B epoxide  derivative (36,
Scheme 23) through the operation of a “chelation-con-
trolled” conformation to give, ultimately, aminocyclitols 37.
Interestingly, the regioisomeric adducts 38 were obtained
under nonchelating conditions.’! This methodology has
3900
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proven very robust and efficient, since it has been success-
fully applied to the multi-gram scale synthesis of a series of
building blocks for use in the production of combinatorial
libraries of aminocyclitol systems.[”?]

OH Bno”
BnO.,, T 2NLiCIo, O, OH

(0]
3] 2 H
BnO” Y2 BnO, =H
OBn Li---~ OBn
36

1) RNH,
@ @ 2) (steps)
C20pening | NaNa/NH4CI C'openin
P glMeOH/HZO pening
OH OH OH
BnO.,, OH (steps)  HO., OH  Ho., «NHR
»»»»»»»» >
BnO” >N, HO” > "NHR HO” > “OH
OBn OH OH
38 37

Scheme 23. Synthesis of aminocyclitols by regio- and stereoselec-
tive opening of conduritol B epoxide.

The more classical nonchelating conditions have been
widely used for the selective trans-diaxial opening of related
cyclitol epoxides with different nucleophiles.?!-3473-731

The reactivity of epoxides has also been applied to the
synthesis of aminocyclitol analogues bearing the amino
group as part of an exocyclic aminoalkyl substituent!?®! and
also to epoxy cyclopentanols in the course of a stereocon-
trolled synthesis of the aminocyclitol moiety of (+)-trehazo-

lin (Scheme 24).17¢]

RO ©OR  39(R=Ac)

Scheme 24. Synthesis of aminocyclopentitols by epoxide opening.

In a very elegant approach, the hydroxymethyl side chain
of (+)-valienamine has been introduced through an intra-
molecular N-alkylative cyclization of a carbamate precursor
with simultaneous allylic displacement of a spiroepoxidel’”]
(Scheme 25). For additional examples of N-alkylative cycli-
zations, see Section 4.6.

The reactivity of aziridines, like that of epoxides, has
been used to gain access to trans-1,2-diaminocyclitols with
total stereochemical control. The required aziridines can be
obtained easily by intramolecular displacement of transient
vicinal frans-1-amino-2-mesylates originating from re-
duction of the corresponding azido mesylates!’"
(Scheme 26).
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Scheme 25. Epoxide opening coupled with an intramolecular N-
alkylative cyclization.
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Bno,;('j:r\ls Bno,,,,ib,m3
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OBn W 80, OB: e OBn (chiro)
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OBn BnO' 2 OBn
BnO.,, s / OBn }x BnO.,, «NHy
opening
BnO” " N3 BnO” 7 "N
OBn OBn

(scyllo)

Scheme 26. Synthesis of a conduritol aziridine and steeocontrolled
access to diaminocyclitols.

In this context, TBAF-catalyzed opening of N-tosyl-
aziridine 40!'%! (see Section 2) with p-toluenesulfonamide
has been applied to the synthesis of diamino-inositol deriv-
atives!’8! (Scheme 27), as well as to that of several N- and
O-linked diinositols by iterative opening reactions of epox-
ides and aziridines.['®!

@ (stepS) PTsNH ,©: >< AIBN
TBAF TsHN nBuzSnH
NHTS
OH
o, i JOH
/@:O 1050 O: >< 1) Na/NH3 /CE
TsHN . [¢] 2 DMP TgHN 2) HCIMeOH H3N OH
: ®
NHT: NHT [S] NH
s s o o %ci®

Scheme 27. Synthesis of diaminocyclitols by ring opening of a N-
tosyl aziridine.

Cyclic sulfates based on vicinal diols can be regarded as
equivalent to epoxides with enhanced reactivity profiles.[”!
Their interesting properties, as well as those of related cyclic
sulfites,® have been exploited in one of the syntheses of
(+)-valienamine®! and validamine.’®?! Both the cyclic sul-
fite 41 and the cyclic sulfate 42 undergo regio- and stereo-
specific ring opening with azide ion to give the correspond-
ing azido cyclitols in good yields (Scheme 28).
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o 41 valienamine
_/OBn _/OBn _/OH
———————— >
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_5-0 OH OH
O’\é
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Scheme 28. Opening of cyclic sulfates and sulfites based on vicinal
diols with azide.

More recently, a cyclic sulfate precursor has been used in
the synthesis of C8 amino carbasugars, designed as ring-
enlarged inosamine analogues in the search for new glyco-

mimetics  with  potential  a-glucosidase  activity!®3
(Scheme 29).
OP 1) SOCl, OP 4) 1) NaNs / DMF
2) oxidation 2) reduction
O\ O
/, A
[o)e]

OP 1) 0C(CH,0),CMe, / Ti(OiPr)4

2) NaBH;CN / EtOH
3) TFA/H,0
4) Dowex resin

Scheme 29. Opening of a cyclic sulfate in the synthesis of ring-
enlarged aminocyclitols.

5.2. Nucleophilic Displacement Reactions

Nucleophilic displacement of an activated inositol deriv-
ative by a nitrogen nucleophile is a widely used method for
the synthesis of aminocyclitols. In a very straightforward
approach, a racemic 1,2-diaminoinositol was obtained by
nucleophilic SN2 displacement from a protected inositol bis-
mesylate.® A similar approach has been used in the syn-
thesis of aminocarbasugars from precursors originating
from rearrangement of norbornyl derivatives,!®l 2-deoxy-
streptamine analogues,®® and several mono- and diazido
and -amino inositols,l'”-”) and also to prepare a deuterated

OAc
ACO OAc
OAC 1) reduction OAc
_—
2) acetylation
OAc AcHN OAc
OAc OAc

Scheme 30. Azidocyclitol by Sy2” displacement of an allylic chlo-
ride.
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Scheme 31. Neighboring group participation in nucleophilic displacement reactions.

valiolol analogue for biochemical studies.[®®] Examples of
SN2’ displacements have also been described, as in the syn-
thesis of peracetylated valienamine reported by Ogawa et al.
from allylic chloride 43 and sodium azide (Scheme 30).3"!
The stereochemical course of the nucleophilic displace-
ment can be dramatically altered by neighboring group par-
ticipation by a vicinal trans acetate. Thus, in the course of
a synthesis of valienamine analogues,®® aminolysis of bro-
moacetate 44 with different primary amines afforded amino
alcohols 45 with clean stereochemical retention. The reac-
tion outcome can be interpreted as the result of the forma-
tion of an acetoxonium ion intermediate through neigh-
boring participation of the vicinal frans acetoxyl group. In
addition, a single regioisomer was obtained as a result of
nucleophilic attack at the allylic position of the acetoxon-
ium ion (Scheme 31). The same mechanism has also been
observed in the synthesis of (-)-1-epi-valiolamine from a
tosylate precursor bearing a trans-a-acetoxy group.?>11
Reactions between alcohols and nitrogen nucleophiles
under Mitsunobu conditions have also been reported. This
approach has been successfully used in several syntheses of
valienamine from suitable inositol precursors. The example
shown in Scheme 32 is based on use of the classical DEAD/
Ph;P system to activate the hydroxy group and phthalimide
as nucleophile.’?l A synthetically equivalent approach relies
on the direct conversion of alcohols into azides by treat-
ment with hydrazoic acid in the presence of Ph;P/DEADI®3
or, alternatively, by treatment with diphenylphosphoryl
azide (DPPA)P# and NaNj, as described by Chang et al. in
an efficient synthesis of valienamine.’ In each case, the
process takes place with neat stereochemical inversion to
afford the desired aminocyclitol precursor (Scheme 32).

OBn

OBn ~
BoL L Bno 0Bn
OBn (steps)
. BnO" Y o ----e--- > valienamine
BnO" PhsP / DEAD oN

% o )
1) DPPA, DBU OBn
toluene, 0 °C BnO H o8 (stops) %

Bno™ :

2) NaN3 40 °C
Ns

phthalimide

Scheme 32. Synthesis of valienamine precursors from a starting cy-
clitol through Mitsunobu reactions.

A Lewis-acid-catalyzed Michael-type nucleophilic ad-
dition of phthalimide to a protected cyclitol precursor has
also been reported.’®l In this case, the stereochemical reac-
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tion outcome was interpreted in terms of the steric hin-
drance imposed by the axial acetonide group, which directs
the nucleophilic attack from the less hindered face of the
inositol system (Scheme 33).

phthalimide / iPrMgBr
_—

MgBr,-OEt / THF

]
NPhth )_
Y

HsCO-CI{ O ><
eor2)

o) 0]
MPMO A

o
NPhth
favored approach

Scheme 33. Aminocyclitols by Michael addition of a nitrogen nu-
cleophile.

A related Michael-type reaction with nitroolefin 46 has
been reported. In this case, liquid ammonia is the nucleo-
philic species that undergoes conjugated addition to provide
acetamide 47 after in situ acetylation. The nitro group was
further removed by reduction under radical conditions
(Scheme 34).°71

OAc OAc
—_—
AcO™ NO, 2) Ac0 AcO™ YN0,
NHAc
46
OAc
nBusSn Bno\O/\OBz
AIBN AcO™
NHAc 47

Scheme 34. Aminocyclitols by Michael addition to a nitroolefin cy-
clitol precursor.

Palladium-catalyzed allylic amination®®! has been suc-
cessfully applied to the synthesis of various kinds of azido
and aminocyclitol derivatives. Treatment, for example, of
diacetate 48 with benzylamine in the presence of catalytic
amounts of Pd(PPh3), and Ph;P in acetonitrile at reflux
afforded amine 49 (Scheme 35), a close precursor of valien-
amine. The resulting configuration is in agreement with the
operation of a double inversion mechanism with overall re-
tention, as expected.l”!
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Scheme 35. Aminocyclitols by palladium-catalyzed allylic amin-
ation.

In a related process, the Pd-catalyzed reaction of sodium
azide with a suitable allylic acetate to give allylic azide 50
has been reported. This compound is an advanced precur-
sor of 1-acetamido-6-epi-valienamine (Scheme 36).11%1

OBn
AcO, OBn
OB cat (PhgP)sPd OBn
B ——
‘OBn NaN3 N3‘“\ “’OBn
NHAc NHAc
49 50
OH
(steps) OH
——————— >
HoN™ “'OH
NHAc

1-acetamido-6-epi-valienamine

Scheme 36. Azidocyclitols by palladium-catalyzed allylic amin-
ation.

A similar approach from cyclic carbonate 51 and N-ben-
zylnosylamide was used to obtain a series of 4,6-diaminocy-
clohexene derivatives 52 as precursors of the aminocyclitol
core of aminoglycoside antibiotics of the 2-deoxystrept-
amine typel*>3 (Scheme 37). In addition, Pd-catalyzed al-
lylic amination of a suitable substrate has been used to in-
troduce an aminomethyl side chain onto a fully protected
conduritol derivative.[?®!

Bn
o oyt
- ., .Bn NsNHBn R
o 7 rl\‘ HO™ Y
}_o Ns Pdy(dba)y CHCl3 / PhyP 3
o Ns” “Bn
51 52

Scheme 37. Aminocyclitol precursor from an allylic cyclic carbon-
ate through a palladium-catalyzed reaction.

An interesting approach to aminocyclitol derivatives is
based on the Pd-catalyzed desymmetrization of conduri-
tol A dicarbonate 53, as described by Trost et al.’?]
(Scheme 38). The use of Pd catalysts bearing C,-symmetric
ligands allows discrimination between the two prochiral
centers present in the starting meso compound. The enanti-
odiscriminating step of the process relies on the ability of
the Pd catalyst to react with one of the two enantiotopic
allylic esters, depending on the chirality of the ligand. Treat-
ment of dicarbonate 53 with azide under these conditions,
followed by alkaline hydrolysis of the crude reaction mix-
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ture with simultaneous [3,3] sigmatropic rearrangement of
the initially formed allylic azide, led to azido cyclitol 54 in
70% yield and 93% ee (Scheme 38).

S
?—NH HN—?
OCO,CH3 PPh, Ph,pP

OCO,CHz OCO,CHjy
Mo} 9 w0 | Kkco N w0,
B L)
(o] (dba)3Pdy CHCI3 (o) Meon (¢)
OCO,CH3 TMSN; N3
53 54

Scheme 38. Pd-catalyzed desymmetrization of conduritol A dicar-
bonate.

5.3. Reductive Amination

Reductive amination of cyclohexanones represents a clas-
sical approach to aminocyclohexanes. In the field of amino-
cyclitol chemistry, there are some classical precedents of
this useful synthetic transformation. Thus, in one of the
synthesis of valiolamine and several N-substituted deriva-
tives,”?! reductive amination of a functionalized cyclohexa-
none derivative 55 in the presence of NaBH;CN allowed
the introduction of an alkylamino side chain with total
stereocontrol through attack of the reducing agent on the
less hindered side of the intermediate Schiff’s base. How-
ever, ketoxime formation from the above cyclohexanone,
followed by catalytic hydrogenation, led to a mixture of epi-
meric aminocyclitols in an a/f ratio of 16:1 (Scheme 39).

HO, OBn 4 OH HO, OBn
BnO.,, _~ /\N?: BnoO., >

B — e
Bio” " N0  naBHon  Bno” N N OH
Bn oen L,
55
NH,OH-HCI
l NaOAc
HO, OBn HO, OH
B“O:é 1) Raney Ni/ MeOH HO:d
BnO' - NOH 2) Pd/C, formic acid / MeOH HO - NH,
OBn OH
valiolamine epimers
(ouP: 16:1)

Scheme 39. Aminocyclitols by reductive amination of cyclohex-
enones and ketoxime reduction.

Reductive aminations leading to C6, C7, and C8 amino-
cyclitols in the search for new glycosidase inhibitors have
also been reported in the literature.83191.1921 Tn this case,
reductive amination of the starting cycloalkanones was car-
ried out under Mattson conditions!!?3 with Ti(OiPr), as
Lewis acid, followed by in situ reduction of the intermediate
imine with NaBH;CN in MeOH. The diastereoselectivity
of the processes ranged between 60:40 and 80:20, and in
some cases the resulting epimeric aminocyclitols could be
isolated by chromatography.
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6. Rearrangements

Some rearrangement reactions have been successfully ap-
plied to aminocyclitol chemistry. As mentioned above,
carbohydrates have been widely used as starting materials
for conversion into functionalized carbocycles.[3%1%4 In this
context, the Ferrier rearrangement is now considered a clas-
sical approach.’¥ When applied to suitably protected
amino sugars, this transformation gives access to versatile
aminocyclohexenone precursors that have been used as
starting materials for the synthesis of aminocyclitol deriva-
tives. An example of this approach is to be found in the
synthesis of pseudo-disaccharides related to allosami-
din."%1 In this case, the B-hydroxy group of the initially
formed B-hydroxycyclohexanone is used to elaborate the
oxazoline moiety characteristic of natural products of this
kind (Scheme 40).

HgSO, /

H,SO4
O_..OMe dioxan, H,0 NaBH,4 / AcOH

o OH
E—— [ j Cbz—————>
PMBKP',,N,CDZ PMBO N

OBn én OBn Bn
NaH /
"o ~OH  pur HO w0, (steps) allosamidin
\Q Cbz “ >=O “77"> analogues
PMBO' ‘N” PMBO" N
OBn Bn oBn Bn

Scheme 40. Aminocyclitols through a Ferrier rearrangement of a
glucosamine derivative.

A recent example of the use of the Ferrier rearrangement
can be found in the synthesis of the 1-acetamido derivative
of 6-epi-valienamine, an inhibitor of several B-/N-acetylgluco-
saminidases.'°1 Although the rearrangement reaction pro-
ceeded smoothly from the 2-acetamido precursor, problems
associated with the reactivity of the resulting acetamidocy-
clohexenone with the Grignard reagent required for the in-
troduction of the benzyloxymethyl side chain, led the authors
to use the corresponding 2-azido precursor 56, which also
proved to be a suitable substrate for the rearrangement step
(Scheme 41). The advanced intermediate 57 was used as
starting material for the synthesis of a precursor of 1-acet-
amido-6-epi-valienamine (see also Scheme 36).

 *
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BnO N3 5 mscl/EtN BnO Ns
OBn OBn
56 OBn OBn
/ /
HO™ _(steps)_ nco _{see Scheme 36)
BnO™ “'Ng BnO NHAC
OBn OBn
57

Scheme 41. Example of a Ferrier rearrangement in the synthesis of
a valienamine analogue.

The sigmatropic rearrangement of allylic imidates, classi-
cally known as the aza-Claisen or Claisen-imidate re-
arrangement and nowadays also called the Overman re-
arrangement,['%® has also been used to provide access to
aminocyclitol systems from suitable precursors. The process
can be carried out either thermally or in the presence of
Hg" or Pd" catalysts. Mehta et al. have used this rearrange-
ment to convert trichloroacetimidate 58 into trichloroacet-
amide 59 under thermal conditions en route to aminocarba-
sugar analogues (Scheme 42).[8%

by
0~ >ccl o
1) Me,CO
Amberlyst 15 KoCO3 / p-xylene ClsC)LN "o
—
H

“OH 2) CCI;CN / DBU reflux

“o
OH 58 O)< OH 59

HO.,
1) 0504 / NMMO ‘
59 ——M» .
2) 1IN HCI HCI -HaN ‘OH

OH

Scheme 42. Aminocyclitols through sigmatropic rearrangements of
allylic imidates.

Finally, a strategy for the concise synthesis of trehazol-
amine, the aminocyclitol core of the potent trehalase inhibi-
tor trehazolin, has been developed.['®”) The methodology
takes advantage of the photocyclization reaction of 1-
(methoxyethoxymethyl)-3-(pivaloxymethyl)pyridinium per-
chlorate to generate a mixture of isomeric bicyclic aziridines
(Scheme 43). Interestingly, this strategy has been used in an

*R1
|

H.,, N_.H
OPiv HO”‘Ej\ _OPiv

NH,

HO OH

Scheme 43. Enantioselective synthesis of aminocyclitols through photocyclization reactions of pyridinium perchlorate derivatives bearing

chiral auxiliaries (*R").
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enantiodivergent way with the help of a sugar-derived chiral
auxiliary at the pyridinium nitrogen atom. In this way, en-
antiomerically pure aminocyclopentitol precursors can be
obtained independently for further functional group manip-
ulation.

7. Conclusions and Outlook

Over the last few years, the chemistry of aminocyclitols
has become a very active field of research, in the areas both
of natural product chemistry and of medicinal chemistry.
Consistently with this assessment, the distribution by years
of the total number of references extracted from “SciFinder
Scholar” on the topic “synthesis of aminocyclitols or ami-
nocarbasugars” is illustrative. At the time this review was
written, around one-fourth of the total of papers on this
topic had been published in the period 2000-2008. Since
aminocyclitols are amino-carbasugars, their chemistry has
greatly benefited from knowledge acquired on the synthesis
of carbohydrates and carbocyclic-derived compounds.
Thus, as pointed out in the above sections, many of the
currently available methodologies for aminocyclitols are in-
spired by, or are adaptations of, some of the well established
protocols taken from the above fields. However, applica-
tions of new synthetic strategies to the chemistry of amino-
cyclitols are starting to emerge. This is the case with biocat-
alysis, which despite being widely used in several areas of
synthetic organic chemistryl!98-19] still has scarce applica-
tion to the total synthesis of aminocyclitols. A significant
incorporation of biocatalytic approaches to the repertoire
of available methodologies for the synthesis of aminocycli-
tols would be desirable in the years to come.

In summary, the chemistry of aminocyclitols is a solid
area of organic synthesis that provides the contemporary
chemist with a wide variety of synthetic methods to fulfill
most needs in the search for better and improved analogues
for use in several areas of research.
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