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Abstract This compendium focuses on functionalised

sugar amino acids (SAAs) and their 3- to 6-membered

nitrogen heterocyclic and carbocyclic analogues. The main

benefit of using SAAs and their related nitrogen and carbon

congeners in the production of peptidomimetics and gly-

comimetics is that their properties can be readily altered

via modification of their ring size, chemical manipulation

of their numerous functional groups and fine-tuning of the

stereochemical arrangement of their ring substituents.

These building blocks provide access to hydrophilic and

hydrophobic peptide isosteres whose physical properties

allow entry to a region of chemotherapeutic space which is

still under-explored by medicinal chemists. These building

blocks are also important in providing amino acids whose

inherent conformational bias leads to predisposition to

secondary structure upon oligomerisation in relatively

short sequences. These foldamers, particularly those con-

taining x-amino acids, provide an additional opportunity to

expand access to the control of structures by artificial

peptides. The synthesis and biological evaluation of these

building blocks in glycomimetics and peptidomimetics

systems keep expanding the reach of the glycosciences to

the medical sciences, provide a greater outlook onto the

wide range of cellular functions of saccharides and their

derivatives involved and greater insight into the nature of

oligosaccharide and protein folding.

Keywords Sugar amino acid � Isostere � Foldamer �
Glycomimetics � Peptidomimetics � Carbohydrate

Natural SAAs

Sugar amino acids (SAAs) are monosaccharide derivatives

bearing an amine and a carboxylic acid functionalities

(Soengas and Silva 2012; Seeberger and Werz 2005; Jen-

sen and Brask 2005; Timmer et al. 2005; Chakraborty et al.

2002a, b, 2004a, 2005; Gruner et al. 2002a; Schweizer

2002; Knapp 1995; Lohof et al. 1999a; Dondoni and Marra

2000; Ishida and Inoue 1999). Known also as glycosamino

acids, they are important in nature for their roles as anti-

biotics, glycosidase inhibitors, construction elements

(Chakraborty et al. 2002b; Gruner et al. 2002a; Lohof et al.

1999b, 2001; Gervay-Hague and Weathers 2001) and for

their involvement in inter- and intra-cellular molecular

recognition events, to mention a few. Sialic acid (Fig. 1),

found in almost all living organisms and located periph-

erally on glycoproteins and glycolipids, represents the most

prominent and abundant example of the latter two.
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Muramic acid also occurs widely in bacterial polysaccha-

rides due to its involvement in peptidoglycan synthesis

(Baschang 1989). Glycosaminuronic acids (Williamson

and Zamenhof 1963) such as 2-acetamido-2-deoxy-glu-

curonic acid and 2-acetamido-2-deoxygalacturonic acid are

found, respectively, as a component of bacterial cell walls

(Williamson and Zamenhof 1963) and as a component of

the E. coli Vi antigen (Heyns et al. 1959).

Natural SAAs have also been widely found in nucleo-

side antibiotics (Knapp 1995) such as the naturally occur-

ring spiro-furanoid (?)-hydantocidin (which exhibits

herbicidal activity), the ezomycins (a class of complex

nucleoside antibiotics, isolated from Streptomyces fer-

mentation broths (Knapp et al. 1994; Haruyama et al. 1991;

Nakajima et al. 1991; Siehl et al. 1996)), the polyoxins

(Isono et al. 1969; Li et al. 2012; Isono 1988) and the

nikkomycins (potent inhibitors of chitin synthetases in

fungi and insects) (Isono 1988; Liao et al. 2009). Antibi-

otics such as amipurimycin (Wede et al. 2000; Fülöp 2000)

and miharamycins (Marcelo et al. 2008; Czernecki et al.

1996), which display strong activity against the rice blast

disease caused by Pyricularia oryzae, contain a core a-

SAA. Additionally, amipurimycin also incorporates the

carbocyclic b-SAA congener cis-2-aminocyclopentane

carboxylic acid (cis-2-ACPC) (Wede et al. 2000; Fülöp

2000). The antibiotic oxetin (Barker et al. 2001; Kawahata

et al. 1986) is the only naturally occurring b-AA yet

reported based on an oxetane ring scaffold. It exhibits

herbicidal activity and inhibits glutamine synthetase from

spinach leaves (Omura et al. 1984). Other antibiotics

include the more recently discovered tripropeptin (Hash-

izume et al. 2011) and empedopeptin (Müller et al. 2012).

Siastatin B (Umezawa et al. 1974), an inhibitor of b-

glucuronidases, belongs to the class of SAAs which contain

the amine within the pyranoid ring structure. Replacement

of the endocyclic oxygen atom with a nitrogen atom leads

to azasugar-based SAAs which have been found to, but are

not limited to, interact with carbohydrate-active enzymes

and include hydroxylated prolines (such as the antibacterial

bulgecin) and pipecolic acids (Shinagawa et al. 1984;

Návarová et al. 2012; Kadouri-Puchot and Comesse 2005).

Hydroxylated prolines have additionally been shown to

influence secondary structure in peptides significantly

(Takeuchi and Marshall 1998; Bellier et al. 1998).

Fig. 1 A range of representative natural SAAs
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Synthetic amino acids

An important aspect of peptide chemistry involves the

design, synthesis and applications of artificial amino acid

building blocks. Some of the many advantages provided by

the incorporation of an artificial amino acid residue in a

particular peptide sequence include the introduction of a

conformational bias or the achievement of a more proteo-

lytically stable analogue. SAAs provide a set of peptide

isosteres whose inherent conformational bias, chemical and

physical properties can be tuned more effectively than

other classes of peptidomimetics. These characteristics can

be readily adjusted via the fine-tuning of the stereochemi-

cal arrangement of substituents of the sugar ring, ring size

and the modification of functional groups. A number of

synthetic routes to tailor-made SAA building blocks have

been developed by the use of protective groups which have

also allowed their incorporation into solid-phase synthesis

protocols (Szabo et al. 1998; Well et al. 2003a).

Besides their potential as peptidomimetics, or as gly-

comimetics, SAAs have been used in the design and syn-

thesis of foldamers—peptide-like molecules which display

a predisposition towards the formation of well-defined

secondary structures in relatively short oligomeric

sequences (Baldauf and Hofmann 2012; Martinek and

Fülöp 2012; Horne 2011; Bouillere et al. 2011; Cheng et al.

2001; Gellman 1998; Gademann et al. 1999; Hill et al.

2001; Pilsl and Reiser 2011; Roy and Balaram 2004;

Seebach and Matthews 1997; Seebach et al. 2004; Seebach

and Gardiner 2008; Soth and Nowick 1997).

Because dense functionalisation and correct absolute

stereochemical configurations are required, these building

blocks are most readily synthetically derived from carbo-

hydrate starting materials. It still is the case that novel

peptidomimetics provide a driving force for the invention

of new drugs. The easy access to the potential candidates

for such intermediates is the main intention of this paper.

The original compendium on SAAs gave a restricted set

of structures confined to oxygen heterocycles (Risseeuw

et al. 2007a). This review is expanded to include related

functionalised nitrogen heterocyclic and carbocyclic amino

acid building blocks.

Designed SAAs

Peptidomimetics

Kessler and co-workers (von Roedern and Kessler 1994)

were the first to recognise that SAAs may serve as a bridge

between the two worlds of glycomimetics and peptidomi-

metics. Thus, from this perspective, the d-SAA gluco-

syluronic acid methylamine (GUM) functions as a

conformationally restricted dipeptide isostere. Because of

the preference of the sugar core for the 4C1 chair

O

O

OH

OH

HO
H
N

H
N

N
H

O

O

H H

αβγ

δφi+1

OH

O

O

OH

OH

HO
H
N

H
N

N
H

O

O

H H

αβγ
δ

OH

R
R

R = Bn, iPr, CH3

GUM

Fig. 2 Top comparison of the cis-pyranoid d-SAA GUM with the

dipeptide Gly-L-Thr (von Roedern and Kessler 1994; von Roedern

et al. 1996) and bottom with the alkylated SAAs (Raunkjaer et al.

2004) that function as D-Phe-L-Thr, D-Val-L-Thr and as D-Ala-L-Thr

mimic, respectively

BocHN

H
N

O
O

H
N

N
H

O

O

HO OH

HO

Ph

O

O
2

cis (2S)
trans (2R)

H2N

H
N

N
H

H
N

N
H

CO2H

HO

O

O

O
Ph

O

Leu-enkephalin

N
H

O

NH

O

O

N
H

O

AcHN

CO2H

CO2H

HN

OH
NHO

HN

OHO2C

Ph

Ph

AcFTLDADF OH

O
NHO

AcHN

O

NHO

O

CO2H

HN

HO2C

Ph

O

Ph

CO2H

Fig. 3 Top the structure of two

diastereoisomeric Leu-

enkephalins containing a cis-

and a trans-furanoid d-SAAs

(Chakraborty et al. 1998).

Bottom design of an inhibitor of

the mammalian ribonucleotide

reductase (mRR) enzyme based

on a trans-pyranoid e-SAA

(Smith et al. 1998a)

A compendium of cyclic sugar amino acids 615

123



conformation, which positions all substituents equatorially,

the torsion angle of the SAA turn mimic between Ca and

Ob, corresponding to the /i?1 torsion angle of a dipeptide

(Fig. 2, top), is fixed at *180�. As the a-position is

functionalised as part of the sugar ring, GUM may be

viewed as a very hydrophilic conformationally restricted

Gly-L-Thr isostere (Fig. 2, top). From these observations,

Kessler and co-workers (Gruner et al. 2002a; von Roedern
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et al. 1996) and others research groups designed a range of

conformationally restricted SAA scaffolds to impart a turn

bias to ‘‘linear’’ peptide mimics. For the specific structures

of these SAA building blocks, we refer to Tables 1, 2, 3, 4.

For perusal, one type of alkylated SAA (Fig. 2, bottom) is

illustrated (Raunkjaer et al. 2004).
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Many examples of SAAs incorporated in linear and

cyclic peptides have been reported. Several studies have

used SAAs as the common dipeptide isostere in the pro-

duction of peptidic compound libraries, as depicted in

Figs. 3, 4 and 5. Chakraborty compared the conformational

properties of a cis- and trans-furanoid d-SAAs incorpo-

rated in a short Leu-enkephalin sequence (Fig. 3, top) and

showed the induction of a turn conformation by the cis-

isomer. This was established spectroscopically by NMR

and CD analysis, and predicted by modelling studies

(Chakraborty et al. 1998).

Another striking example of the use of SAAs to confer

conformational bias in inhibitor design is provided by

Smith et al. (Fig. 3, bottom), who showed how a highly

functionalised trans-pyranoid e-SAA imparts a turn con-

formational bias, thus effectively mimicking the turn

region of the mammalian heptapeptide AcFTLDADF-OH,

an inhibitor (IC50 8.9 lM (Xu et al. 2008), Ki 15–20 lM

(Smith et al. 1998a)) of mammalian ribonucleotide reduc-

tase (mRR). The SAA-containing peptidomimetic was

found to inhibit the mRR with a much lower Ki of

400–500 lM (Smith et al. 1998a).

Sofia et al. used SAAs as the branching point for the

development of a peptidomimetic compound library on

solid support (Sofia et al. 1998; Sofia 1998). Their strategy

involved the following steps: the attachment of a c- or d-

SAA building block to an amino acid of choice, the

functionalisation of a secondary hydroxyl group into a

carbamate and the functionalisation of the amine group, as

is outlined in Fig. 4. More recently, a variation on this

theme was reported by Gomez et al. (2009) towards fura-

nose-based carbohydrate templates.

Several examples of cyclic peptides containing one or

more SAAs and macrocycles composed entirely of SAAs

have been reported (Well et al. 2003a; Andreini et al. 2008;

Bughin et al. 2007; Hirata et al. 2007; Fleet et al. 2006;

Bream et al. 2006; Fujimura et al. 2006; Menand et al.

2005; Billing and Nilsson 2005a, b; Edwards et al. 2005;

Bornaghi et al. 2004; Mayes et al. 2004; Chakraborty et al.

2003; Well et al. 2000, 2003c, b; Gruner et al. 2002b;

Stöckle et al. 2002a, b; Chakraborty et al. 2002c; Locardi

et al. 2001). One example involves the replacement of two

AA residues by a cis-furanoid d-SAA in one of the turn

regions of the antibiotic gramicidin S (GS) (Fig. 5) (Gro-

tenbreg et al. 2004a). Although this GS derivative proved

not to be biologically active, it revealed appealing struc-

tural features. Incorporation of the SAA introduces a

hairpin twist of *45� in the cyclic b-hairpin structure of

the monomeric macrocycle as shown crystallographically.

Each GS analogue also binds inter-molecularly to two

neighbouring molecules via four hydrogen bonds. These

then form a supramolecular hexameric ensemble reminis-

cent of a b-barrel and possessing a cationic interior and a

hydrophobic exterior (Fig. 5). Similar pore-forming

assemblies of cationic antimicrobial peptides have been

suggested to occur in bio-membranes (Lazaridis et al.

2013; Semrau et al. 2010; Hartmann et al. 2010).

Glycomimetics as foldamers

The peptidoglycan layer is an essential and specific com-

ponent of the bacterial cell wall found on the outside of the

cytoplasmic membrane of almost all bacteria (Vollmer

et al. 2008). The main structural feature of peptidoglycan is

its composition: an ensemble of linear glycan strands, each

one made up of alternating b-(1?4)-connected N-acetyl-

glucosamine (GlcNAc) and N-acetylmuramic acid (Mur-

NAc) residues, further cross-linked by short peptide

sequences (Fig. 6). In Fig. 6, further examples of naturally

occurring oligomeric and polymeric glycans, containing

natural SAAs, are shown with their respective biological

sources (Codée et al. 2011; Schoenhofen et al. 2009; Liu

et al. 2008; Lehmann et al. 2006; Caroff et al. 2000; Lik-

hosherstov et al. 1995; Brisson et al. 1992; Kulaev et al.

1989; Knirel et al. 1988).

Taking inspiration from these natural constructs, numer-

ous carbohydrate-derived oligomers containing amide link-

ages in place of glycosidic linkages, now known as

carbopeptoids, have been reported and their secondary

structural propensities have been analysed (Szabo et al. 1998;

Dane and Grinstaff 2012; Blanco et al. 2010; Timpano et al.

2008; Suhara et al. 1996a, 2002, 2006; Kyas and Feigel 2005;

Durrat et al. 2004; Gervay-Hague and Weathers 2002; Liang

et al. 2001; Nishimura et al. 1998; Timmers et al. 1997;

Müller et al. 1995; Wessel et al. 1996; Yoshimura et al. 1976).

Paulsen and co-workers were the first to report on the

synthesis of a ‘‘designed’’ SAA (Heyns and Paulsen 1955).

The earliest polymers entirely made of SAAs were descri-

bed by Fuchs and Lehmann (1975a, b, 1976) (Fig. 7). These

innovative early endeavours towards the construction of

amide-linked glycomimetics involved the following steps:

the multi-step conversion of a suitably protected heptonic

acid derivative, the introduction of the amine functionality

and the formation of polymeric materials (Fig. 7).

Sialic acid is of particular interest both from a structural

and a design points of view, as it has been shown that short

oligomers of a-(2?8) linked sialic acid (Neu5Ac) readily

adopts a helical structure (Fig. 6) (Battistel et al. 2012).

Gervay-Haque et al. reported on the development of

(helical) mimics of the sialic acids, oligomerised via amide

linkages. Their monomeric building blocks were obtained

by the subtle derivatisation of neuraminic acid (Neu)

(Gregar and Gervay-Hague 2004; Gervay et al. 1997a).

Another example of the use of SAA building blocks

obtainable from Neu are the d/a hybrid foldamers con-

taining alternating SAA Neu2en and AA residue L-Glu

A compendium of cyclic sugar amino acids 619
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(Fig. 8) (Saludes and Ames 2009). A number of studies

have revealed that stable foldamers could be obtained

in water by oligomerisation of only six alternating AA

(L-Glu)/SAA (Neu2en) residues (Saludes and Ames 2009).

An example of this is provided by Saludes et al., who

showed that this foldamer, in water, adopts a right-handed

helical conformation with 3.7 residues per turn, 7.4 Å pitch

and a length of about 18.5 Å. This helical structure is

stabilised by both C = O…H–N backbone interactions and

by another hydrogen bonding interaction between the

pyranose ring oxygen and the L-Glu amide H–N. This type

of construct have proven to be two to three orders of

magnitude more stable than a-peptides in human blood

plasma (Saludes et al. 2010). Several related SAA/AA

hybrid foldamers are known which reveal further facets of

the landscape of conformational preferences adopted by

biopolymers (Sharma et al. 2009, 2011a; Suhara et al.

1997; Jagadeesh et al. 2009; Ramamoorthy and Gervay

1997; McDevitt and Lansbury 1996).

In 1996, Ichikawa et al. reported the synthesis of an oli-

gomer composed of four trans-b-SAA attached to a C-ter-

minal phenylalanine ester (Fig. 9) (Suhara et al. 1996b). In

several follow-up papers, it was shown that longer oligomers

of this type adopt helical structures (Suhara et al. 2006),

resembling the helical structures studied by Appella and co-

workers (Appella et al. 1996; Seebach et al. 1996) in olig-

omers of b-peptides. Related structures are obtained from b-

amino acids having carbohydrates as their side-chains

(Sharma et al. 2008; Palomo et al. 2002). Fleet demonstrated

very neatly that a variety of interesting novel structures can

be obtained using cis- or trans-substituted d-furanoid amino

acids (Fig. 8) (Claridge et al. 1999, 2001, 2005; Long et al.

1999; Smith et al. 1998b; Smith and Fleet 1999). Molecular

dynamics simulations by van Gunsteren and co-workers

classified this molecular conformational variability, con-

sistent with the experimental data (Baron et al. 2005).

Ribbon- or stair-like foldameric behaviour was also

displayed by oligomerisation of monomeric building block

based on a b-SAA carbocyclic scaffold, such as 1-(amino-

methyl)cyclopropanecarboxylic acid (Abele et al. 1999).

On the other hand, short peptides of a-SAA 1-aminocy-

clobutane-1-carboxylic acid fold into b-turns and 310-

helices as demonstrated by a number of groups (Toniolo

et al. 2006). These encouraging results have spurred further

investigations into the synthesis of novel building blocks

(Žukauskait _e et al. 2011).

Synthesis of natural products, pharmaceutically active

compounds and small molecule glycomimetics

as glycosidase inhibitors

SAAs have been used in the synthesis of a plethora of

natural products and their analogues, including

hydantocidin (Dondoni et al. 1994; Brandstetter et al. 1995;

Renard et al. 1998), kainic acid (Cantrell et al. 1996),

plusbacin (Wohlrab et al. 2007), amipurimycin, mihara-

mycin (Casiraghi et al. 1991) and domoic acid (Clayden

et al. 2005).

SAAs have also been used as small molecule glycomi-

metics in the manipulation of the biological activities of

carbohydrate-active enzymes, such as glycosidases. Their

carbocyclic and especially their nitrogen congeners keep

providing pharmacological leads in this area and the most

remarkable class of glycosidase inhibitors to date.

A few examples (Fig. 10) are provided by the well-

known c,d-SAA, marketed as Relenza (Itzstein et al. 1993),

and its carbocyclic congener, marketed as Oseltamivir

(Lew et al. 2000); both are neuraminidase inhibitors and

used for the treatment of influenza of types A and B.

Pipecolic acid derivatives (Cant and Sutherland 2012)

have been used in the synthesis of a number of natural

products, including synthetic peptides in HIV therapy

(Copeland et al. 1990), inhibitors of the Legionella MIP

Protein (Juli et al. 2011) and as potent inhibitors of b-

glucuronidase (Fig. 10, D-gluco and D-galacto analogues)

(Yoshimura et al. 2008; Fleet et al. 1987).

Aziridine derivatives, such as AziDAP, irreversibly inhi-

bit the diaminopimelate epimerase, which is a pivotal

enzyme in the biosynthesis of lysine in plants (Pillai et al.

2006, 2009). An azetidine SAA derivative that has been

incorporated in marketed drug CE-178253, used in the

treatment of obesity as a CB1 antagonist (Brandt et al. 2009).

The L-ribono-azetidine amide was found to be very

specifically a potent inhibitor of several b-hexosaminidas-

es, thereby corroborating indications in literature that acid

amides of iminosugars could provide a novel family of

inhibitors for this class of enzymes (Glawar et al. 2013).

Outlook

As outlined in this review, SAAs are readily accessible and

versatile building blocks that have been applied to the con-

struction of both peptido- and glycomimetics and have

potential as the key constituents of new drugs. To fine-tune the

properties and structures of SAA-containing molecules, subtle

changes may be introduced using the corresponding nitrogen

or carbocyclic analogues. Following such an approach, a

plethora of related molecules emerge that may be exploited,

such as in the European Innovative Medicines Initiative (IMI),

in the search for new biologically active compounds.

The SAAs for 3-[epoxides], 4-[oxetanes], 5-[tetrahy-

drofuran] and 6-[tetrahydropyran] membered rings are

shown in Tables 1, 2, 3 and 4, respectively. And the

corresponding nitrogen heterocycles for 3-[aziridines],

4-[azetidines], 5-[prolines] and 6-[pipecolic acids and
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morpholines] membered rings are shown in Tables 5, 6, 7, and 8,

whereas analogous highly functionalised carbocyclic rings—

cyclopropane, cyclobutane, cyclopentane, and cyclohexane and

cycloheptane are shown in Tables 9, 10, 11 and 12, respectively.

The building block structures below only provide the tip

of an iceberg in what is still a little explored section of

potential chemotherapeutic space; the original review has

expanded from 149 references in 2005 to 902 in 2013.

Table 1 Epoxide amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 2 Oxetane amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 3 Furanoid amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 4 Pyranoid amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 5 Pyranoid amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 6 Azetidine amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 7 Pyrrolidine amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 8 Piperidine and morpholine amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 9 Cyclopropyl amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 10 Cyclobutyl amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 11 Cyclopentyl amino acids (depicted with unprotected amino and carboxylic acid functionalities)
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Table 12 Cyclohexyl amino acids parent structures and their oxygenated derivatives (depicted with unprotected amino and car-

boxylic acid functionalities)
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substitued a-amino acid as a potent turn mimic in peptide

synthesis. Molecules 11(7):564–573

Masaki H, Maeyama J, Kamada K, Esumi T, Iwabuchi Y, Hatakey-

ama S (2000) Total synthesis of (-)-dysiherbaine. J Am Chem

Soc 122(21):5216–5217

Mason JM, Murkin AS, Li L, Schramm VL, Gainsford GJ, Skelton

BW (2008) A b-fluoroamine inhibitor of purine nucleoside

phosphorylase. J Med Chem 51(18):5880–5884

Matsushima Y, Kino J (2009) New concise route to 2-amino-3-

hydroxycycloalkanecarboxylic acids by imidate-mediated intra-

molecular conjugate addition. Eur J Org Chem 26:1619–1624

Maurs M, Acher F, Azerad R (2012) Microbial enantioselective

removal of the N-benzyloxycarbonyl amino protecting group.

J Mol Cat B: Enz 84:22–26

Mayes BA, Simon L, Watkin DJ, Ansell CWG, Fleet GWJ (2004)

Huge (14-, 21-, 28-, 35-, 56- and 70-membered ring) macrocy-

clic lactams—a novel family of carbopeptoid-cyclodextrins.

Tetrahedron Lett 45(1):157–162

McCulloch AW, McInnes AG, Smith DG (1981) Lewis acid

promoted reactions of ethyl cyanoformate: reaction with 2,5-

dimethylfuran. Can J Chem 59(9):1395–1402

McDevitt JP, Lansbury PT (1996) Glycosamino acids: new building

blocks for combinatorial synthesis. J Am Chem Soc 118(16):

3818–3828

Menand M, Blais JC, Hamon L, Valery JM, Xie J (2005) Synthesis of

orthogonally protected cyclic homooligomers from sugar amino

acids. J Org Chem 70(11):4423–4430

Meyer U, Breitling E, Bisel P, Frahm AW (2004) Asymmetric

Strecker synthesis of enantiopure 2,4-ethanothreonines. Tetra-

hedron Asymm 15(13):2029–2037

Miles TJ, Barfoot C, Brooks G et al (2011) Novel cyclohexyl-amides

as potent antibacterials targeting bacterial type IIA topoisome-

rases. Bioorg Med Chem Lett 21:7483–7488

Miller RA, Lang FR, Marcune B, Zewge D, Song ZGJ, Karady S

(2003) A practical process for the preparation of azetidine-3-

carboxylic acid. Synth Commun 33(19):3347–3353

Mittendorf J, Kunisch F, Matzke M, Militzer H-C, Schmidt A,

Schönfeld W (2003) Novel antifungal b-amino acids: synthesis

and activity against Candida albicans. Bioorg Med Chem Lett

13(3):433–436

Miura T, Kajimoto T (2001) Application of L-threonine aldolase-

catalyzed reaction to the preparation of protected 3R,5R-

dihydroxy-L-homoproline as a mimetic of idulonic acid. Chiral-

ity 13(9):577–580

Monn JA, Valli MJ, Massey SM et al (1999) Synthesis, pharma-

cological characterization, and molecular modeling of hetero-

bicyclic amino acids related to (?)-2-aminobicyclo

[3.1.0]hexane-2,6-dicarboxylic acid (LY354740): identification

of two new potent, selective, and systemically active agonists

for group II metabotropic glutamate receptors. J Med Chem

42:1027–1040

Monn JA, Massey SM, Valli MJ et al (2007) Synthesis and

metabotropic glutamate receptor activity of S-oxidized variants

of (-)-4-amino-2-thiabicyclo-[3.1.0]hexane-4,6-dicarboxylate:

identification of potent, selective, and orally bioavailable

agonists for mGlu2/3 receptors. J Med Chem 50:233–240

A compendium of cyclic sugar amino acids 679

123



Moriyama K, Sakai H, Kawabata T (2008) Direct asymmetric

intramolecular alkylation of b-alkoxy-a-amino esters via mem-

ory of chirality. Org Lett 10(17):3883–3886

Mostowicz D, Chmielewski M (1994) Acylating properties of

N-substituted 2-C:1-N-carbonyl-2-deoxyglycopyranosylamines.

Carbohydr Res 257(1):137–143

Moura M, Delacroix S, Postel D, Van Nhien AN (2009) Synthesis of

5-substituted-3,4-dihydroxycyanopyrrolidines: an easy access to

polyhydroxyprolines. Tetrahedron 65(14):2766–2772

Moustafa MMA, Pagenkopf BL (2010) Synthesis of 5-azaindoles via

a cycloaddition reaction between nitriles and donor-acceptor

cyclopropanes. Org Lett 12(14):3168–3171

Mukhamedova LA, Gil’manova GK, Kudryavtseva MI, Nasybullina

FG, Kireeva AS (1982a) Synthesis and testing of the antiviral

activity of epoxy and triazo derivatives of cyclohexane. Khim-

Farm Zh 16:786–791

Mukhamedova LA, Gil’manova GK, Kudryavtseva MI, Nasybullina

FG, Kireeva AS (1982b) Synthesis and testing of the antiviral

activity of epoxy and triazo derivatives of cyclohexane. Pharmac

Chem J 16(7):510–514

Müller C, Kitas E, Wessel HP (1995) Novel oligosaccharide mimetics

by solid-phase synthesis. J Chem Soc Chem Comm 23:

2425–2426

Müller A, Münch D, Schmidt Y et al (2012) Lipodepsipeptide

empedopeptin inhibits cell wall biosynthesis through Ca2-

dependent complex formation with peptidoglycan precursors.

J Biol Chem 287(24):20270–20280

Nagata T, Nagamochi M, Kobayashi S, Komoriya S, Yoshino T,

Kanno H (2008) Stereoselective synthesis and biological eval-

uation of 3,4-diaminocyclohexanecarboxylic acid derivatives as

factor Xa inhibitors. Bioorg Med Chem Lett 18:4587–4592

Nair V, Mathai S, Varma RL (2004) The three-component reaction of

dicarbomethoxycarbene, aldehydes, and b-nitrostyrenes: a ster-

eoselective synthesis of substituted tetrahydrofurans. J Org

Chem 69(4):1413–1414

Nakajima M, Itoi K, Takamatsu Y et al (1991) Hydantocidin: a new

compound with herbicidal activity from Streptomyces hygro-

scopicus. J Antibiot 44:293–300

Namba K, Kawasaki M, Takada I et al (2001) Novel and efficient

transformation of a-amino nitrile to a-imino and a-amide nitriles

in asymmetric Strecker synthesis. Tetrahedron Lett 42:

3733–3736
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Palmer AM, Jäger V (2001) Preparation and biological evaluation of

pyrrolidinediols and pyrrolidine N-oxides from D-ribose using

the nitrone approach. Eur J Org Chem 13:2547–2558

Palomo C, Oiarbide M, Landa A et al (2002) Design and synthesis of

a novel class of sugar-peptide hybrids: C-linked glyco b-amino

acids through a stereoselective ‘‘acetate’’ Mannich reaction as

the key strategic element. J Am Chem Soc 124(29):8637–8643

Pandey SK, Kandula SRV, Kumar P (2004) Enantioselective

synthesis of (-)-galantinic acid. Tetrahedron Lett 45(30):

5877–5879

Pandey G, Dumbre SG, Khan MI, Shabab M, Puranik VG (2006) A b-

lactam-azasugar hybrid as a competitive potent galactosidase

inhibitor. Tetrahedron Lett 47(45):7923–7926

Pandey SK, Jogdand GF, Oliveira JCA, Mata RA, Rajamohanan PR,

Ramana CV (2011) Synthesis and structural characterization of

homochiral homo-oligomers of parent cis- and trans-furanoid-b-

amino acids. Chem Eur J 17:12946–12954

Paquette LA, Brand S, Behrens C (1999) An enantioselective ring

expansion route leading to furanose and pyranose nucleosides

featuring spirodiketopiperazines at the anomeric position. J Org

Chem 64(6):2010–2025

Park KH (1995) A stereospecific synthesis of (?)-2-epideoxymanno-

jirimycin and (2R,3R,4R,5R)-3,4,5-trihydroxypipecolic acid.

Bull Korean Chem Soc 16(10): 985–988

Park J-I, Kim DH (2001) 2-Benzyl-3,4-iminobutanoic acid as

inhibitor of carboxypeptidase A. Bioorg Med Chem Lett 11(22):

2967–2970

Park KH, Kurth MJ (2000) Diastereoselective synthesis of hydantoin-

and isoxazoline-substituted dispirocyclobutanoids. J Org Chem

65(11):3520–3524

Parsons AF, Pettifer RM (1997) Radical cyclisation of amino

aldehydes leading to hydroxy pyrrolidines and piperidines.

Tetrahedron Lett 38(33):5907–5910

Pasquarello C, Demange R, Vogel P (1999) Synthesis of a-C(1 ? 3)-

Mannopyranoside of N-Acetylgalactosamine, a new b-Galacto-

sidase Inhibitor. Bioorg Med Chem Lett 9(5):793–796

Pattenden G, Plowright AT (2000) Synthetic studies towards phorb-

oxazole A: stereoselective synthesis of the C3–C19 bis-oxane

oxazole portion of the phorboxazole macrolide. Tetrahedron Lett

41(6):983–986

Patzel M, Sanktjohanser M, Doss A, Henklein P, Szeimies G (2004)

3-aminobicyclo 1.1.1 pentane-1-carboxylic acid derivatives:

synthesis and incorporation into peptides. Eur J Org Chem

3:493–498

Pearson WH, Hutta DA, Fang WK (2000) Azidomercurations of

alkenes: mercury-promoted Schmidt reactions. J Org Chem

65(24):8326–8332

Pepper AG, Procter G, Voyle M (2002) Stereoselective cycloaddi-

tions of chiral acyl-nitroso compounds; selective reactions of

ring-cleaved cycloadducts leading to a new approach to poly-

oxamic acid. Chem Commun 10:1066–1067

Peri F, Cipolla L, La Ferla B, Nicotra F (2000) Synthesis of bicyclic

sugar azido acids and their incorporation in cyclic peptides.

Chem Commun 100:2303–2304

Peterson MA, Oliveira M, Christiansen MA, Cutler CE (2009)

Preliminary SAR analysis of novel antiproliferative N6,5’-bis-

ureidoadenosine derivatives. Bioorg Med Chem Lett 19(23):

6775–6779

Phillips D, Chamberlin AR (2002) Total synthesis of dysiherbaine.

J Org Chem 67(10):3194–3201
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Schöllkopf VU, Hupfeld B, Gull R (1986) Einfache Synthese von

1-Amino-1-cyclopropancarbonsäuren aus Isocyanessigsäure-
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(2005) Synthesis of 3- and 4-hydroxy-2-aminocyclohexanecar-

boxylic acids by iodocyclization. Eur J Org Chem 18:4017–4023

Szakonyi Z, Martinek TA, Sillanpää R, Fülöp F (2007) Regio- and
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