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Inhibition of renal sodium-dependent glucose cotransporter 2 (SGLT2) increases urinary glucose
excretion (UGE), and thus reduces blood glucose levels in hyperglycemia. A series of N-glucosides was
synthesized for biological evaluation as human SGLT2 (hSGLT2) inhibitors. Among these compounds,
N-glucoside 9d possessing an indole core structure showed good in vitro activity (IC50 = 7.1 nM against
hSGLT2). Furthermore, 9d exhibited favorable in vivo potency with regard to UGE in rats based on good
pharmacokinetic profiles.

� 2013 Elsevier Ltd. All rights reserved.
The progressive nature of type 2 diabetes makes it difficult to
maintain appropriate glycemic control with several glucose-low-
ering agents.1 Thus, there is a need for new agents with comple-
mentary mechanism of action. Renal glucose reabsorption is
mediated predominantly by sodium-dependent glucose cotrans-
porter 2 (SGLT2) and, to a lesser extent, by SGLT1.2 Inhibitor of
SGLT2 increases urinary glucose excretion (UGE) and reduces
blood glucose levels in hyperglycemia independently of insulin
action.3–5 Thus, inhibition of SGLT2 can be an attractive therapeu-
tic approach for type 2 diabetes. In addition to the kidney, SGLT1
is expressed in the intestine, heart, and trachea, while SGLT2 is
expressed exclusively in the kidney.6 Therefore, selective inhibi-
tion of SGLT2, rather than SGLT1, would be desirable for anti-dia-
betic agent.7

Representative human SGLT2 (hSGLT2) inhibitors are illustrated
in Figure 1. After the first disclosure of orally active phenol-O-
glucoside hSGLT2 inhibitor 1b (T-1095),8 a large number of O-glu-
cosides including 2b (sergliflozin)9 have been reported. It is
noteworthy that aryl-C-glucosides such as 3,10 4 (dapagliflozin)11

and 5 (canagliflozin)12 have been disclosed as metabolically more
stable hSGLT2 inhibitors, and they exhibited excellent in vivo
potencies based on their improved pharmacokinetic profiles.7
The general structures and our design of hSGLT2 inhibitors are
depicted in Figure 2.7 Starting from the phenol-O-glucoside 6 such
as 2a, Bristol–Myers Squibb opened the field of aryl-C-glucoside 7
such as 3 and 4 as metabolically more stable hSGLT2 inhibitors.10,11

To explore new hSGLT2 inhibitors, we designed aniline-N-gluco-
side 8 and heteroaromatic-N-glucoside 9. Herein, we describe the
synthesis, in vitro hSGLT2 inhibitory activity, and in vivo profiles
of novel N-glucosides.

We first explored the N-glucoside 8, in which 2-benzylphenol
aglycon of 6 was replaced with 2-benzylaniline as shown in Fig-
ure 2. Synthesis of the aniline-N-glucoside 8a, possessing 4-ethyl
group on the benzyl substituent like 3, is described in Scheme 1.
The aglycon 12 was synthesized from 1-Bromo-4-ethylbenzene
10, wherein the o-nitrodiphenylcarbinol intermediate 11 was con-
verted to 12 by a two-step reduction sequence. Condensation of
aglycon 12 with D-(+)-glucose in refluxing MeOH with ammonium
chloride (20 mol %)13 gave 8a in 56% yield.14 In vitro hSGLT2 inhib-
itory activity and UGE of 8a are presented in Table 1.15 Compound
8a exhibited strong hSGLT2 inhibitory activity (IC50 = 3.9 nM) com-
parable to 3 (IC50 = 5.1 nM). Next, the effect of 8a on UGE in Spra-
gue–Dawley (SD) rats was evaluated when orally administered at a
dose of 30 mg/kg. Despite its excellent hSGLT2 inhibitory activity,
8a was unable to elicit much UGE (93 mg/day) in comparison with
3 (1485 mg/day). One possible explanation for this poor result is
the deactivation of 8a by hydrolysis, because 8a was easily hydro-
lyzed under acidic aqueous condition (0.5 N HCl, 37 �C) in our
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Figure 1. Structures of hSGLT2 inhibitors.
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Figure 2. General structures of hSGLT2 inhibitors and our design for novel
N-glucoside.

Table 1
SAR exploration of aniline- and heteroaromatic-N-glucosides15

Compound hSGLT2
IC50 (nM)a

UGE
(mg/day)b

8a 3.9 93 ± 27
9a 381 NDc

9b 163 ND
9c 6671 ND
9d 7.1 1830 ± 75
9e 1098 ND
9f 69 ND
3 5.1 1485 ± 201

a These data were obtained by a single determination performed in duplicate.
b Each compound was orally administered at a dose of 30 mg/kg to male Spra-

gue–Dawley (SD) rats. Urinary glucose excretion (UGE) data over 24 h were nor-
malized per 200 g body weight. Values are expressed as mean ± S.E.M. (n = 3).

c ND = no data.
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preliminary experiments (data not shown),16 and in fact, aglycon
12 was observed in the pharmacokinetic studies of 8a in rats.

Aiming at more stable N-glucosides, we next designed a series
of heteroaromatic-N-glucoside 9, of which the key concept was
to combine aryl-C-glucoside 7 and aniline-N-glucoside 8 as shown
in Figure 2. Synthesis of the heteroaromatic-N-glucosides 9a–9f is
outlined in Scheme 2.17 As a N-glucosylation method of heteroaro-
Br

Et

11

NO2 Et

OH

10

a b, c

Scheme 1. Synthesis of aniline-N-glucosides 8a. Reagents and conditions: (a) n-BuLi, TH
(100%); (c) Et3SiH, BF3�Et2O, MeCN,–78 �C to rt (75%); (d) D-(+)-glucose, NH4Cl, MeOH, r
matic aglycons, a patent literature reports that benzimidazole-
2-thione is silylated by N,O-bis(trimethylsilyl)acetamide (BSA)
followed by coupling with 1,2,3,4,6-penta-O-acetyl-b-D-glucopyra-
nose 14 in the presence of trimethylsilyl triflate (TMSOTf).18 Using
this method, desired protected heteroaromatic-N-glucosides 15a–
15d could be obtained from their corresponding aglycons 13a–
13d, respectively, although in poor to moderate yields (4–44%).
Then 15a–15d were deprotected with sodium methoxide to give
the target compounds 9a–9d.19,20 The coupling reaction of indazole
13e with 14 mainly generated 2-glucosylated product 15e accom-
panied by small amount of 1-isomer 15f as an inseparable mixture.
After deprotection of the mixture, 9e and 9f were successfully
obtained in 42% and 5% yields (based on 13e), respectively.21
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eflux (56%).
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Synthesis of aglycons 13a–13e is described in Scheme 3. Pyrazole
13a was synthesized via double deamination reaction of diamino-
pyrazole 17 by Echevarría’s method.22 In the cases of pyridones
13b and 13c, the intermediates 20b and 20c were prepared by
reaction of Weinreb amides 18b23 and 18c24 with 4-ethylphenyl-
magnesium bromide, followed by substitution reaction of 19b
and 19c with sodium benzyloxide, respectively. Then, aglycons
13b and 13c were obtained by reduction of ketone and debenzyla-
tion of 20b and 20c, respectively. Indole 13d was synthesized by
reduction of carbinol 22, which was prepared from indole 21 and
N
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Scheme 3. Synthesis of aglycons 13a–13e. Reagents and conditions: (a) malononitrile, K
NaNO2, 5 �C to rt (37%); (d) 4-ethylphenylmagnesium bromide, THF, 0 �C (19b 72%, 19
ethylene glycol, 190 �C (44%); (g) NaBH4, EtOH, rt; (h) H2, Pd/C, cHCl, MeOH, rt (27%,
CH2Cl2,�78–0 �C (75%); (k) 4-ethylbenzylzinc bromide, Pd2(dba)3, tri(2-furyl)phosphine
4-ethylbenzaldehyde using Zhou’s method.25 Indazole 13e was
obtained by Negishi cross coupling reaction of 1-tert-buthoxycar-
bonyl-3-iodoindazole 23 with 4-ethylbenzylzinc bromide,
followed by deprotection of 24.26

Biological evaluations of heteroaromatic-N-glucosides 9a–9f
are presented in Table 1.15 Pyrazole derivative 9a exhibited weak
hSGLT2 inhibitory activity (IC50 = 381 nM). Of the pyridones, 9b
showed moderate activity (IC50 = 163 nM), which was approxi-
mately 40-fold stronger than 9c (IC50 = 6671 nM). The carbonyl
group of 9c is speculated to cause the undesired spatial orienta-
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2CO3, nBu4NBr, toluene, rt (35%); (b) NH2NH2�H2O, EtOH, reflux (69%); (c) H3PO2 aq,
c 72%); (e) benzylalchol, NaH, DMF, rt (20b 77%, 20c 41%); (f) NH2NH2�H2O, KOH,
two steps); (i) 4-ethylbenzaldehyde, NaOH, MeOH, rt (70%); (j) Et3SiH, BF3�Et2O,

, DMF, THF, 0 �C to rt (70%); (l) NaOMe, MeOH, rt (61%).



Table 2
Pharmacokinetic parameters of 8a and 9d in SD rats

Compound 8a 9d

Dose (mg/kg; iv) 3 3
t1/2 (h) 0.58 3.0
AUC0�inf (lg h/mL) 0.41 8.7
CLtot (L/h/kg) 7.4 0.35
Vdss (L/kg) 4.5 1.3

Dose (mg/kg; po) 10 10
t1/2 (h) 0.43 2.9
tmax (h) 0.25 0.5
Cmax (lg/mL) 0.43 2.0
AUC0�inf (lg�h/mL) 0.23 17
F (%) 17 59
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tion between the glucose moiety and the distal phenyl group.
The N-glucoside 9d possessing an indole core structure showed
good hSGLT2 inhibitory activity (IC50 = 7.1 nM). The hSGLT1
inhibitory activity of 9d was also evaluated, and IC50 was
1956 nM (hSGLT1/hSGLT2 ratio = 275). Thus, 9d was found to
be a potent and selective hSGLT2 inhibitor. As for indazoles,
the 2-glucosylated isomer 9e exhibited very weak activity
(IC50 = 1098 nM), whereas its 1-isomer 9f was moderately active
(IC50 = 69 nM). Similar to the case of the C-glucoside hSGLT2
inhibitors,7b 1,3-orientation of the N-glucose moiety relative to
the distal phenyl ring is considered to be preferable rather than
1,2-substitution. Next, the effect of indole-N-glucoside 9d on
UGE in SD rats was evaluated. As expected, 9d demonstrated im-
proved oral activity (UGE = 1830 mg/day), which is 20-fold as po-
tent as that of 8a (UGE = 93 mg/day), and furthermore,
comparable to that of aryl-C-glucoside 3 (UGE = 1485 mg/day).
As shown in Table 2, this large enhancement of in vivo potency
of 9d relative to 8a was clearly supported by the pharmacoki-
netic results, wherein 9d showed favorable profiles such as low-
er clearance, higher AUC, and better bioavailability. We attribute
these enhanced in vivo profiles of 9d in part to the inherent sta-
bility of the C–N glucosidic bond against hydrolysis, because 9d
was stable under acidic aqueous condition (0.5 N HCl, 37 �C) in
our preliminary experiments (data not shown), and no aglycon
13d was observed in the pharmacokinetic studies of 9d in rats.

In summary, we synthesized a series of N-glucosides and eval-
uated their hSGLT2 inhibitory activities. The key concept of hetero-
aromatic-N-glucoside 9 was the combination of aryl-C-glucoside 7
and aniline-N-glucoside 8 to improve the stability of the C–N glu-
cosidic bond. As a result, indole-N-glucoside 9d was identified as a
novel class of selective hSGLT2 inhibitor with favorable both
in vitro and in vivo potencies. Encouraged by these findings, we
started the more detailed SAR studies around 9d. Further explora-
tion will be reported in due course.
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