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Abstract: All-nitrogenated sugars (ANSs), in which all hydroxy groups 

in a carbohydrate are replaced with amino groups, are anticipated to 

be privileged structures with useful biological activities. However, ANS 

synthesis has been challenging due to the difficulty in the installation 

of multi-amino groups. We report herein the development of a concise 

synthetic route to peracetylated ANSs in seven steps from 

commercially available monosaccharides. The key to success is the 

use of the sequential Overman rearrangement, which enables formal 

simultaneous substitution of four or five hydroxy groups in 

monosaccharides with amino groups. A variety of ANSs are available 

through the same reaction sequence starting from different initial 

monosaccharides by chirality transfer of secondary alcohols. 

Transformations of the resulting peracetylated ANSs such as 

glycosylation and deacetylation are also demonstrated. Biological 

studies reveal that ANS-modified cholesterol show cytotoxicity 

against human cancer cell lines, whereas each ANS and cholesterol 

have no cytotoxicity. 

Introduction 

Carbohydrates containing nitrogen atoms have been recognized 

as important structural motifs in pharmaceuticals. Some 

representative examples are aminoglycosides[1] and iminosugars 

(azasugars)[2] (Figure 1). Aminoglycosides such as kanamycin A 

(1)[3] and paromomycin (2)[4] contain amino sugar moieties 

bearing exocyclic amino groups in the place of one or two 

hydroxyl groups (Figure 1A). Aminoglycosides show strong 

antimicrobial activities against most Gram-negative bacteria, and 

are listed by the World Health Organization as critically important 

antimicrobials for the treatment of serious infections.[5] However, 

the ever-increasing social threat of multi-drug resistant pathogens 

requires a constant search for drugs with novel structures. 

Iminosugars possess a nitrogen atom instead of the endocyclic 

oxygen atom, represented by nojirimycin[6] (Figure 1B). They have 

been utilized as small-molecule therapeutics for diverse diseases 

such as diabetes (N-hydroxyethyl-1-deoxynojirimycin, miglitol: 

5)[7] and as a pharmacological chaperone for lysosomal storage 

disorders (1-deoxygalactonojirimycin, migalastat: 6).[8] 

Iminosugars are also known to show a variety of biological 

activities including antiviral (6-O-butanoyl castanospermine, 

Celgosivir: 7)[9] and anti-tumor activities (swainsonine: 8).[10] 

Although the early developed iminosugars were used as 

glycosidase inhibitors, recent studies revealed that these 

pharmacological activities did not necessarily require glycosidase 

inhibition, which often resulted in off-target effects.[2c] In both 

aminoglycosides and iminosugars, current efforts are directed to 

find novel privileged carbohydrate-like structures. In this 

communication, we report the first synthesis of all-nitrogenated 

sugars (ANSs), artificial carbohydrate mimics, in which all hydroxy 

groups were replaced with amino groups (Figure 1C).[11] The 

peracetylated ANS was used as a glycosyl donor, and the 

synthetic ANS derivatives were subjected to biological tests 

against human cancer cell lines. 

 

 

Figure 1. Carbohydrates containing amino groups. A) Aminoglycosides with 

carbohydrates including exocyclic amino groups. B) Iminosugars with 

endocyclic amino groups. C) All-nitrogenated sugars. 
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Results and Discussion 

Our goal is the synthesis of ANSs from easily available 

monosaccharides, and elucidation of their physical and biological 

properties. Replacement of a hydroxy group with an amino group 

changes the basicity, polarity, solubility, and coordination 

properties of sugars, including their hydrogen bonding capabilities. 

Amino groups in both aminoglycosides and iminosugars play 

significant roles in the interaction with their target molecules such 

as rRNA and enzymes.[12] However, substitution of even a single 

hydroxy group in a carbohydrate is not a trivial transformation. 

Classical approaches through SN2 reactions or reductive 

aminations actually require several steps including protecting 

group manipulation.[2b] Therefore, the synthesis of ANSs has been 

prohibitive due to the requisite replacement of four or five hydroxy 

groups in the carbohydrates. To realize this daunting synthetic 

challenge, we envisioned a formal simultaneous substitution of 

multi-hydroxy groups by taking advantage of the allylic 

trichloroacetimidate rearrangement (the so-called, Overman 

rearrangement) (Scheme 1).[13-17] For example, D-glucose (11), 

which exists in equilibrium between cyclic and acyclic forms, 

would be converted to pentakisimidate 12 through Wittig 

olefination and imidation. Under thermal conditions, 

pentakisimidate 12 would undergo five sequential Overman 

rearrangements. The first rearrangement would install the primary 

amino group, accompanied by transposition of the double bond. 

The resulting allylic imidate of 13 then would undergo the second 

rearrangement, resulting in the formation of 14. The newly 

generated stereochemistry of 14 would be defined by chirality 

transfer of the secondary hydroxy groups via a chair-like transition 

state.[13] Eventually, the five sequential Overman rearrangements 

would give pentakistrichloroamide 15 in a single operation. The 

 

 

Scheme 1. Synthetic plan for all-nitrogenated sugars (ANSs) from simple 

carbohydrates through the sequential Overman rearrangement. 

oxidative cleavage of the terminal olefin in 15 and removal of the 

trichloroacetyl groups would produce D-galacto-type ANS (10). A 

highly concise synthesis of ANSs would be possible by the formal 

simultaneous substitution of multi-hydroxy groups using the 

Overman rearrangement, and minimum protecting group 

manipulation. In addition, a variety of ANSs could be accessible 

through the same reaction sequence by simply changing the initial 

starting monosaccharides. 

Our studies commenced with the synthesis of pentose-type 

ANSs from L-arabinose (16) (Scheme 2A). Wittig olefination gave 

an acyclic tetraol compound, which was transformed to 

tetrakistrichloroimidate 17 with CCl3CN and DBU at –20 °C. The 

four sequential Overman rearrangements were achieved by 

heating a solution of tetrakisimidate 17, BHT (200 mol %)[18] and 

t-BuPh (10 mM) at 200 °C in a sealed tube, giving 

tetrakistrichloroacetamides 18 in 77% combined yield with 2.2:1 

diastereoselectivity.[19] The reaction produced three stereocenters, 

two of which were stereospecific through chirality transfer of the 

secondary alcohols. The poor diastereoselectivity was derived 

from the fourth rearrangement of the primary imidate, but it was 

not a crucial issue because both resulting diastereomers gave the 

same ANS through epimerization at a later stage. Thus, the formal 

substitution of four hydroxy groups with amino groups was 

 

 

Scheme 2. Syntheses of pentose-type peracetylated ANSs through four 

sequential Overman rearrangements. (A) Synthesis of D-arabinose-type pAc-

ANSs. (B) Synthesis of D-xylofuranose-type and D-xylopyranose-type pAc-

ANSs. DBU ═ 1,8-diazabicyclo[5,4,0]undec-7ene, NMO ═ 4-methylmorpholine 

N-Oxide. 
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achieved by the sequential Overman rearrangement. The 

terminal olefin was converted to the aldehyde by a two-step 

procedure including dihydroxylation with OsO4 and oxidative 

cleavage of the diol with Pb(OAc)4. The resulting aldehydes 19 

did not undergo cyclization due to the presence of the 

trichloromethyl groups. Thus, palladium-catalyzed hydrogenation 

in the presence of Et3N caused dechlorination and subsequent 

cyclization to provide an inseparable mixture of hemiaminal 

derivatives 20 and 21 via epimerization at the -position of the 

aldehyde in the acyclic form. These hemiaminals were acetylated 

upon treatment with Ac2O and pyridine, giving D-arabinofuranose-

type peracetylated-ANS (22) and D-arabinopyranose-type 

peracetylated-ANS (23) in 20% and 6% yields over four steps, 

respectively.[20] One of the salient features of our sequence is that 

different diastereomers of ANSs are available by simply changing 

the initial starting monosaccharides. For example, application of 

the same sequence to D-xylose (24) provided D-xylofuranose-

type peracetylated ANS (25) and D-xylopyranose-type 

peracetylated ANS (26) (Scheme 2B).[20] 

 

 

Scheme 3. Syntheses of hexose-type peracetylated ANSs through five 

sequential Overman rearrangements. A) Synthesis of D-galactofuranose-type 

pAc-ANS. B) Synthesis of D-glucofuranose-type pAc-ANS. 

With pentose-type ANSs in hand, we turned our attention to 

the synthesis of hexose-type ANSs (Scheme 3A). In general, 

each reaction used in the synthesis of the pentoses was also 

applicable to hexoses. However, the additional hydroxy group in 

the hexoses made the sequential Overman rearrangement more 

complicated probably due to byproducts including the oxazolines 

generated by intramolecular substitution, because 

trichloroimidates can act as both a nucleophile and a leaving 

group.[21,22] After extensive studies, we found that a lower 

concentration was crucial in the five sequential rearrangements. 

While the reaction of pentakistrichloroimidate 12 in t-BuPh at 10 

mM under thermal conditions provided 

pentakistrichloroacetamides 15 in 15% yield (dr = 2.1:1), the 

reaction at 1 mM provided 15 in 32% combined yield (dr = 2.0:1, 

80% yield per rearrangement). After oxidative cleavage of the 

terminal olefin[23] and dechlorination, hemiaminal 28 was isolated 

as a single diastereomer in 27% yield in three steps. Treatment of 

28 with Ac2O and pyridine gave D-galactofuranose-type ANS 29 

in 68% yield. D-Glucofuranose-type peracetylated ANS (31) was 

also synthesized through the same sequence starting from D-

galactose (30) (Scheme 3B). 

 

 

Scheme 4. Transformation of D-arabinofuranose-type pAc-ANS (22). Boc ═ 

tert-butoxycarbonyl, DMAP ═ 4-dimethylaminopyridine, MS ═ molecular sieves, 

TMS ═ trimethylsilyl.  

Further transformations of peracetylated ANSs were 

demonstrated to supply a variety of ANS derivatives (Scheme 4). 

Glycosylation of primary alcohols was possible with peracetylated 

ANS 22. For example, addition of TMSOTf to a solution of 22 and 

hexanol in MeCN in the presence of MS4Å afforded 32 in 95% 

yield with complete trans selectivity.[24] The glycosylation also took 

place with propargyl alcohol, which serves as a handle for click 

chemistry (33; 88%).[25] Glycosylation of the secondary alcohol 

was found to be somewhat challenging, but provided glycosylated 

cholesterol 34 in 19% yield as a single diastereomer. Three acetyl 

groups on the primary amines in 32 were selectively removed to 

afford triamine 35 through Boc protection, hydrolysis of 

acetamides and cleavage of the Boc groups.   

The ANS derivatives were evaluated against human cancer 

cell lines, including colon carcinoma (HCT 116), breast carcinoma 

(MDA-MB-231), fibrosarcoma (HT1080) and melanoma (WM266-
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4),[26] and the data are summarized in Table 1 (see the Supporting 

Information for details). While neither peracetylated ANS 22 nor 

cholesterol showed significant cytotoxicity, glycosylated 

cholesterol 34 exhibited antiproliferative effects against these 

cancer cell lines. Interestingly, the corresponding acetylated 

furanose 36 and glycosylated cholesterol 37 did not exhibit 

cytotoxicity at 100 M. Although the role of the ANS is yet to be 

elucidated, this study indicated that installation of ANSs in small 

molecules could change their biological properties. 

Table 1. Cytotoxicity of glycosylated cholesterol 34 against various human 

cancer cell lines (IC50 values in M)[a] 

 

Cell Line 

IC50 (M) 

34 22 cholesterol (38) 36 37 

HCT116 20.3 >100 >100 >100 >100 

MDA-MB-231 27.6 >100 >100 >100 >100 

HT1080 13.1 >100 >100 >100 >100 

WM266-4 13.6 >100 >100 >100 >100 

[a] Antiproliferative effects of tested compounds against human cancer cell lines 

in a 72 h growth inhibitory assay using the MTT method. IC50 ═ half maximal 

(50%) inhibitory concentration, MTT ═ 3-(4,5-dimethylthial-2-yl)-2,5-

diphenyltetrazolium bromide. 

Conclusion 

The concise synthesis of all-nitrogenated sugars (ANSs) was 

realized from easily available monosaccharides for the first time. 

The key to success was use of the Overman rearrangement, 

which enabled formal simultaneous substitution of four or five 

hydroxy groups with amino groups. The sequential 

rearrangement simplified the synthetic route by omitting 

differentiation and protecting group manipulation of hydroxy 

groups. A variety of ANSs were accessible through the same 

synthetic route starting from different monosaccharides. Thus, 

pentose- and hexose-type peracetylated ANSs were prepared in 

a total of seven steps from the corresponding monosaccharides. 

Peracetylated ANSs were utilized as glycosyl donors of primary 

alcohols and cholesterol. Our cytotoxic test against human cancer 

cell lines indicated that glycosylation with ANSs could add new 

biological functions to existing small molecules. Further 

application of ANSs and studies to reveal their biological roles are 

in progress. 
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Concise synthesis of all-nitrogenated sugar derivatives was achieved in seven steps from commercially available monosaccharides. 

The sequential Overman rearrangement enabled formal simultaneous substitution of four or five hydroxy groups in the 

monosaccharides with amino groups. A variety of ANSs were available by the same synthetic route starting from different 

carbohydrates. Transformation and biological activities of ANS derivatives were also reported. 
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