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ABSTRACT A series of benzisothiazole- and indolizine-β-D-glucopyranoside in-
hibitors of human SGLT2 are described. The synthesis of the C-linked heterocyclic
glucosides took advantage of a palladium-catalyzed cross-coupling reaction be-
tween a glucal boronate and the corresponding bromo heterocycle. The com-
pounds have been evaluated for their human SGLT2 inhibition potential using cell-
based functional transporter assays, and their structure-activity relationships
have been described. Benzisothiazole-C-glucoside 16dwas found to be an inhibitor
of SGLT2 with an IC50 of 10 nM.
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Inhibitors of sodium glucose cotransporter 2 (SGLT2) have
received considerable attention lately for the treatment of
type 2 diabetes.1,2 SGLT2 is a 14 trans-membrane protein

located in the proximal tubule of the kidney and is respon-
sible for the reuptake of glucose from the glomerular filtrate
to the plasma. Inhibitors of SGLT2 prevent the reabsorption
of glucose leading to the rapid elimination of glucose in the
urine. In the clinic, such agents have proven to reduce blood
glucose levels and cause modest weight loss in diabetic
patients through a mechanism that does not depend on
insulin release from β cells.3,4 It has also been demonstrated
that obese animals treated with SGLT2 inhibitors undergo
weight loss in proportion to the amount of glucose that is
excreted.5 At the present time, several companies are con-
ducting clinical evaluations of SGLT2 inhibitors for the treat-
ment of metabolic disorders including diabetes and obesity.

Another closely related member of the sodium glucose
cotransporter family, SGLT1, is located on enterocytes and
transports dietary carbohydrates from the lumen of the
small intestine to the systemic circulation. Inhibitors of
SGLT1 delay glucose absorption and may also be useful in
treating diabetes. Evidence from animal studies suggests
that the profound improvements in glucosemetabolism that
result from Roux-en-Y gastric bypass surgery are directly
related to altering SGLT1 expression and slowing glucose
influx.6 We were interested in identifying compounds that
would be selective for SGLT2 and that would be rapidly
absorbed from the gastrointestinal (GI) tract with high oral
bioavailability to act in the kidney. SGLT2 selectivity over
SGLT1 may be important to avoid GI side effects that could
result from carbohydrate malabsorption in the small intes-
tine. In addition, because SGLT1 is highly expressed in
cardiac myocytes7 and serves as a glucose transporter in

the heart,8 we desired selectivity to avoid the potential
disruption of glucose availability in cardiac muscle cells.

All known inhibitors of SGLT2 are carbohydrate-derived
glycosides that trace their origins to the natural product
phlorizin (1, Figure 1), which is a nonselective inhibitor of
SGLT1 and SGLT2.9 Phlorizin is an O-glucoside and, as such,
is subject to hydrolysis by O-glucosidases. As a result of the
lability of glycosyl bonds,O-glucosides tend to have poor oral
bioavailability unless the glucose moiety is masked as a
prodrug, as is found in the 60-O-ethyl carbonate derivatives,
serglifozin etabonate (2) and remogliflozin etabonate (3). In
diabetic rodent models, chronic treatment with 2 and 3
lowered fasting plasma glucose concentrations and im-
proved glucose clearance following oral glucose treat-
ment.10,11 N-Glucosides and C-glucosides are more
metabolically stable and tend to have higher oral bioavail-
ability and plasma exposure without needing to be con-
verted to a prodrug.2,12

Scientists at Bristol-Myers Squibb have recently reported
the discovery of a potent inhibitor of SGLT2, dapaglifozin (4),
a C-glucoside with a long half-life and sustained duration of
action.13 Johnson & Johnson in collaborationwithMitsubishi
Tanabe have advanced canagliflozin (5), another C-aryl
glucoside, to phase III clinical development. Most recently,
scientists at Lexicon Pharmaceuticals have reported the
discovery of metabolically stable O-xyloside inhibitors of
SGLT2, their most potent analogue being 6, which possesses
the same aglycone moiety as dapagliflozin.14 Beyond the
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monocyclic O- and C-glucosides, Zhang and co-workers at
Johnson & Johnson have investigated O- and C-glucosides in
which the aglycone is indole (7 and 8). They found that the
C-glucosides had reduced potency as compared to the
O-glucosides and proposed that the anomeric oxygen is im-
portant for full inhibition.15 In our program to discover
novel and selective SGLT2 inhibitors, we set out to explore
C-glucosides in which the aglycone is a benzo-fused hetero-
cycle. Herein, we report our investigations into the synthesis
and structure-activity relationships (SARs) of heterobicyclic
β-D-glucopyranoside inhibitors of SGLT2.

In our initial attempts to construct heterocyclic C-aryl
glucosides, we took advantage of the attractive strategy
outlined by Meng et al.,13 namely, lithium-halogen ex-
change of a bromoaromatic ring and addition of the resulting
aryllithium to a gluconolactone followed by reduction of the
resulting gluconolactol to give the aromatic C-aryl glucoside.
Although this approach worked well when the aromatic
system was substituted phenyl or benzothiophene, when
the aromatic group was an aza heterocycle such as benzi-
sothiazole 12a or 12p, we failed to achieve addition of the
lithio species to the gluconolactone. Instead, we used an
alternative approach involving the Pd-catalyzed cross-cou-
pling of the bromoaromatic with a glucal boronate, a new
glycosylation method that has been described in a patent
application by scientists at Tanabe.16,17

The synthesis of the benzisothiazole intermediates 12a-j
is outlined in Scheme 1. Benzisothiazole 9 was readily
prepared in three steps from thiophenol.18 Bromination of
9 under acidic conditions followed by condensation with
N-methyl-O-methylhydroxylamine hydrochloride gave Wein-
reb amide 10, which was treated with various arylmagne-
siumbromides to give compounds 11a-j. The biaryl ketones

were reduced with triethylsilane in TFA to provide com-
pounds 12a-j.

Heterocyclic C-aryl glucosides 16a-pwere prepared from
bromoheterocycles 12a-p as outlined in Scheme 2. Palla-
dium-catalyzed cross-coupling of bromides 12a-p with
pinacol boronate ester 1316,17 provided compounds
14a-p. Hydroboration with borane-THF followed by oxida-
tionwith hydrogen peroxide afforded β-glucosides 15a-p as
confirmed by the J coupling constant (∼9.5 Hz) between H10

and H20 in the 1H NMR spectrum. None of the R anomers
were isolated. Finally, deprotection of 15a-pwith HF/TEAor
with TBAF gave target compounds 16a-p.

As shown in Scheme 3, the indolizine intermediates 19k-o
wereprepared intwosteps from3-bromopicoline17.Compound

Figure 1

Scheme 1a

aReagents and conditions: (a) Br2, H2SO4, HNO3, AcOH, 70 �C. (b)N-
Methyl-O-methylhydroxylamine hydrochloride, HATU, H€unig's base,
DMF. (c) Grignard reagent, THF, 0 �C to room temperature. (d) Et3SiH,
TFA.
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17 was treated with commercially available bromoacetophe-
nones to afford picolinium salts 18k-o, whichwere treatedwith
dimethylsulfate-DMF to provide ketones 19k-o.19,20 The ke-
tones 19k-o were reduced to diarylmethanes 12k-o using
sodium borohydride with aluminum chloride.

The imidazo[1,2-a]pyridine 12pwas prepared in two steps
from commercially available aldehyde 20 (Scheme 4). Treat-
ment of 20 with 4-methoxyphenylmagnesium bromide
followed by reduction of the resulting alcohol 21 with TFA/
NaBH4 gave 12p.

The methodology that we have used to construct C-aryl
glucosides, namely, the Pd-catalyzed cross-coupling of glucal
boronates, will be a useful addition to the array of techniques
that are available to carbohydrate chemists. The method
allowed the construction of benzo-fused C-glucosides, which
were not accessible using the conventional method.

The SGLT1 and SGLT2 inhibitory activity (IC50) of the
heterocyclic C-glucosides was determined by monitoring
the inhibition of uptake of 14C-labeled R-methyl-D-glucopyr-
anoside by COS-7 cells, which transiently expressed human
SGLT2 or SGLT1 using BacMam technology.21 The results are
summarized in Table 1. Focusing initially on the benzisothia-
zole series, we found that the 4-methyl benzyl- (16a) and the
4-ethyl benzyl- (16b) substituted derivatives were potent
inhibitors with pIC50 values of 80 and 50 nM, respectively.
Increasing the size of the 4-substituent appeared to increase
the inhibition potential. Following this trend, we synthesized
the 4-isopropyl (16c) and the 4-tert-butyl (16d) analogues
and found that 16d achieved inhibition with an IC50 of
10 nM. Exploring the size limits of the 4-substituent, we
found that the 4-phenyl benzyl analogue (16e) lost potency.
Likewise, the 4-chlorobenzyl analogue (16f) displayed less

Scheme 2a

aReagents and conditions: (a) 13, Pd(PPh3)2Cl2, DME, Na2CO3, 85 �C. (b) BH3, THF, 0 �C to room temperature and then H2O2, NaOH, THF, 0 �C to
room temperature. (c) HF 3TEA, THF, 60 �C or TBAF, THF, room temperature.

Scheme 3a

aReagents and conditions: (a) MeCN, room temperature. (b) Me2SO4,
DMF, 60-80 �C. (c) NaBH4, AlCl3.

Scheme 4a

aReagents and conditions: (a) 4-Methoxyphenyl-magnesiumbromide,
THF. (b) Sodium borohydride, TFA.
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inhibition potential than the 4-alkyl analogues. We observed
that the 4-methoxy and 4-ethoxy derivatives (16i and 16j)
were less potent than the corresponding alkyl analogues.
The 3-methylbenzyl and the 3,4-dimethylbenzyl analogues
16g and 16hwere significantly less potent than 16a, indicat-
ing that a methyl group in the meta position was not
tolerated.

Similar SAR trends were observed in the indolizine series.
The 4-methylbenzyl (16k) and the 4-trifluoromethylbenzyl
(16o) analogues had high SGLT2 inhibition (IC50 = 60 and
110 nM, respectively). The 4-methoxybenzyl (16l) and the
4-halobenzyl analogues (16m and 16n) were less potent than
the 4-alkyl derivatives. Probing alternative aza heterocycle
isosteres, we found that imidazo pyridine 16p, although
having a similar overall shape and size as the benzisothiazole
16i (IC50 = 155 nM) and indazole 16l (IC50 = 135 nM), was
devoid of SGLT2 inhibition activity. The most potent SGLT2
inhibitors were tested for SGLT1 inhibition and were found to
be inactive against SGLT1 in all cases. Compound 4 was
tested as a comparator and was found to be a highly selective
inhibitor of SGLT2 and more potent than the benzisothia-
zoles.

The pharmacokinetic profiles of two of the benzisothia-
zole analogues, 16b and 16c, were determined in male CD
rats. The results are summarized in Table 2. Both compounds

were rapidly absorbed after oral dosing. Although the plas-
ma clearance is high for these molecules, the bioavailability
(% F, ratio of plasma drug concentrations after oral dosing
versus IV dosing) is high, indicating that the compounds
were stable enough in the GI tract to be absorbed well.
C-Glucosides 16b and 16c did not require conversion to
prodrug to achieve oral absorption. Although the prodrug
approach has proven viable for SGLT2 inhibitors such as 2
and 3, which have clear antidiabetic effects in rodentmodels
of diabetes,10,11 it would be preferable to avoid the extra
chemical step of appending the prodrug moiety. A prodrug
approach also introduces the additional development risk
that the conversion of prodrug to parent may not translate
from animals to humans. Furthermore, there can be large
intrapatient variability in the pharmacokinetics of prodrug to
parent conversion.

In summary, we have taken advantage of an underutilized
Pd-catalyzed cross-coupling reaction to synthesize a series of
benzisothiazole and indolizine C-glucosides, which have
extended our understanding of SGLT2 inhibitor SARs. We
have established that potent SGLT2 inhibitors canbe found in
C-glucosides in which the aglycone is a benzo-fused hetero-
cycle. We have also seen that the weakly basic imidazo
pyridines, although possessing the same overall shape as
the benzisothiazoles and indolizines, have no SGLT2 inhibi-
tion at all. Further work concerning the optimization of
SGLT2 inhibitors suitable for clinical development will be
reported in subsequent publications.

SUPPORTING INFORMATION AVAILABLE Description of
the inhibition assay, pharmacokinetic study methods, and the
synthesis of compounds 10-21. This material is available free of
charge via the Internet at http://pubs.acs.org.
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Table 1. SGLT2 andSGLT1 Inhibition of Compounds16a-p and4a

pIC50

X Y Z R1 R2 SGLT2 SGLT1

16a C S N Me H 7.09(0.21 <5

16b C S N Et H 7.30(0.07 <5

16c C S N i-Pr H 7.29(0.23 <5

16d C S N t-Bu H 8.00( 0.18 <5

16e C S N Ph H 6.41(0.15 ND

16f C S N Cl H 6.85( 0.04 ND

16 g C S N H Me 5.27(0.01 ND

16 h C S N Me Me 6.21(0.04 ND

16i C S N OMe H 6.83(0.08 <5

16j C S N OEt H 6.43(0.18 ND

16k N C C Me H 7.21(0.13 <5

16l N C C OMe H 6.87(0.02 ND

16m N C C F H 6.03(0.21 ND

16n N C C Cl H 6.81(0.20 ND

16o N C C CF3 H 6.95(0.06 <5

16p N N C OMe H <5 ND

4 9.84(0.14 <5
aData represent -log (IC50) ( standard error.

Table 2. Pharmacokinetic Profiles of Compounds 16b,c in Male
CD Rats Following Intravenous and Oral Dosing

dose 16b 16c

IV 2 mg/kg

t1/2 (h) 1.2 1.7

AUCinf (h ng/mL) 424 393

Vss (L/kg) 4.3 5.3

CL (mL/min/kg) 79.1 85.5

PO 10 mg/kg

Cmax (ng/mL) 422 321

tmax (h) 0.5 0.5

AUCinf (h ng/mL) 1642 1483

F (%) 77 74
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