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Abstract When blood flows through the renal capillaries, glucose is one of the
many substances filtered by the kidney. However, glucose is subsequently recovered
primarily by the sodium-dependent glucose transporter 2 (SGLT?2) as the glomerular
filtrate flows down the renal tubules. SGLT2 inhibitors inhibit this transporter
leading to the loss of a significant fraction of the filtered glucose. The resulting
glucosuria is of sufficient magnitude to reduce diabetes-related hyperglycemia and
ameliorate-associated complications of diabetes. A systematic study was conducted
to identify superior SGLT?2 inhibitors based on a p-/C-arylglucoside with substi-
tuted diarylmethane moieties. Such compounds are potent and selective SGLT2
inhibitors with metabolic stability that promote glucosuria when administered
in vivo. Through this investigation, the -/ C-arylglucoside dapaglifiozin was identi-
fied as a potent and selective ASGLT?2 inhibitor with an ECso for ASGLT?2 of 1.0 nM
and 1,200-fold selectivity over hSGLT1. Dapagliflozin produced glucosuria in
normal Sprague Dawley rats in a dose-dependent fashion. Moreover, a 0.1 mg/kg
oral dose reduced blood glucose levels by as much as 55% in rats that had been made
hyperglycemic by streptozotocin, a pancreatic toxin. These findings, combined with
a favorable ADME profile and vivo data, led to nomination of dapaglifiozin as a
drug for the treatment of type 2 diabetes. The structural architecture of p-1C-
arylglucosides and their amphiphilic nature presented significant obstacles to the
synthesis of dapagliflozin and similar candidates for toxicological and clinical
testing, prompting the development of a new, safe, efficient, and economical process
for the synthesis of C-4’ and C-4 substituted p-IC-arylglucosides. A key element of
the process was a remarkable discovery of novel crystalline complexes that enabled
isolation and quality control.
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Abbreviations

pg Microgram

pM Micromolar

Ac,0O Acetic anhydride

AcOH Acetic acid

ADME Absorption, distribution, metabolism, and excretion
AMG a-Methyl-p-glucopyranoside

AP Area percent

API Active pharmaceutical ingredient
BF3°Et,0  Boron trifluoride diethyl etherate

Bn Benzyl

CH;CN Acetonitrile

CHO Chinese hamster ovary

Cl Clearance

Cmax Maximum concentration

dL Deciliter

DMAP 4-(dimethylamino)pyridine

ECs Half maximal effective concentration
EtOH Ethanol

Et;SiH Triethylsilane

F Fraction absorbed/bioavailability

GC Gas chromatography

GLUT Glucose transporter

GRAS Generally regarded as safe

h Hour(s)

HbAlc Glycated hemoglobin

HPLC High performance liquid chromatography
iPr;SiH Triisopropylsilane

iPrOAc Isopropyl acetate

iv. Intravenous

Kg Kilogram

KK-AY Mouse of the KK-strain carrying the A¥ mutation
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L Liter(s)

mg Milligram

mg/kg Milligram per kilogram
mL Milliliter

mmHg Millimeters of mercury
MeOH Methanol

Me Methyl

MSA Methanesulfonic acid
n-BuLi n-Butyllithium

nM Nanomolar

nm/s Nanometer per second

NaOH Sodium hydroxide
NMM N-Methyl morpholine

Pd-C Palladium on carbon

PO Per os

S Second(s)

S-PG S-Propylene glycol

SAR Structure—activity relationships

SD Sprague Dawley

SGLT Sodium-dependent glucose cotransporter

STZ Streptozotocin, a pancreatic toxin used to induce diabetes
TEA Triethylamine

TEMPO  (2,2,6,6-Tetramethylpiperidin-1-yl)oxy

THF Tetrahydrofuran

TMSC1 Chlorotrimethylsilane

T ax Time to reach Cp.x

TMS Tetramethylsilane

Tol Toluene

TGA Therapeutic goods administration

UKPDS United Kingdom Prospective Diabetes Study
Vs Apparent volume of distribution at steady state

1 Introduction

The incidence of type 2 diabetes has become an increasing worldwide concern,
as the number of patients suffering from type 2 diabetes is projected to increase from
approximately 371 million people currently to 552 million by 2030 ([1], www.idf.
org/diabetesatlas/Se/Update2012). Type 2 diabetes is characterized by hyper-
glycemia due to excessive hepatic glucose production, a deficiency in insulin secre-
tion and/or peripheral insulin resistance. As the disease advances, hyperglycemia
becomes the major risk factor for diabetes complications, including retinopathy,
neuropathy, nephropathy, and macrovascular diseases [2—4]. Due to the progressive
nature of the disease, combination therapy is usually necessary to achieve the target


http://www.idf.org/diabetesatlas/5e/Update2012
http://www.idf.org/diabetesatlas/5e/Update2012

76 A. Braem et al.

glycemic level, thereby necessitating development of alternative agents acting by
novel mechanisms to control hyperglycemia [5, 6]. This need is underscored by the
United Kingdom Prospective Diabetes Study (UKPDS) findings that at present only
25-50% of type 2 diabetics are effectively treated by current therapies [7, 8].

In healthy individuals, greater than 99% of the plasma glucose that is filtered in
the kidney glomerulus is reabsorbed, resulting in less than 1% of the total filtered
glucose being excreted in urine [9, 10]. This reabsorption process is mediated by
two sodium-dependent glucose cotransporters: SGLT1, a low capacity, high affinity
transporter expressed in gut, heart, and kidney [11, 12] and SGLT?2, a high capacity,
low affinity transporter that is expressed mainly in kidney [13, 14]. It is estimated
that 90% of renal glucose reabsorption is facilitated by SGLT2 residing on the
surface of the epithelial cells lining the S1 segment of the proximal tubule; the
remaining 10% is likely mediated by SGLT1 localized on the more distal S3
segment of the proximal tubule [15-20]. Humans with SGLT1 gene mutations
experience glucose-galactose malabsorption, resulting in frequent, watery diarrhea
and dehydration when on a glucose diet, confirming that SGLT1 is the major
glucose transporter in the small intestine. These individuals present with little or
no glucosuria, suggesting that SGLT1 is not the major glucose transporter in the
kidney [21, 22]. Persistent renal glucosuria is the sole reported phenotype of
humans with SGLT2 gene mutations [23, 24].

Inhibition of SGLT?2 has been proposed to aid in the normalization of plasma
glucose levels in diabetics by preventing the glucose reabsorption process and
promoting glucose excretion in urine [25]. Selective SGLT?2 inhibitors would be
desirable, since gastrointestinal side effects associated with SGLT1 inhibition
would be minimized. This mechanism is expected to be associated with low risk
of hypoglycemia, because there would be no interference with the normal
counterregulatory mechanisms for glucose regulation.

A systematic study was conducted to identify superior SGLT2 inhibitors that are
potent, selective over SGLT1, promote glucosuria when administered in vivo, and
exhibit a pharmacokinetic profile compatible with once-daily administration.

2 Results and Discussion

2.1 Discovery

The natural product O-glucoside phlorizin (1, Fig. 1) is a well-documented, potent
glucosuric agent that was subsequently shown to be a nonselective SGLT inhibitor
[26]. The finding that chronic subcutaneous administration of 1 reduced plasma
glucose levels of diabetic rodents supported this mechanistic approach [27-29]. How-
ever, phlorizin itself is not considered to be a suitable drug candidate because of its
ability to inhibit SGLT1 and poor metabolic stability due to susceptibility to
B-glucosidase-mediated cleavage resulting in release of the aglycone phloretin.
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Fig. 1 Structures of some known SGLT inhibitors

In a series of papers, researchers at Tanabe disclosed the structure—activity
relationships (SAR) of phlorizin analogs resulting in the identification of selective,
potent SGLT2 inhibitors. However, in order to achieve a significant reduction of
hyperglycemia with a concurrent increase of glucosuria, the metabolic instability of
the O-glucoside linkage necessitated oral administration of their lead compound
T-1095A (2, Fig. 1) to KK-A” mice as the methyl carbonate pro-drug T1095 (3,
Fig. 1) [25, 30-36]. Subsequently, Kissei disclosed two other series of O-glucosides
containing SGLT2 inhibitors as potential treatment for type 2 diabetes which also
required administration as pro-drugs [37—40].

In an attempt to increase the metabolic stability of the glucosyl linkage of
O-arylglucoside Sa (Fig. 1), we synthesized C-benzylglucoside Sb (Fig. 1)
[41]. This compound displayed a significant loss in SGLT?2 activity (75-fold) as
compared to compound Sa. Link et al., reported that a similar modification of 2 to
generate the carbon analog 4 produced a >20-fold loss in potency [42]. Together,
these findings imply that the isosteric replacement of the oxygen glucosidyl link
with a methylene greatly attenuated previously favorable ligand—protein interac-
tions. Possibly, the greater conformational freedom of 4 and 5b contributed to the
reduction in SGLT2 affinity due to absence of the conformational constraints
imposed by the exo-anomeric effect [43, 44].

Fortuitously, an alternative lead for C-glucoside-derived SGLT?2 inhibitors
surfaced upon characterization of a minor C-arylglucoside side-product that
was generated during our SGLT2 program [45]. Of particular interest was the
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meta presentation of the glucosyl and benzyl appendages of 6 rather than the
typical ortho presentation of O-glucoside-derived inhibitors. The activity (ECsq
SGLT2 = 1,300 nM) and selectivity (>sixfold vs SGLT1) of 6 was unexpected
especially since the SAR for all O-glucosides indicated that substitution of the
aglycone with polar substituents markedly reduced SGLT?2 activity. In hopes of
achieving improved potency, 7a, the counterpart of a potent O-glucoside SGLT2
inhibitor S5a, was synthesized. The in vitro profile of 7a was extremely encouraging:
SGLT2 ECs¢ = 22 nM; >600-fold selectivity vs SGLT1. The importance of a para
substituent on the distal ring became readily apparent upon comparison of 7a to the
parent 7b or meta isomer 7c, thereby underscoring the role of the substituent to
properly orient the distal ring to achieve high affinity. A similar bias for para
substitution of the distal ring had been observed for O-arylglucoside analogs of
both 5b and dihydrochalcones reported by Hongu et al. [46].

These findings prompted a systematic study of meta-C-arylglucosides with
varying linkers to evaluate proper placement of the distal aryl ring. The assumption
was that high affinity SGLT2 inhibitors require not only the distal aryl ring to bear a
lipophilic substituent but also that the distal ring assumes an orientation such that
the lipophilic substituent can occupy a favorable binding pocket. Incorporation of a
small lipophilic substituent at C-4 of the central aryl ring further augmented SGLT2
potency with little apparent impact on selectivity versus SGLT1, thereby maximi-
zing potency while minimizing the potential for gastrointestinal (GI) side effects
mediated by inhibition of intestinal SGLT1. A number of compounds with pre-
ferred C-4 substitutions were synthesized and evaluated to further understand the
consequences of introduction of a zero, one, two, or three methylene spacer and
impact of distal ring substitution with m-methyl or p-methyl groups.

Table 1 summarizes the structure—activity consequences upon alteration of the
spacer moiety between the C-glucoside proximal and distal rings. Variation of the
spacer from one (7) to zero (8), two (9), or three methylenes (10) reduced affinity ~
threefold for the unsubstituted (R = H) and m-methyl substituted examples. In
contrast, changing the methylene spacer of 7a from one to zero (8c¢), two (9¢), or to
three methylenes (10c¢) reduced the binding affinity of the p-methyl substituted
analogs 13-, 19-, and 29-fold, respectively. The unique advantage conferred by the
single methylene of 7a is further confirmed by the respective threefold and 25-fold
reduction in affinity upon replacement with a sulfur (12) or oxygen (11) bridging
atom. Significant inhibition of human SGLT1 was not observed for any of the
C-arylglucosides tested. In particular, the demonstrably high level of selectivity of
7a is expected to preclude gastrointestinal side effects.

Upon i.v. administration to rats and mice at 1 and 0.3 mg/kg, respectively, 7a
produced maximum glucosuric levels of 230 and 600 mg/dL." In contrast, upon

! Fasted male Sprague—Dawley rats or Swiss—Webster mice were anesthetized with I.P. Ketamine:
Xylazine (0.001 mL/g), an abdominal incision made, and their bladders cannulated with a
16 gauge catheter. Drug was administered intravenously, and urine was collected over 60 min in
10 min intervals. Glucose concentration in urine samples were determined by COBAS MIRA.
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Table 1 C-Aryglucoside (I) SAR exploration of the aglycone spacing element (A) and distal ring
substituent (R)*

Compounds A R hSGLT2 ECs¢ (nM) Binding Select. vs. ASGLT1
7Ta CH, 4-Me 22 >600
7b CH, 3-Me 510 ND
Tc CH, H 190 >50
8a bond H 623 >13
8b bond 3-Me 1,200 ND
8c bond 4-Me 290 >30
9a (CH,), H 710 ND
9b (CH,), 3-Me 970 ND
9¢ (CH,), 4-Me 430 >20
10a (CHy); H 480 ND
10b (CH,)3 3-Me 1,200 ND
10c (CHy); 4-Me 630 >13
11 (0] 4-Me 540 >15
12 S 4-Me 69 >100
1 35 10

4 8 350
1° 160 1

20 50 4

13 CH2 4-Et 10 1,000

“The intracellular accumulation of the SGLT-selective glucose analog [14C]—alpha—methyl
glucopyranoside (AMG) by CHO cells expressing the human SGLT2 or the human SGLT1
transporter was quantified in vitro in the presence and absence of inhibitors, using the following
conditions: Each inhibitor, dissolved in DMSO, was tested at eight concentrations in the presence
of 137 mM NaCl and 10 pM [14C] AMG, over a 120-minute incubation in protein-free buffer.
Percent inhibition of transport activity was calculated based on a comparison of the activity of
non-inhibited control cells treated with DMSO alone. The response curve was fitted to an empirical
four-parameter model to determine the inhibitor concentration at half-maximal inhibition. The
reported ECs is the aggregate result of triplicate dose—response determinations.

®ECs, data from Oku et al. [25]

administration of O-glucoside 5 under the same conditions, efficacy in rats was
reduced ~ 50-fold relative to that obtained in mice. C-Arylglucoside 7a was found
to be ~100-fold more stable in the presence of rat liver microsomes than the
corresponding O-glucoside 5 [45]. We attribute the greater in vitro stability of 7a
and the diminished variability in glucosuric response across species to 7a being
impervious to glucosidase cleavage (unlike 5). This profile of the C-glucoside 7 to
that of 5 reveals greater selectivity versus SGLT1, as well as enhanced metabolic
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Fig. 3 Structures of advanced SGLT?2 inhibitors

stability. C-Arylglucosides show enhanced glucosuric activity in rats compared to
O-arylglucosides that we attribute, in part, to the metabolic stability of the aryl-
glucosyl C—C bond.

SAR exploration revealed meta-substituted diarylmethanes to be superior
SGLT?2 ligands to their biphenyl and 1,2-diarylethane counterparts [41]. Only
small, hydrophobic para (C-4) substituents such as ethyl, methoxy, thiomethyl,
and difluoromethoxy enhanced SGLT?2 inhibitory activity resulting in ECs, values
of ~10 nM, whereas substitution at C-2 or C-3 was not beneficial. Compounds in
this series exhibit >1,000-fold selectivity for SGLT2 than SGLT1. Further SAR
exploration of the central aryl ring revealed that small lipophilic substituents at the
C-4’ position of the central aryl ring further increased SGLT2 affinity such that
ECsq values decreased to 1 nM. Although substitution at C-5" or C-6' modestly
improved affinity, C-2’ substitution was deleterious (Fig. 2).

This SAR culminated in the discovery of several selective SGLT2 inhibitors
such as compounds 13, 14, 15, 16, which exhibited properties warranting further
progression as clinical candidates for the treatment of type 2 diabetes (Fig. 3).

The in vitro SGLT inhibitory potential (ECso) of 16 and analogs were assessed
by monitoring the inhibition of accumulation of radiolabeled a-methyl-p-
glucopyranoside (AMG) by CHO cells stably expressing human or rat SGLT2
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Table 2 #SGLT2 and ASGLT1 inhibitory activity for 1, 6, and 16"

No. hSGLT2 ECsq (nM) hSGLT1 ECso (nM) Selectivity vs. ASGLT1 (fold)
1 35 270 8
2 6 211 30
Sa 9 8,000 90
6 500 8,000 16
16 1 1,200 1,200

#Assays were performed in protein-free buffer

a p=0.5
** p<0.01

3000
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Total Urine Glucose Output (mg)

Vehicle 0.01 0.1 1.0 10
Dose (mg/kg)

Fig. 4 Mean total urine glucose excretion over 24 h following a single oral dose of dapagliflozin
16 in normal SD rats. n = 3. Mean total urine glucose excretion was statistically significant
vs. vehicle at the 0.1, 1, and 10 mg/kg dose groups

and SGLT1. As shown in Table 2, ECs, values of 1.0 nM for ASGLT?2 and 1.6 pM
for ASGLT1 were determined for 16 which corresponded to 1,200-fold selectivity
for SGLT2 as compared with eightfold selectivity for phlorizin. The inhibitory
potencies of 16 against rat and human SGLT2 were comparable, but the selectivity
of 16 for rSGLT2 versus rSGLT1 decreased to 200-fold. At 20 pM, 16 was also
found to weakly inhibit (8%) AMG uptake in human adipocyte mediated by
GLUT1 and GLUT#4 facilitative glucose transporter [47].

Statistically significant dose-dependent glucosuria occurred over a 24-hour
period following oral administration of doses from 0.01 to 10 mg/kg of 16 to
normal Sprague Dawley rats. This glucosuria was accompanied by dose-dependent
increases in urine volume of 16-300% (Fig. 4). In this study, the loss of 700 and
2,400 mg of glucose per rat over 24 h following single oral dose of 0.1 and 10 mg/
kg of 16, respectively, corresponded to a 1,000- and 10,000-fold elevation in
glucose disposal relative to vehicle controls. In a separate experiment with
streptozotocin-induced (STZ) diabetic rats (starting blood glucose levels of 480—
530 mg/dL), a single 0.1 mg/kg oral dose of 16 followed by food restriction
produced a 55% reduction in the elevated blood glucose level of treated versus
control rats at 5 h after dosing (Fig. 5). This level of efficacy surpassed that of 13
(34% reduction in hyperglycemic blood glucose levels) and matched the efficacy
observed for other analogs 14 and 15 (59%, and 62%) at this dose [48, 49].
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Fig. 5 Mean blood glucose values in streptozotocin-induced (STZ) diabetic SD rats following a

single oral dose of 0.1 mg/kg dapagliflozin, 16. n = 6. *p < 0.05 vs. control group using a paired
student z-test

Table 3 Pharmacokinetic profile of dapagliflozin 16 in rats

Dose (mg/kg) 1

Cinax (PO dose, pg/mL) 0.6
Tmax (PO dose, h) 1.7
T (h) 4.6
F (%) 84
Vs (L/kg) 1.6
Cl (mL/min/kg) 4.8

The above correlation of SGLT?2 inhibition, glucosuria, and blood glucose lowering
effects suggested that selective SGLT2 inhibition with compounds 13-16 held
promise as a viable approach to treat type 2 diabetes.

Dapagliflozin 16 displayed a favorable ADME profile conducive to further
development. At 10 pM in serum from rats and humans, the free fraction of 16
was 3 and 4%, respectively. Compound 16 is anticipated to be orally bioavailable in
humans based on a high (>150 nm/s) caco-2 cell monolayer permeability value and
84% oral bioavailability in rats (Table 3). The steady-state volume of distribution
value (1.6 L/kg) was greater than the total blood volume in rats, indicating that 16
distributed into the extravascular space. Low to intermediate in vitro metabolic
rates were observed upon incubation of 16 with liver microsomes and hepatocytes
from rats and humans. After oral administration of 1 mg/kg dose of 16 to rats, a
Cinax Of 0.6 pg/mL was obtained at 1.7 h with a low systemic clearance rate of
4.8 mL/min/kg. The elimination half-life for 16 following intra-arterial admini-
stration was 4.6, 7.4, and 3.0 h in rats, dogs, and monkeys, respectively. These
pharmacokinetic parameters for dapaglifiozin in preclinical species revealed a
compound with adequate oral exposure, clearance, and elimination half-life, consis-
tent with the potential for single daily dosing in humans [49].

In summary, dapagliflozin, compound 16, is a potent, selective SGLT2 inhibitor
which stimulates glucosuria in normal rats. The promising significant reduction of
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blood glucose levels in diabetic STZ rats, combined with a favorable ADME
profile, in vivo clinical data prompted nomination of dapagliflozin as new drug
for the treatment of type 2 diabetes.

Clinical efficacy and safety of dapaglifiozin were assessed in multiple Phase III
placebo-controlled trials, and the results were recently reviewed [50]. Patients
receiving dapagliflozin experienced improved glucose control as demonstrated by
placebo-subtracted HbAlc reductions of >0.5%. Patients experienced additional
benefits of weight loss (2-3%) and reductions in systolic blood pressure
(4.4 mmHg) [50] that are attributed to caloric loss (glucosuria) and osmotic
diuresis, respectively. Several studies have demonstrated the additional glucose-
lowering effect of dapaglifiozin on a background of insulin or oral glucose-lowering
agents, indicating that the mechanism of action is complementary to other
antidiabetic therapies [50].

2.2 Chemistry

To generate C-aryl glucosides, particularly with preferred C-4' and C-4 substitu-
tions, to support initial toxicological studies and Phase I clinical trials, a first
generation synthesis was developed. This synthesis, based on the methodology
developed by Kishi [51, 52] and Kraus [53], was used to gain rapid access to
compounds 13, 15, and 16 starting with 2,3,4,5-tetra-O-benzyl-p-glucose 17 as
outlined in Scheme 1. Lactone (18) [54-56] was prepared from compound 19 via
TEMPO/bleach oxidation in >90% yield. On a large scale, purification of the
syrupy product 20 was not practical; therefore, it was used directly in the next
step without purification. Various m-bromo substituted aglycones [41] (19)
employed in this route were lithiated and then added to 2,3,4,6-tetra-O-benzyl-
gluconolactone (18). Reduction of the resultant lactols (20) with the sterically
encumbered triisopropylsilane was preferred to generate predominantly p-linked
glucosides [57] 21 that were deprotected by hydrogenolysis to give amorphous API
(7-11, 13, 16) in which “A” is a methylene.

During process development of the first generation synthesis, we identified
several disadvantages to using 2,3,4,6-tetra-O-benzyl-p-glucono-1,5-lactone 18 as
a starting material. For instance, 18 was synthesized from commercially available,
but expensive, 2,3,4,6-tetrabenzylglucose 17. Product 18 was difficult to isolate and
purify on scale due to its syrupy nature. The crude product also gradually
decomposed over several months, thereby limiting its usefulness in a commercial
process. The reduction of intermediate lactol 20 required sterically hindered silanes
to give favorable P-selectivity, which were expensive and difficult to obtain on
commercial scale. More critically, the synthesis of C-arylglycosides via 2,3,4,6-
tetra-O-benzyl gluconolactone 18 required a hydrogenolytic deprotection in the
final step of the synthesis. Due to the amorphous nature of the active pharmaceutical
ingredient (API) (7, 8, 9, 10, 11, 13, or 16) chromatography was required to remove
palladium and process impurities. Although this route enabled rapid delivery of API
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Overall Yield 35-40% 10 cR=H, R'=4 Me, A = CH,CH,CH,

1I:R=H,R'=4Me,A=0

13:R=H,R'=4Et, A=CH,

16 : R=CL, R'=4 OEt, A=CH,

7,8,9,10,11,13 or 16

Scheme 1 General route employed in the synthesis of C-arylglucosides

to support early toxicology and preclinical studies, the inability to crystallize API
was of paramount concern.

Despite extensive investigation, a neat crystalline form of the API has not been
discovered, possibly due to the amphiphilic nature of the molecule. In addition, the
amorphous, foamy API becomes a tacky or gummy solid on exposure to moisture. A
syrupy, noncrystalline and hygroscopic form presented a formidable challenge to
the development team. A lack of sufficient control over the isolation and purification
of amorphous API, a high cost of goods, and unfavorable physical characteristics of
several intermediates provided motivation for the development of a new process and
anew final form for API, particularly to the nominated candidates 13, 14, 15, and 16,
which required significant quantity for toxicology and clinical studies.

While some derivatives of glucose (such as 17) can be expensive and as such not
realistic starting materials, we did realize the advantages of employing materials
from the naturally occurring chiral pool that eliminated the need to control four of
the five stereocenters present in the API. This strategy suggested that we should
retain the glycoside core of 17 or 18 as a starting material and explore protecting
group modifications to circumvent the adverse physical characteristics of the
intermediates in the original synthesis. In this manner, proper protecting group
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selection could offer cost advantages and improvements to the physical form of
certain intermediates for ease of isolation. A final desired change would entail the
discovery of a simple deprotection method to avoid the use of the hydrogenolysis
that was employed in the first generation synthesis.

Avoidance of chromatographic step for the final purification of the amorphous
API was critical. We discovered that per-acetylation of API, particularly for
compounds 13, 14, 15, and 16 yielded the corresponding tetraacetate 25 as a stable
and pure crystalline solid that was amenable to purification by crystalization. The
subsequent deprotection of this material to API (13, 14, 15, and 16) was facile and
the resulting purity was very high (>99.9 area percent purity). Although the
advantages presented by this crystalline derivative were apparent, there was a
concern that acetates would not be compatible with the organometallic chemistry
used to generate aglycone 17. As an alternative, we employed the transient protec-
tion of gluconolactone as the per-trimethylsilyl derivative [58—60], since the
trimethylsilyl groups would resist lithioaromatics at low temperature but could
also be cleaved during the work-up under mildly acidic conditions. Starting with

D-gluconolactone 21, silyl protection was achieved using TMSCI/N-methyl
morpholine in THF to give 21a. The work-up of this intermediate required a
carefully controlled process as its oily nature and sensitivity to moisture precluded
easy isolation. Therefore, the reaction mixture was diluted with toluene prior to
aqueous washes; the per-silylated lactone 21a was isolated as a solution. The
selection of toluene as solvent was critical as it efficiently extracted the product
and enabled azeotropic drying, required in the following step.

Bromo-aglycone 17 was transmetallated with nBuLi to form the lithiated species
17a which was reacted at —78°C with the solution of 21a prepared above to give
lactol 22. In this transformation, the toluene/THF solvent combination (3.5:1)
proved ideal for yield and product purity; in THF solvent, a competing silyl transfer
reaction dominates, forming trimethylsilyl-aglycone as a major by-product [61].

In all cases, lactol 22 was noncrystalline and problematic to isolate, therefore the
toluene solution of 22 was quenched into methanol/methanesulfonic acid. This
acidic quench served to: (1) neutralize any excess organometallic species, (2) pro-
mote in situ trans-ketalization with methanol, and (3) expedite concomitant
removal of the TMS protecting groups to produce crude solutions of methyl
glycosides 23. Intermediates 23 were typically amorphous, foamy solids. Extensive
investigation failed to produce crystalline forms of 23. Thus, after an aqueous work-
up, the solutions were dried via toluene azeotrope and further telescoped into the
following step. Toluene solutions of 23 were typically isolated in >83% yield.

Based on our previous investigations [58—60], acetate groups were chosen to
protect the hydroxyls in 23 since the reduction would provide advantageous crys-
talline per-acetylated API (13, 15 or 16). Toluene solutions of 23 were exhaustively
acetylated with Ac,O/TEA, catalyzed by DMAP, to generate solutions of
tetraacetate 24. Following quench of the remaining anhydride by aqueous phos-
phoric acid and aqueous work-up, the partially concentrated dry toluene solutions
were ready for the key transformation: reduction.
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A B potential beta face hydride attack

axial alpha face hydride attack

RARRRR

Fig. 6 Proposed stereochemistry of hydride attack

We screened a wide variety of anomeric reduction conditions, starting with acid-
catalyzed silyl hydride process. We investigated both Lewis and Bronsted acids as
potential alternatives to BF3¢Et,O along with triethylsilane as an alternative to the
tri-isopropyl derivative. While several alternative catalysts gave encouraging
results, we decided to retain BF;¢Et,O for a combination of cost, product purity,
and process robustness. The less expensive and more readily available triethylsilane
(Et3SiH) replaced triisopropylsilane (iPr3SiH) since the resulting isomer ratio
(>20:1, p:a) was similar.

The optimized process entailed dilution of toluene solutions of 24 with aceto-
nitrile followed by reduction with Et;SiH, BF;¢Et,0, and one equivalent of water.
Water is critical for the reaction to progress to completion; and we believe that
water and BF;°OEt, generate a strong Bronsted acid, such as H'BF;0H™~, which
accelerates [62, 63] the formation of an oxa-carbenium ion intermediate. These
strongly acidic conditions are essential to compensate for the deactivating effect of
the carbohydrate acetoxy-substituents. Based on the literature [64] and our own
studies [58—60], we believe that predominant axial hydride attack from the o-face
on the oxacarbenium ion intermediate “A” is preferred resulting in p-C-
arylglucosides 25 as the major products (>20:1 :). Intramolecular stabilization
via the C-2-acetate group (B) which would block the a-face does not seem to result
in B-hydride attack (Fig. 6).

The use of Et;SiH on scale presented safety concerns. Unreacted silane can
generate hydrogen gas in spent reaction streams, which would render the waste
streams more hazardous to storage and transport. To mitigate this risk,
2,2-dimethoxypropane was charged to the mature reaction mixture to quench
excess Et;SiH. After complete disappearance of triethylsilane by GC analysis,
aqueous work-up and crystallization of the product from ethanol produced a

2 Crystallographic coordinates and unit cell data (excluding structure factors) for 25, 26, 27, 28, 29
and r-Proline forms 13-P1, 13-P2, 13-P3, 13-TP have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication numbers CCDC 756030-756038.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/const/retrieving.html
(or from the CCDC, 12 Union Road, Cambridge CB21EZ, UK; fax + 44 1223 336033; e-mail
deposit@ccdc.cam.ac.uk).
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Scheme 2 Synthesis of tetraacetate 25

~74% yield of the final intermediates 25 (>98.6 HPLC AP purity). Saponification
of tetraacetates 25 (aq. NaOH/EtOH) produced API (13, 14, 15, and 16) as
amorphous powders (Scheme 2).

To solve the isolation and final crystal-form issues of the amorphous,
amphiphatic drug substances 13, 14, 15, and 16, we first attempted traditional
high-throughput crystallization screening studies, testing different solvents, sol-
vent/antisolvent combinations and temperatures. These studies failed to produce a
crystalline form. Subsequently, we focused on a co-crystallization approach [65]
based on understanding of the structure of the drug substances. Although in
principle virtually any pair of molecules may co-crystallize [66], we reasoned
that another molecule containing structural elements that could favorably interact
with both components of the drug substances should enhance the probability of
crystallization. An amphiphilic co-crystallization component might interact with
both the polar hydroxyls and the hydrophobic hydrocarbon regions of B-C-
arylglucosides (13, 14, 15, and 16). The ideal co-crystallization component would
be a GRAS (Generally Regarded as Safe) list compound, mitigating safety con-
cerns. We identified several natural amino acids as possible partners for
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Fig. 7 X-ray structure of complexes 26, 27, 28, and 29

co-crystallization with 13, 14, 15, and 16 but concentrated on L-Phenylalanine.
These efforts provided crystal forms (complexes) 26, 27, and 28, each composed of
1 mol of drug substance + 1 mol L-phenylalanine + 1 mol of water. In case of
dapagliflozin, 16, the L-Phenylalanine complex was isolated but its physical prop-
erties were deemed not suitable for development. An S-propylene Glycol (S-PG),
29, complex was also identified. Crystals of 29 are fine needles that are stable under
ambient conditions.

The structures of these hydrogen bonded complexes could only be solved from
synchrotron X-ray diffraction data of the very fine, hair-like crystals (see footnote
2). The S-PG complex, comprised of 1 mol of drug + 1 mol S-PG + 1 mol of water,
was found to be stable and suitable for development; in addition, it provided a
significant weight advantage over the other complexes. Thus, the S-PG form was
chosen for development (Fig. 7).
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Scheme 3 Synthesis of co-crystalline complexes 26, 27, 28, and 29

Stable crystalline complexes with L-proline and p-phenylalanine were also
prepared and their structures (see footnote 2) were determined via single X-ray
analysis. The power of such “foreign” agents as co-crystallization “partners” in
assembling crystal structures of pharmaceutical products that alone crystallize with
difficulty (if at all) has been increasingly recognized in recent years (dedicated issue
on “Pharmaceutical Co-crystal” please see: [67]).

The final step of the synthesis consists of deprotection of the acetyl protecting
groups and formation of the crystalline complex. In contrast to the hydrogenation
required to cleave the benzyl protecting groups of the final intermediate in the first
generation synthesis (Scheme 1), the final step now required only aqueous base to
remove the acetates. The saponification is rapid and irreversible and can be
performed under a wide range of reagent concentration and temperature conditions.
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There are no potential side reactions in this process which can impact the
stereochemical integrity of the compound. Thus, in the final step the quality of
the product was effectively preserved. Essentially no process changes were required
to scale up the final intermediate 25. Deacetylation using EtOH or MeOH and
aq. NaOH (Scheme 3) followed by neutralization with aq. HCI to pH 7 generated a
solution of compounds 13, 14, 15, or 16 which was converted to the final complexes
26,27, 28, or 29 respectively and crystallized as a monohydrate. After filtration and
drying, the isolated product was obtained in 80-88% yield with 99.9 HPLC Area
Percent purity.

In summary, a robust and practical synthesis of p-/C-arylglucosides was devel-
oped that includes a co-crystalization approach with L-Phenylalanine or
S-Propylene glycol to circumvent isolation and purification challenges.

3 Summary, Conclusions, Outlook

In summary, B-1C-arylglucosides were identified as potent SGLT-inhibitors that are
significantly more stable than their O-glycosides counterparts. Initial SAR studies
of benzylaryl-O-glucosides led to discovery of C-arylglucosides that showed
greater selectivity towards SGLT2 versus SGLT1 with increased metabolic stabil-
ity. Further exploration of the in vivo SAR studies allowed us to identify superior
SGLT?2 inhibitors based on a p-/C-arylglucoside with a diarylmethane moiety and
C-4 and C-4 substitutions. Through this investigation, PB-/C-arylglucoside
dapagliflozin 16 was identified as a potent and selective ASGLT?2 inhibitor with
an ECsy for ASGLT?2 of 1.0 nM and 1,600-fold selectivity over ASGLT. Initial
toxicological studies, combined with a favorable ADME profile and vivo data, led
to development of dapagliflozin 16 as a drug for the treatment of type 2 diabetes.
Multiple placebo-controlled clinical trials demonstrated safety and efficacy of
dapagliflozin. The results showed patients receiving dapagliflozin experienced
improved glucose control, benefits of weight loss, and reductions in systolic
blood pressure. The glucose-lowering effect of dapaglifiozin occurs on a back-
ground of insulin or oral glucose-lowering agents, indicating that the mechanism of
action is complementary to other antidiabetic therapies. Dapagliflozin was
approved by the Australian TGA and the European Commission under the brand
name Forxiga™ in a 10 mg daily dose (5 mg starting dose for severe hepatic
impairment) as oral monotherapy for the treatment of diabetes. It was also approved
by the US Food and Drug Administration (FDA) under the brand name Farxiga™,
as a once-daily oral treatment to improve glycemic control in adults with type
2 diabetes. In addition, the European Commission granted Marketing Authorization
for a fixed dose combination product of dapagliflozin and metformin hydrochloride,
two anti-hyperglycemic products with complementary mechanisms of action to
improve glycemic control, in a twice daily tablet (5 mg/850 mg and 5 mg/1,000 mg
tablets) under the brand name Xigduo™. This is the first regulatory approval for a
fixed dose combination of an SGLT?2 inhibitor and metformin.
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