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Abstract

2-Deoxy-D-glucose (2-DG) is a non-metabolizable glucose analog that has shown promising pharmacological
activities and has been used to study the role of glucose in cancer cells. 2-DG is an inhibitor of glycolysis,
potential Energy Restriction Mimetic agent and inhibits pathogen-associated molecular patterns. Its
radioisotope derivatives have application as tracers. Recently, 2-DG has been used as an anti-COVID-19 drug
lowering the need for supplemental oxygen. In this review, different synthetic strategies for preparation of 2-
DG including enzymatic synthesis have been discussed. The understanding of these methods would help in

developing therapeutics or diagnostic agents aimed at exploring therapeutic targets related with energy
metabolism.
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1. Introduction

Energy is an essential requirement for sustaining life in all living organisms. From primitive life to multicellular
organized living organisms, glucose is the primary source of the energy. Diseases such as cancer, viral infections
and COVID-19 are found to do rewiring in cell metabolism such that the cell start using primarily glycolysis
(Warburg effect)?! to fulfill high energy demand required for high rate of proliferation of diseased cell or virus.
In principle, these infected or diseased cells can be targeted by interfering with glycolysis,? as the normal cells
can rely on fatty acid and keto bodies such as B-hydroxybutyrate metabolism to get essential energy. Lipid
metabolism produces acetyl CoA that enters in to citric acid cycle and oxidative phosphorylation.3

2-Deoxy-D-glucose (2-DG, 2-deoxy-D-arabino-hexopyranose, 1) was realized as non-metabolizable
glucose analog and a competitive inhibitor of glycolysis* in which the 2-hydroxyl group of glucose is replaced by
hydrogen.> Researchers has exploited its application in diagnostics,®® potential in different biological activities
including herbicidal activity,® as an adjunct to chemotherapy and radiotherapy in the treatment of solid
tumors,’® as an antiviral treatment in herpes simplex patients, and as an antiepileptic in temporal lobe epilepsy
patients (Figure 1). Recently, 2-DG has attracted attention due to its application in COVID-19 treatment to lower
the need for supplemental oxygen.>'%.12
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Figure 1. Different Pharmacological Activities of 2-DG

This review discusses structure, drugability, analysis, estimation, toxicology, handling and preparation of
2-DG. We have focusses on various synthetic strategies for synthesis of 2-DG and isotopic 2-DG. Derivatives of
2-DG have not been considered in this review article.

2. Structure, Physical Properties and Characterization of 2-DG

Structure of 2-DG has been depicted in Figure 2, and it has been assigned CAS number: 154-17-6. Its synonyms
are 2-deoxy-D-Glucose, 2-Deoxy-D-arabino-hexose; D-Arabino-2-deoxyhexose. 2-DG is a crystalline white to off-
white solid with a melting point at 146 °C.13 Recrystallized 2-DG from methanol as colorless needles has mp at
151-154° and [a]lDS+43.O° (c=1.0, H20).1* Other values of specific rotation at different conditions is [a]zD3+48.8°

(c 0.13, water).” The a-pyranose form of the reducing aldose 2-deoxy-D-arabino-hexose (2-Deoxy-D-arabino-
hexopyranose) adopts a *C: conformation, with the anomeric hydroxy group in axial and the other substituents
in equatorial positions. A three-dimensional hydrogen-bonded network is created in the crystal as a result of
the four hydroxy groups each serving as an intermolecular hydrogen-bond donor function.®

2-DG is found in nature.'*'’ 2-deoxy-o-D-arabino-hexopyranose, and 2-deoxy-B-D-arabino-
hexopyranose have been isolated from the carbohydrate portion of the solid-state fermentation extract of
Actinosynnema pretiosum ssp. auranticum ATCC 31565.Y7
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Figure 2. Structure of 2-deoxy-D-Glucose (CAS: 154-17-6), Synonyms: 2-DG; 2-Deoxy-D-arabino-hexose; 2-

Deoxy-D-arabino-hexopyranose.

IR spectrum of 2-DG shows Carbonyl band at 1722 cm™ and Enediol band at 1658 cm™.*8 'H-NMR peaks
have been listed in Table 1, and 3C NMR shows signals at 6 39.53, 41.77 (C-2), 63.02, 63.27, 70.26, 72.77, 73.17,
73.50, 74.31, 78.31 (C-3,4,5,6), 93.61, and 95.73 (C-1).1° Recently 'H and data for 2-deoxy- B-D-glucose has been
recorded in CsDsN using 600 MHz instrument (Table 1).2°

Table 1. NMR Data of 2-DG

'H NMR 13CNMR
a -pyranose B -pyranose B -pyranose B -pyranose
Solvent D,0%° D,0%° CsDsN (600 |\/|HZ)20 CsDsN, 2D HSQC,
150 MHz20
H-1 5.39 (broad d, J 3.6 Hz) | 4.94 (dd, J9.7 Hz, 1.1Hz) | 5.41, dd (/9.7, 1.9 Hz) 95.4
H-2a 1.29-1.87 m 2.79,ddd (J 12.4,4.9, 1.9 Hz) | 43
H-2e 2.03-2.40 m 2.30,td (/12.0, 9.7 Hz)
H-3 4.25,ddd (11.8,8.6,4.9Hz) | 72.9
H-4 4.09, t (8.9 Hz) 73.8
H-5 3.26-4.12 m 3.92,ddd (9.4, 5.6, 2.7 Hz) | 78.7
H-6a 4.59, dd (11.6, 2.7) 63.4
H-6e 4.42, dd (11.6, 5.6)
3. Analysis of 2-Deoxy-d-glucose
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2-DG reduces Fehling's solution and gives a positive Keller-Kiliani reaction.!* 2-Deoxy-D-glucose (2-DG)
concentration and purity can be measured in a sample of crystalline or liquid by HPLC with accuracy and
precision suitable for analysis of active pharmaceutical ingredients and drug products.??

The method is suitable for the standardization and quality control of the APIs and drugs.?* UV-HPLC (195
nm) has been used to detect and quantify 2-DG using uBondapak 10 um NH; column and a Varian Micropak 10
um NH; column. The retention time is usually four minutes with eluent 85% MeCN/H»0.22 Polymer-based amino
column (HILICpak VG-50 4E column) and Shodex SUGAR SC1011 columns have also been used in the separation
of 2-DG and glucose. Pharmacokinetic studies of 2-DG involves estimation of 2-Deoxyglucose in the plasma. 23
For this purpose, precolumn fluorescent derivatization was achieved by reductive amination of 2-DG using
sodium cyanoborohydride and 2-aminobenzoic acid.?

4. Drugability of 2-DG

2-DG blocks the activity of different enzymes involved in glycolysis, leading to cell death. 2-DG has a molecular
weight of 164.158 Da, logP of-1.525, five Hydrogen Bond Acceptors (HBA), and four Hydrogen Bond donors
(HBD). Thus, there are four matching Lipinski Rules. The polar Surface Area (PSA) of 2-DG was 90.15, and it
consisted of one Rotatable Bond (RotB). Thus, two matching Veber Rules exist. Approval*! of 2-DG for
emergency uses in hospitals to treat COVID-19 patients requiring supplemental oxygen in India highlighted 2-
DG, and also a new hope is evolved for development of safe drug to end current pandemic. Mutation in the
virus is of much concern, which results in deactivation of available drugs and monoclonal vaccines. Thus, a target
which is not directly affected via mutation has its own value. Targeting glycolysis in energy hungry infected cells
will stop the multiplication of virus.?4?” Different studies has used variable amount of 2-DG, however maximum
tolerable dose reported is 250 mg/kg body weight (BW).28

5. Toxicology and Handling of 2-DG

2-Deoxyglucose (2-DG) is a toxic glucose analog. 2-DG has a pleiotropic mechanism of action.?°-3! 2-DG contains
a structural resemblance with glucose and mannose. Due to this resemblance with mannose, 2-DG strongly
interferes in the N-linked glycosylation process,? resulted to halt protein synthesis and cause endoplasmic
reticulum (ER) stress.??32 2-DG stimulates autophagy, enhances oxidative stress, and suppresses N-linked
glycosylation.3? Ketogenic Diet increases tolerance against glycolysis inhibitors.® 2-DG should be handled with
hand protection and mask. Exposure to moisture should be avoided.

6. Methods for Synthesis of 2-DG

A good number of methods are reported in the literature for the synthesis of 2-DG. These methods suffer from
different operational problems, such as low yield, tedious workup or purification, low purity of the product due
to formation of diastereomeric mixture or racemic mixture.

As D-Glucose and D-mannose are epimers at C-2, the deoxygenation at C-2 gives one identical product,
i.e., 2-DG (Figure 3).34
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Figure 3: DG from D-Glucose and D-Mannose.

6.1 From Glucal & its derivatives

Glucal is the glycal formed from glucose and is one of the common starting materials for the synthesis of 2-DG.
A general conversion involves bromination (or halogenation) of Glycal at C-2 followed by the replacement of
bromine with hydrogen. Bromination takes place in nucleophilic solvent using molecular bromine. A number of
reagents have been used to replace bromine attached to C-2 with hydrogen are shown in Table 2.

Table 2: Reagents used to replace bromine attached to C-2 with a hydrogen

S.No. Catalyst/Reagent or Condition | Reference

1. Photolysis Binkley & Bankaitis, 1982 3>

2. Raney nickel/ H2 Monneret, 1983 3°

3. Pd/C Mereyala & Mamidyala, 2004 3’
4 Zn/NaH2P0O4 Xuetal, 2017 38

Binkley et. al. reported photolysis of a and B anomers of 7 to yield a and  anomers of 8. Treatment of
8 with Baker ion exchange resin ANGA-542 in methanol produced 2-DG in 78% yield.3> The compound 7 was
synthesized by nucleophilic bromination of 4 followed by hydrolysis and acetylation (Scheme 1).3°
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Scheme 1: Preparation of 2-DG by photolysis of a and f anomers of 7.
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Monneret and his co-workers reported 95% vyield in the synthesis of 2-DG from 3,4,6-tri-O-acetyl-I,5-
anhydro-2-deoxy-D-arabino-hex-1-enitol.3® The method uses N-bromosuccinimide for bromination and
hydrogen (1 bar)/Raney Ni for debromination.
Mereyala and coworkers reported an economical and high-yielding process for the synthesis of 2-DG
with high purity. (R)-D-Glycal is used as a starting material (Scheme 2).3”
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Scheme 2. Synthesis of 2-DG from D-glucal

Synthesis of 2-deoxy-D-glucose involves hydrolyses of alkyl 2-deoxy-a/B-D-glucopyranoside. The latter
was prepared by haloalkoxylation of R-D-Glucal (R =H, 3,4,6-tri-O-benzyl) to yield alkyl 2-deoxy-2-halo-R-a/-
D-gluco/mannopyranoside and reducing alkyl 2-deoxy-2-halo-R-a/B-D-gluco/mannopyranoside.” Fokt et al
reported synthesis of 2-deutero-2-DG 15 in 42% yield by debenzylation of 14 (Scheme 3).2°

o} o}
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AcO" NaH, BnBr, DMF BnO"
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O ~OH O ~OH
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Scheme 3. Synthesis of 2-deoxy-2-deutero-D-glucose

Interestingly, Yadav and co-workers have reported highly stereoselective addition of alcohol to 4 in
presence of CeCls-7H,0—Nal reagent system in refluxing acetonitrile under neutral conditions to afford the
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corresponding 2-deoxy-a-glycopyranosides in high yields.3® In absence of Nal, the glycals underwent Ferrier
rearrangement to give 2,3-unsaturated glycosides (Scheme 4). However this methodology has not been
extended to produce 2-DG. Although this methodology could be very straight forward way to produce 2-DgG, it
has not been extended to produce 2-DG (Scheme 4). However, deprotection of C-1 alcohol could be carried out
by different literature procedures.**3 2-deoxy-a-glycopyranosides can be reduced to give 2-DG.3’

Oo._.OR

+ ROH CeCI3-7H20—NaI _ AcO

CH3CN, Reflux AcO"’
OAc
2-deoxy-a-glycopyranoside
16

CeCI3-7H20—NaI
CH3CN, Reflux

O. .OR
ACO/\L),‘
AcO" =

2,3-unsaturated glycoside
17

Scheme 4. Synthesis of 2-deoxy-a-glycopyranoside
Reaction of N-iodosuccinimide (NIS) with 3,4,6-tri-O-benzyl-D-glucal or 3,4-di-O-benzyl-6-O-TIPS-D-glucal forms
a stereoisomeric mixture of 2-deoxy-2-iodoglucopyranose. Reduction of later with Na;S;0s4 followed by
debenzylation generates 2-deoxyglucopyranose.*

6.2 Preparation of 2-DG from D-glucose

Xu and coworkers reported preparation of 2-DG from D-glucose. 2-DG was obtained in 62% yield (Scheme 5).38

i. Ac,0, HCIOy, 3 h;

ii. PBrs, H,O, 94% from 1; OAc
iii. Zn, sat. ag NaH,POy, o
D-glucose acetone, 86% AcO )
2 AcO
4
OH OH
NaOH, MeOH HO o Bry, MeOH HO o
. _\"10 min OMe
0°C,2h HO )
18 91% from9 HO Br
o 19
H
Zn, sat. ag NaH,PO,, >HO&OH
Acetone, 5 h, 62% HO

1

Scheme 5. Synthesis of 2-DG from D-glucose
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Masuda and coworkers reported 2-DG from D-glucose. 2-Deoxy-D-glucose was prepared in three steps
from natural D-glucose dispensing with any protection/deprotection procedure and was obtained in 48% vyield
(Scheme 6).4

UV light (365 nm) OH O w
BPSS (0.5 equiv) HO COsNa (CHj),sicl  HO : o)
D-glucose NaOH (1.5 equiv) | Ho' (2.5 equiv) -
2.0 mmol H t 2.5h rt, 4.0 h
20, I y 5 OH 22
2 20
¥ DIBAL (7.0 equiv)
OH THF, -78°C, 2h
HO CO,Na
Ho Y 'OH

OH

sodium D-gluconate
21

2-deoxy-D-glucose (11)
46% (a:p = 1:1)

Scheme 6. Synthesis of 2-deoxy-D-glucose (1)

Cramer prepared 2-DG from 2. Low yields and impurity in the product are major disadvantage of this
process (Scheme 7).46:47

OH
OAc
HO o) (CH3C0O),0 O o
HO HO H2S0,4 XCO
OH AcO  pac
2 23
l HBr
OAc
CH5COONa.3H,0, OAc
AcO Q  Zn dust,Cuso, .5H,0 o
AcO AcO
4 AcO
OAcBr
4
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Dry ice
HO
H,SO, HO
Mo Hoﬁ%
18 HO
1 OH

Scheme 7. Synthesis of 2-DG from D-Glucose.

6.3 Synthesis of 2-DG by ozonolysis of Tetrols
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Roush and coworker synthesized 2-DG by ozonolysis of Tetrols 25. Tetrols 25 was generated by methanolysis of

the corresponding tetraacetates (Scheme 8).%8

OH
OH

OH
1. O3, MeOH, -20°C o

=

4

HO
OH

25
arbino tetral

2. Me,S workup

2-deoxy-D-glucose

Scheme 8. Synthesis of 2-DG by ozonolysis of Tetrols 25

Regeling et al. synthesized 2-deoxy-D-glucose from 30 (Scheme 9).%°

CHO
HiH
O\H<CH3
0.5% aq HCOOH, 80°C
H 0 CH, > 2d 2-deoxy-D-glucose
H——O._ _CHs 1
H,C-0" “ch,
26 Reduction
COCH;
R? R2 COCH3j
O=—H 11-R?
\40"'3 PPhs/ CCly/ imidazole OR F,j oH
H——0~""CH, 3
H o) CH H\O<CH3
>R
H,C-0O CH, H o CH3
H,C-0" “cH
27 8
R'=H, Cl 28
R? =OH, H

Scheme 9. Synthesis of 2-deoxy-D-glucose

6.4 Synthesis of labelled 2-DG
Van Haver and co-workers reported 2-deoxy-D-[1-11C] glucose. Purification of the intermediate was done before

reduction by HPLC (Scheme 10).>°

CH,-l CH;'CN
O<_H 1 O=—H Ni/Al
H_Boé NalleN ) >4

HCOOH
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H——0 H——0

H H
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Scheme 10. Synthetic route to 2-deoxy-D- [1-11C] glucose.

Yorimitsu et al. synthesized 6-[*°0]-2-DG from 33. Computer-controlled, fully automated synthesis
equipment was used for synthesis and purification (Scheme 11).>!

BuzSnH and PPh; (in situ)

H,'%0 + Hy'%0 <———nre—

H150 O0._OH H160150 O OH
O. OH 1. ['°0]0,/N, = 1.5:98.5 . . ("°0"%0H) /
I/j;'j cat. AIBN / n-BusSnH HO HO

2. PPh, OH OH
34 (["50IDG) 35

PhCF3/C4oF 18

33 2-C4HgOH, 80°C OH O -CH
+ -
HO

OH
B 11

O.__OH
150160 . 160150 O_OH
HO" (.150160)
HO

OH
OH

putative radical intermediates

Scheme 11. Rapid synthesis of 6-[*>0]-2-deoxy-D-glucose
2-DG-derived platinum (II) conjugates were synthesized from acetylated 2-deoxyglucose derivatives by
platination reaction with 1R,2R-diaminocyclohexaneplatinumsulfate (Pt(DACH)SOa4) in the presence of barium

hydroxide in water.>?

6.5 Preparation of 2-deoxyglucoses from y-lactones
Sala and coworkers reported the synthesis of 2-DG using 36 as starting material (Scheme 12).53
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_BzCl _
OH CsH5N

H-C-OH H-C-0Bz
H-C-OH H—CII—OBZ
CH,OH CH,OBz
36 37
Ho/Pd(C)
CH,OH O\ 0Bz
HOHOH <1-NaOMe, MeOH o ’
2. CG(SO4)2, H2304
HO —/OH H-C-0Bz
1 H-C-0Bz
CH,OBz
38

Scheme 12. Synthesis of 2-DG from y-lactone 36
6.6 Preparation of caged-2-deoxyglucoses

Watanabe and colleagues reported synthesis of caged-2-deoxyglucoses 42 & 43 from 4 with moderate to good
yields with o/ ratio of 7/3 and 4/1 respectively (Scheme 13).>

AcO
Acoﬁ
AcO =

4 __PPhg HBr .5 R? NO,
+ CH2C|2 AcO )\©
NO,
&z
R? 40:R?=H (88%)
39 41: R?=CH; (65%)

\ NaOMe/MeOH

RZ NO, R? NO,
42: R2=H (91%) 43: R%= CHj; (86%)

Scheme 13. Synthesis of caged-2-deoxyglucoses 42 & 43 from 4
6.7 Preparation of 2-DG from phenylhydrazone

Jogersen and his co-workers synthesized 2-DG and its epimer 49 in 13:7 ratio from phenylhydrazone of D-
mannose (Scheme 14).>°
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3or44
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H, R?= OH)
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Scheme 14. Synthesis of 2-DG from D-mannose

6.9 Preparation of 2-DG from D-arabinose

Hydrolysis
-

Y

OAc
OAc

45 (R'=H, R?= OAc)
46 (R'= OAc, R?=H)

pH8| NaBH,4

HQ:NNHPh
CH,
AcO
R'-+—R?
OAc
OAc

H, R?= OH)
OH, R?=H)

47 R'=
48 (R'=

Sowden and his co-workers reported the synthesis of D-arabo-2-desoxyhexose from ribose (Scheme 16).>®

CHO ’ CHéNHOZ CH2NO2
HO——H  CHyNO, HO——H
A HO——H HO——H
H=OH = oNa +
H OH 3 H OH H——OH
CH,OH H——OH H——OH
CH,OH CH,OH
54 55 56
Ac,0O |NaHCO;
CH,NO, CHNO,
CH2 CH2 ’ CH
NaOH aco <2 AcO—H
OH H2804 H OAc
H OAc
CHZOH CH20AC CH,0Ac
1 58 57

Scheme 16. Synthesis of 2-desoxy-D-arabino-hexose from D-arabinose

Koos and coworker reported synthesis of 2-DG

from tetraacetoxy-d-arabino-1-nitro-1-hexene 57

(Scheme 17) in 73% vyield as diastereomeric mixture using SnCl.>” The reaction occur at room temperature. The

starting material 57 is required to be prepared.
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CH-NO, CH=NOH
I |
GH SnCl,.2H,0 GH2 H* on
AcO-CH et aco-cH T o
HC-OAc  EtOAc,rt HC-OAG Ho OH
H(IZ—OAC HCIZ—OAc 1
CH,OAc CH,OAC
57 59

Scheme 17. synthesis of 2-DG from tetraacetoxy-d-arabino-1-nitro-1-hexene

6.10 Preparation of 2-DG from 6,8-Dioxabicyclo[3.2.1]oct-2-ene

Murray and his co-workers reported conversion of 60 into 1,6-anhydro-2-deoxy-B-DL-arabino-hexopyranose
using m-CPBA and subsequent alkaline hydrolysis. The bicyclic compound 63 hydrolyzed in presence of acid to
yield 1 (Scheme 18).° The drawback of this method is multistep synthesis of 60.°°

0]
2;0: > m-C|C6H4CO3H o
— 74%

60
61
5% KOH | 799,
H,O
HOH,C O
HO 0 1 N HCI, H,0
HO on  84% 0
1 OH
OH 63

Scheme 18. Synthesis of 2-DG by hydrolysis of bicyclic compound 63.

6.11. Enzymatic Syntheses of 2-DG

Lee and coworkers have reported the synthesis of 2-DG containing maltooligosaccharides (2-DG-Mos) from pre-
warmed substrate mixture (Tris—HCI buffer (pH 7.0), 2-DG, and sucrose) taken at different interval of time at
35°C and purified recombinant AS. The enzymatic reaction was terminated with the boiling water bath.®°
Enzymatic halohydrations of D-galactal, D-glucal, and L-fucal has been reported by Liu and his co-workers. 2-
halo-2-deoxy sugars were prepared by Chloroperoxidase-catalyzed Bromohydration and iodohydration
reactions of three glycals in good yields (Scheme — 19).51
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Scheme 19. Reagent and reaction conditions: (i) Chloroperoxidase, KBr, H,O2, pH 3 buffer solution, 2 hr; (ii)
Chloroperoxidase, H,0,, KCl, pH 3, 3 days; (iii) H202, KCl, pH 3, 30 min, with or without chloroperoxidase.

Percival and his co-workers synthesized 75 from 72 forming an intermediate 74 through the enzymatic
process (Scheme 20).%2

?
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OH OH
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., O o. oO-
74
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Scheme 20. Synthesis of 2-deoxy-alpha-D-glucopyranosyl phosphate

Kim and coworkers (Scheme 21) synthesized 2-DG and alkyl a-D-2-deoxyglucosides (A2DGs) by using
Aspergillus niger o-glucosidase (ANGase).%3

ANGase HO
HO
OH H,0 HO
1 HOH
HO 0
H
18 ANGase |~ o)
ROH HO
H

R: —CH3, —(CH5),CH; [n = 1-71], cyclohexyl,
benzyl, -CH(CH3)CH3, —-CH,CH(CH3)CH3,
—CH(CH3)CH,CH3, -CH,CH=CH,,CH>,

Scheme 21. Synthesis of alkyl a-D-2-deoxyglucosides by using Aspergillus niger a-glucosidase

2-DG was produced in 95% vyield by using multistep procedure using Rabbit muscle aldolase (RAMA, D-
fructose-1,6-diphosphate aldolase). RAMA catalyzed reaction of 1,3-dioxane-2-acetaldehyde with DHAP
followed by dephosphorylation with AP produced a ketone. The NaHB(OAC)s mediated reduction of the ketone
gave a mixture of diastereomers in a 2:1 ratio in 75% yield. The 5S isomer was resolved to give acetal in 55%
yield. The deprotection of the acetal with aqueous 1.0 M HCI/THF (1:1) yielded 2-deoxy-D-arabino-hexose
(95%).64

7. Conclusions

The molecule 2-DG follows the Lipinski rule of five and has several activities such as antagonist of glucose
metabolism, inhibition of sugar uptake, antiviral uses, antiinflammation activity, and anticancer activity. It is
used as a metabolite inhibitor and tracer. 2-DG is a dual D-glucose and D-mannose mimetic. Recent interest due
to its use in COVID-19 has again risen. As the present synthetic methods are tedious, and expensive, there is
scope for developing a new economical process using more mild conditions to synthesize 2-deoxy-D-glucose
with good yield and purity. It will open up development of new antiviral drugs and treatment for hyperglycemic
patients.
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