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Abstract

This manuscript describes a single pot protocol for the selective introduction of unprotected sugars to the C3 position of the
cardiotonic steroid strophanthidol. These reactions proceed with high levels of regiocontrol (>20:1 rr) in the presence of
three other hydroxyl functionalities including the C19 primary hydroxyl group and could be applied to different sugars to
provide the deprotected cardiac glycosides upon work up (5 examples, 77-69% yield per single operation). The selective
glycosylation of the less reactive C3 position is accomplished by the use of traceless protection with methylboronic acid that
blocks the C5 and C19 hydroxyls by forming a cyclic boronic ester, followed by in situ glycosylation and a work up with
ammonia in methanol to remove the boronic ester and the carbohydrate ester protecting groups.

Introduction

Cardiotonic steroids represent a large family of natural pro-
ducts with a diverse range of biological activities [1-7].
These molecules have been considered of great importance
for human and animal health due to their involvement in the
regulation of such crucial functions as renal sodium transport
and arterial pressure, as well their roles in modulation of cell
growth, differentiation, apoptosis, fibrosis, immunity and
carbohydrate metabolism, and the control of various central
nervous functions and behavior [8—13]. Due to their wide
spectrum of biological activities including cardiotonic,
anticancer [14], anti-viral [15], immunoregulatory [16],
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neural outgrowth differentiative [17], anti-inflammatory [18],
and anti-hypertensive [19], cardiotonic steroids have been
evaluated as potential therapeutic agents in a variety of recent
studies. An overwhelming amount of data (including several
clinical trials) indicates that cardiotonic steroids hold great
potential as the therapeutics for treating cancer [20]. It is
suggested that the steroid interaction with Na™/Kt-ATPase
results in the activation of various intracellular signaling
cascades that culminates in different types of cell death. It is
known that cardenolides can induce apoptosis, autophagy,
anoikis, and immunogenic cell death depending on the cell
type and steroid chemical features [21-23].

Strophanthidol (4a) glycosides have been isolated from
various natural sources, and are among the most potent
cardenolide-based anticancer agents with the in vitro
activity in low nM range for a variety of different human
cancer cells (cf. Figure 1b) [24-26]. The sugar moiety of
these compounds plays an important role in defining their
anticancer activity, and without the sugar moiety, aglycone
4a is significantly less active. In addition to a-L-rhamno-
side 4b, other potent strophanthidol glycosides such as 4¢
have been identified and investigated. These observations
as well as other prior studies [27-29] suggest that further
optimization of the sugar moiety of strophanthidol (4a)
glycosides may lead to even more potent analogs. How-
ever, the glycosylation of polyoxygenated cardiotonic
steroids is not trivial, primarily due to the regioselectivity
issues. In most syntheses of cardiac glycosides, multistep
protection/deprotection sequence is commonly used to
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A. Examples of cardenolides with the C3, C5 and C19 oxidation

ouabagenin (1)  anhydro-ouabagenin (2)

4a,R=H

H460, LNCaP
MCF-7, SW-
480, Hela,
A549, Calu-6
cancer cells

IC59 > 5 uM

Fig. 1 Examples of cardenolides

ensure the selective delivery of a sugar unit at the desired
C3 position.

This is certainly the case for the C19-hydroxylated
steroids such as strophanthidol (4a), sarmentologenin (3), or
ouabagenin (1) [30-35]. The primary C19-hydroxyl func-
tionality of such steroids can undergo competitive glyco-
sylation in the presence of the unprotected C3 hydroxyl, and
the products of C19 glycosylation (i.e., 9, Scheme 1) or bis-
glycosylation (i.e., 6 and 10, Scheme 1) are typically
observed [30, 34]. To circumvent this, strategies requiring
C19 protection, glycosylation and following deprotection
have been developed [34, 35]. However, these strategies
require careful selection of the C19 protecting group as the
competitive decomposition of the butenolide moiety can be
observed upon deprotection [34]. Altogether a more effi-
cient strategy for the direct introduction of the sugar moiety
at the C3 position of these molecules is highly desired. To
streamline the synthesis of glycosylated strophanthidol (4a)
analogs as well as other C3-glycosylated cardiotonic ster-
oids possessing C3/C5/C19 hydroxylation pattern, we set
out to develop a direct single pot method that is based on
the use of boronic acid esters as the traceless protecting
group.

The key design element present in our new protocol is
the use of boronic acid as the transient protecting group for
the C5/C19 diol moiety. One of the biggest advantages of
using boronic acid as a protecting group is the operational
simplicity and mild conditions associated with the instal-
lation and removal of the boronic acid esters. Madsen, Kaji,
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sarmentologenin(3)

4b, R = a-L-rhamnosyl  4c, R = 6-deoxy-f3-D-

allopyranosyl

o =
O
M@% S S
HO
OH
HO OH OH
H460, LNCaP MCF-7,
SW-480, Hela, A549,

Calu-6 cancer cells
IC50 ~ 11-163 nM

H460, LNCaP MCF-7,
SW-480, Hela, A549,
Calu-6 cancer cells
IC5¢ ~ 6-68 nM

Taylor, and others have previously shown the utilities of
various aryl boronic acids as protecting groups in the
synthesis of polysaccharides [36—39]. Beyond the synthesis
of simple carbohydrate derivatives, boronic acid has not
been widely used to introduce sugar moiety into natural
products. One of the few examples was reported by Pis and
coworkers in 1994 (Scheme 2) [40]. In their synthesis of 20-
hydroxyecdysone glycosides, phenylboronic acid was used
to selectively protect the vicinal-diol moiety of the natural
product 11 to provide ester 12. Thus formed phenylboronic
acid ester was isolated and subjected to glycosylation
resulting in the mixture of products 13 and 14 with intact
phenylboronic acid ester. Recently, our group developed a
one-pot regioselective glycosylation procedure that allows
selective glycosylation of the CI11 hydroxyl of 14-
membered macrolactone such as 6-deoxy-erythronolide B
(6-dEB) (15) [41]. The solution of 6-dEB was treated with
phenylboronic acid that served as the transient protecting
group for the 1,3-diol moiety of the macrolactone. The
in situ formation of the boronic acid ester 16 was followed
by the addition of the glycosyl donor and promoter that
provided glycoside 17, and the subsequent aqueous work up
was used to cleave the boronic acid ester and provide the
C11 glycosylated product 18 in a single operation. Having
long-term interests in improving the synthesis of cardiotonic
steroids [34, 41-45] and building on these prior studies, we
surmised that this strategy might be particularly useful for
the glycosylation of steroids 1-4a, and, in particular, stro-
phanthidol (4a). This molecule possesses hydroxyl group at
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Scheme 1 Challenges with the regioselective glycosylation of C19-hydroxylated steroids
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Scheme 2 Traceless boronic acid protection strategy in site-selective glycosylation of natural products

the C3, C5, Cl14, and C19 positions, and the boronic acid
protection could result in two isomeric products protected
either at the C3 and C5 positions (exemplified by compound
19) or at the C5 and C19 positions (exemplified by com-
pound 20). Our computational studies indicate that 20 is 2.6
kcal/mol more stable than 19 (DFT, B3LYP, 6-31 G*), and

therefore the application of the traceless protection/glyco-
sylation strategy to strophanthidol (4a), should lead to the
selective formation of the C3 glycosides. In this paper, we
describe the development of a single step protocol to directly
generate unprotected C3 glycosides of strophanthidol using
methylboronic acid as a transient protecting group.

SPRINGER NATURE



J-H. Tay et al.

Results and discussion

Our studies commenced with identifying the conditions for
strophanthidol protection with methylboronic acid and
evaluating the regioselectivity of this reaction. We surmised
that methylboronic acid would preferably form cyclic ester
with the C5 and less sterically hindered C19-hydroxyl
group based on both the thermodynamic (vide supra) and
kinetic reasons. The methylboronic acid was selected due to
its lower stability of the corresponding ester toward
hydrolysis in comparison to phenylboronic acid that is more
commonly employed for the protection of 1,3-diols. Indeed,
after we mixed strophanthidol (4a) with methylboronic acid
in the presence of 4 A molecular sieves in dichloromethane,
we were able to obtain a single compound (21) containing
methylboronic ester moiety with the quantitative mass
recovery after a simple filtration through Celite®
(Scheme 3). We subsequently subjected thus isolated
boronic ester intermediate 21 to the glycosylation condition
with benzyl protected fucose trichloroacetimidate donor 22
and TMSOTY as activator. Upon work up with MeOH to
remove the methylboronic acid masking group, we
observed exclusive glycosylation at the C3 position to form
glycoside 23, albeit with moderate yield and low

Scheme 3 Protection of
strophanthidol (4a) with
methylboronic acid and
subsequent glycosylation

strophanthidol (4a)
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diastereoselectivity (57% yield, 1:2.5 d.r.). This result
supports our initial hypothesis that the formation of cyclic
boronate at the C5 and C19-hydroxyl groups of stro-
phanthidol is favored exclusively. Remarkably, the less
reactive tertiary C14 hydroxyl did not undergo glycosyla-
tion under these conditions. However, the glycosylation
yield and diastereoselectivity had to be optimized, and the
traceless protection/glycosylation/deprotection sequence
had to be executed in a single operation without isolating
the intermediates such as 21.

To control the diastereoselectivity, we switched the
protecting group on the glycosyl donor from benzyl to
benzoate, which is a well-known participating group that
allows to direct the glycosylation reactions (cf. Table 1).
After the in situ formation of the protected strophanthidol
21, L-rhamnose-derived glycosyl donor 7 and reaction
promoter were added to the same reaction vessel to initiate
the glycosylation reaction. We tested several general con-
ditions for the activation of trichloroacetimidate donor 7,
and we discovered that some of the common Lewis acid
activators were inefficient in promoting the glycosylation
reaction leading to 24 (entry 1-3). When TfOH was used as
the activator, we were able to obtain significantly
better conversion (57%) and isolated yield (37%) for the

MeB(OH),

4AM.S.
DCM, r.t.
2h -

>98% mass recovery
single boronate compound by 'H NMR

NH

P

0~ >ccly

Me (0] OBn

BnOOBn

TMSOTF (5 mol%), o

4A M.S., DCM, —20 °C
then azeotrope with MeOH

22

Bno " 57% yield
(a:p=1:2.5)
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Table 1 Optimization of glycosylation of strophanthidol (4a)

MeB(OH); (1.1 equiv)
4AM.S. o
DCM, rt., 2h

strophanthidol \
(4a) NH e

then
7 OJ\ con HO 0’
Me 0
AL I-
BzO OBz
o

conditions OH
then azeotrope with Bzgﬂim# 24
MeOH B0 oo,
. conversion (%)?
entry conditions lyield (%)
1 TMSOTf (10 mol%), 7 (2 equiv.), =78 °C tor.t., 2.5 h 24
2 AgOTf (100 mol%), 7 (1.1 equiv.),—40 °C, 1 h 4
3 NOBF4 (120 mol%), 7 (2 equiv.), =15 0C, 1.5 h 10
4 TfOH (20 mol%), 7 (3 equiv.), r.t., 3 h 57 (37)
5° TfOH (20 mol%), 7 (3 equiv.), r.t., 3 h 88 (76)
6° TfOH (30 mol%), 7 (2 equiv.), 0 °C tor.t., 5h 85 (81)

“Conversion by 'H NMR analysis

"Donor was added portionwise

C3-glycosylated product 24. (entry 4). We also noticed that
the isolated yield was increased two-fold, from 37 to 76%,
when the glycosyl donor 7 was added to the reaction por-
tionwise at 30 min intervals (entry 5). Through further
optimization, we were able to obtain 24 in 81% yield
exclusively as the a-diastereomer (entry 6).

To further enhance the efficiency of our protocol, we
optimized the reaction work up to accomplish the depro-
tection of both the methylboronic ester and benzoate pro-
tecting groups on the sugar at the end of the reaction (cf.
Scheme 4). After the glycosylation leading to glycosylated
steroid was completed as judged by TLC, the reaction was
diluted with MeOH, and the solution was saturated with
ammonia by bubbling NH; gas through it. The resultant
reaction mixture was left stirring at room temperature
overnight, concentrated, and purified by flash chromato-
graphy on silica gel. This simple single pot protocol resulted
in unprotected strophanthidol-3-O-a-L-rhamnoside (4b) in
73% yield (entry 1).

Using this optimized procedure, we also synthesized
strophanthidol glycoside 26a and 26b with unprotected
L-fucose and D-fucose at the C3 position in 77 and 72%
yield correspondingly (entries 2 and 3). However, when we
applied this strategy to generate the D-glucose and
D-mannose derivatives 26¢ and 26d, we noticed significant
formation of the ortho-ester by-products. The formation of
these side-products significantly reduced the overall yield

and complicated the purification of 26¢ and 26d. However,
we surmised that this undesired side-reaction might be
easily circumvented without changing our strategy if the
acyl groups that are used for the protection of sugar donors
are slightly modified. In particular, Kihlberg and coworker
[46] have noticed that the use of fluorine-substituted
benzoates as the protecting groups on sugar donors could
significantly minimize the formation of ortho-esters during
the glycosylation. Indeed, when we used 2-fluorobenzoate
protected D-glucose and D-mannose trichloroacetimidate
donors (24c¢ and 24d) in our reaction, the formation of
ortho-esters was suppressed, and glycosides 26¢ and 26d
were formed in 75 and 69% yield correspondingly. All in
all, our one-pot protocol has allowed us to efficiently and
rapidly generate five glycosylated derivatives of stro-
phanthidol, three of which are new glycosides (26a, 26b,
and 26d) that have not been reported in the literature to date.
In summary, an efficient regioselective glycosylation of
strophanthidol (4a) to generate five different unprotected
glycosides in a single pot (77-69% yield) has been devel-
oped. This transformation was enabled by development of
regioselective protection of the C5/C19 diol moiety with
methylboronic acid. This method could be generally applied
to regioselective glycosylation of other C19-hydroxyl con-
taining steroids, and the use of traceless boronic acid pro-
tection to accomplish regioselective glycosylation of steroids
1-3 is the subject of ongoing studies in our laboratories.

SPRINGER NATURE



J-H. Tay et al.

Scheme 4 Regioselective single
pot synthesis of C3-glycosylated
strophanthidol derivatives 4b
and 26. 'Tsolated yield. Average
of 2 runs

Experimental section

General methods

All reagents and solvents were purchased from Sigma-
Aldrich, Fisher Scientific, and were used as received with-
out further purification unless specified. Strophanthidin was
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purchased from Glentham Life Sciences Limited. 4 A
molecular sieve was activated prior to use by heating under
reduced pressure. Cooling was achieved by use of cryocool
machine or ice bath. Deionized water was used in the pre-

paration of all aqueous solutions and for all aqueous
extractions. Solvents used for extraction and chromato-
graphy were ACS or HPLC grade. Purification of reactions
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mixtures was performed by flash chromatography using
SiliCycle SiliaFlash P60 (230-400 mesh).

"H NMR spectra were recorded on Varian vnmrs 700
(700 MHz), Varian vnmrs 500 (500 MHz), Varian INOVA
500 (500 MHz), or Varian MR400 (400 MHz) spectro-
meters and chemical shifts (8) are reported in parts per
million (ppm) with solvent resonance as the internal stan-
dard (CDCl; at 6 7.26, CD3;0D at & 3.31, and C¢Dg at &
7.16). Data are reported as (br=broad, s = singlet,
d = doublet, t = triplet, ¢ = quartet, m = multiplet; coupling
constant(s) in Hz; integration). Proton-decoupled 3C NMR
spectra were recorded on Varian vnmrs 700 (700 MHz),
Varian vnmrs 500 (500 MHz), Varian INOVA 500 (500
MHz), or Varian MR400 (400 MHz) spectrometers and
chemical shifts (8) are reported in ppm with solvent reso-
nance as the internal standard (CDCl; at 8 77.16, CD3;0D at
49.0, C¢Dg¢ at 128.06). High resolution mass spectra
(HRMS) were recorded on Micromass AutoSpec Ultima or
VG (Micromass) 70-250-S Magnetic sector mass spectro-
meters in the University of Michigan mass spectrometry
laboratory. Infrared (IR) spectra were recorded as thin film
on a Thermo-Nicolet IS-50 spectrometer. Absorption peaks
were reported in wavenumbers (cm™'). Optical rotations
were measured in a solvent of choice on a JASCO P-2000
or Autopol IIT digital polarimeter at 589 nm (D-line).

Strophanthidol (4a)

Strophanthidin (500 mg, 1.24 mmol) was dissolved in EtOH
(0.15M) and cooled on an ice bath. NaBH4 (95 mg, 2.0
equiv.) was added, and the reaction was warmed up to room
temperature. After stirring at room temperature for 2 h, the
reaction was cooled in ice bath, diluted with 50 mL of
EtOAc, and quenched slowly with 50 mL of saturated
NH,CI (aq). The biphasic mixture was stirred vigorously
overnight. Next, the organic layer was separated and con-
centrated under reduced pressure. The crude mixture was
purified by flash column chromatography on silica gel
(MeOH:CH,Cl, 15:1 to 10:1 v/v) to obtain strophanthidol
4a (430 mg, 85% yield) as white solid.

Mass Spectrometry; HRMS m/z 429.2247 (M + Na,
Ca3H340¢).

Infrared Spectroscopy; IR vyax (film) em™! 3323, 2939,
1779, 1731, 1619, 1450, 1025.

Optical Rotation; [o]% + 30.6 (¢ 1.0, CHCly).

Nuclear magnetic resonance; 'H NMR (700 MHz,
CDCl5): 65.87 (1 H,5s),5.75(1H,s),497 (1 H,d, J=18.2
Hz), 480 (H, d, J=179Hz), 470 (1H, d,
J=75Hz), 437 (1H, d, J=11.2Hz), 420 (1H, d,
J=4.1Hz), 407 (1H, d, J=4.6Hz), 347 (1H, dd, J=
11.4,7.5Hz), 2.76 (1H, dd, J=9.8, 5.5 Hz), 2.55 (1 H, td,
J=14.7,4.1Hz), 2.15 (1 H, dt, J=13.6, 10.0 Hz), 2.09 (1
H, dd, J=15.0, 3.1 Hz), 2.05-1.98 (1 H, m), 1.97-1.91 (3

H, m), 1.86 (1 H, dtd, J = 14.4, 9.3, 5.4 Hz), 1.79-1.63 (4
H, m), 1.64-1.45 (5H, m), 1.41-1.31 2 H, m), 1.25-1.17
(2H, m), 0.85 3H, s). )C NMR (176 MHz, CDCl;) &
174.8, 174.7, 117.9, 85.5, 78.2, 73.7, 67.9, 65.7, 50.7, 49.6,
42.3, 40.6, 40.2, 39.0, 36.9, 35.5, 32.7, 27.7, 26.9, 24.0,
21.4,19.2, 15.9.

Boronate 21

4a (8.0 mg, 0.020 mmol), MeB(OH), (1.3 mg, 1.1 equiv.),
and 30 mg of powered 4 A molecular sieve were stirred in
100 pL of dry dichloromethane at room temperature. After
2h, the reaction was filtered through Celite and con-
centrated under reduced pressure to obtain boronate inter-
mediate 21 (>98% mass recovery).

Infrared spectroscopy; IR v, (film) cm™! 3470, 2938,
1780, 1737, 1620.

Optical rotation; [a]f +21.8 (¢ 1.0, CHCIy).

Nuclear magnetic resonance; 'H NMR (700 MHz,
CDCl3) 6 5.88 (1H, s),4.96 (1H, d, J=18.0Hz), 4.79 (1
H,d,J=18.1Hz),4.28 (d, 1 H, J=11.7 Hz), 4.06-3.98 (1
H, m), 3.59 (d, 1 H, J=8.3Hz), 3.45 (d, 1 H, J=11.6 Hz),
277  (dd, 1H, J=9.7, 55Hz), 220-2.15
(1H, m), 2.10-2.02 (4H, m), 1.95 (dd, 1 H, /=139, 3.6
Hz), 1.88 (dtd, 1 H, J=14.6, 9.4, 5.4 Hz), 1.79-1.60 (10 H,
m), 1.59-1.52 (2 H, m), 1.45-1.34 (3 H, m), 1.22 (dtd, 1 H,
J=26.4,13.6,12.5, 5.8 Hz), 1.10 (qd, 1 H, J=13.9, 13.4,
3.8Hz), 0.86 (3H, s). °C NMR (176 MHz, CDCl3) &
174.6, 174.3, 118.0, 85.3, 76.2, 73.6, 66.7, 65.3, 50.6, 49.6,
41.0, 40.2, 38.6, 38.1, 36.9, 36.8, 32.9, 27.6, 27.0, 23.8,
21.4, 19.8, 15.9. '°B NMR (75 MHz, CDCl5): & 32.6 (br).

Glycoside 23

21 and trichloroacetimidate donor 22 (23.2mg, 2.0
equiv.) was dissolved in 400 pL dry dichloromethane and
cooled to —20 °C. TMSOTT (0.18 uL, 0.05 equiv.) in 20
pL dry dichloromethane was added to the reaction. After
stirring for 16 h, the reaction was quenched with Et;N at
room temperature and filtered through a short pad of
Celite. The crude mixture was quenched and then azeo-
troped with MeOH multiple times and then subsequently
purified by flash column chromatography on silica gel
(EtOAc:Hexanes, 70:30 v/v) to obtain glycoside 23 as a
mixture of two diastereomers (9.4 mg, 57% yield). The
diastereomeric glycosides were separated by semi-prep
HPLC (18 mL/min, EtOAc:Hexanes, 70:30v/v) and
characterized.

B-23

Mass spectrometry: HRMS m/z 845.4232 (M + Na,
CsoHg2010) 845.4235.

SPRINGER NATURE
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Infrared spectroscopy; IR (film) cm ™! 3441, 2935, 1780,
1742, 1620, 1453, 1063.

Optical rotation; [a5 +21.3 (¢ 0.31, CHCly).

Nuclear magnetic resonance; 'H NMR (700 MHz, CDCls)
8 7.38-7.27 (15H, m), 5.87 (1H, s), 5.01-4.93 2H, m),
4.874.81 2H, m), 479 (1H, dd, J=18.1, 1.8Hz),
4.77-4.71 2H, m), 470 (1H, d, J=11.8 Hz), 4.67 (1 H, s),
438 (1H,d, J=7.7Hz), 430 (1H, d, J=11.4Hz), 424 (1
H, d, J=10.2Hz), 422 (1H, s), 3.81 (1H, dd, /=9.7, 7.7
Hz),3.57 (1H,d,J=2.9Hz),3.53 (1H, dd, J=9.7, 2.9 Hz),
3.50-3.43 (1H, m), 3.42 (1H, t, J=10.8 Hz), 2.76 (1 H, dd,
J=9., 54Hz), 2.54 (1H, td, J=14.8, 3.8 Hz), 2.19-2.10
(2H, m), 2.07-1.96 (2H, m), 1.95-1.82 (3H, m), 1.76-1.71
(1H, m), 1.70-1.62 (2H, m), 1.60-1.44 (6 H, m), 1.39-1.24
(6H, m), 1.20 (1H, dd, J=13.7, 4.5Hz), 1.16 3H, d, J =
6.4 Hz), 0.85 (3H, s). *C NMR (176 MHz, CDCl;) & 174.5,
174.3, 138.5, 138.4, 138.3, 128.7, 128.6, 128.5, 128 4, 128.3,
127.8, 127.7, 118.0, 101 .4, 85.7, 83.1, 79.1, 76.8, 75.9, 75.7,
74.9,74.8,73.5,73.2,70.9, 64.8, 50.7, 49.5, 42.6, 40.6, 40.2,
39.1, 36.2, 35.1, 32.8, 29.9, 26.8, 24.2, 23.9, 21.3, 19.1, 17.0,
15.8.

a-23

Mass spectrometry; HRMS m/z 845.4230 (M + Na,
Cs0Hp2010)-

Infrared spectroscopy; IR vy (film) cm ™! 3436, 2924,
1742, 1620, 1453.

Optical rotation; [oc]zD5 —27.1 (c 0.11, CHCl).

Nuclear magnetic resonance; 'H NMR (700 MHz,
CDCl3) 8 7.41-7.27 (15H, m), 5.88 (1 H, s), 5.21 (1 H, s),
4.99-4.94 (2H, m), 4.83-4.77 (3H, m), 4.77-4.71 (2 H,
m), 4.65 (3H,dd,J=17.9,11.8Hz),436 (1 H,d,J=11.3
Hz), 4.02 (1H, t, J=2.8 Hz), 4.00 (1 H, dd, J=10.0, 3.9
Hz), 3.91-3.83 2H, m), 3.65 (1H, d, J=14Hz), 342 (1
H,d,J=9.7Hz),2.77 (1H, dd, J=9.7, 5.5Hz), 2.54 (1 H,
td, J=14.5, 4.4 Hz), 2.19-1.92 (6 H, m), 1.87 (1 H, dtd, J
=14.6, 9.4, 55Hz), 1.73-1.44 (8H, m), 1.34 (2H, m),
1.31-1.17 4 H, m), 1.09 (3H, d, /= 6.5Hz), 0.86 (3H, s).
13C NMR (176 MHz, CDCl;): & 174.5, 174.2, 138.6, 138.6,
138.4, 128.6, 128.4, 128.4, 127.9, 127.8, 127.7, 127.7,
118.1, 96.4, 85.7, 79.4, 77.4, 77.1, 76.7, 75.6, 75.0, 74.0,
73.5, 73.1, 72.5, 67.2, 65.0, 50.7, 49.4, 42.4, 40.6, 40.3,
39.0, 35.3, 34.2, 32.8, 29.9, 26.8, 26.2, 24.2, 21.3, 19.4,
16.8, 15.8.

Glycoside 24

4a (16.3 mg, 0.040 mmol), MeB(OH), (2.6 mg, 1.1 equiv.)
and 60 mg of powered 4 A molecular sieve were stirred in
200 uL of dry dichloromethane at room temperature. After
2h, 0.5 equiv. of sugar donor 7 in 1.8 mL of dry dichlor-
omethane was added to the reaction, and the mixture was
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cooled in ice bath. TfOH (1.1 pL, 0.3 equiv.) in 20 pL of dry
dichloromethane was added to the reaction. At 1 h interval,
0.5 equiv. of sugar donor in 200 pL of dry dichloromethane
was added to reaction (repeated three times). After the last
portion of sugar portion was added, the reaction was stirred
in ice bath for 1h before being warmed up to room tem-
perature and quenched with Et;N. Next, the reaction was
filtered through a short pad of silica gel/Celite and con-
centrated under reduced pressure. The crude mixture was
quenched and azeotroped with MeOH multiple times and
then purified by flash column chromatography on silica gel
(EtOAc:Hexanes, 60:40 to 70:30 v/v) to obtain 24 (27.9 mg,
81% yield) as white foamy solid.

Mass spectrometry; HRMS m/z 887.3594 (M + Na, for
CsoHs6013).

Infrared spectroscopy; IR vyax(film) cm~! 3485, 2935,
1780, 1729, 1601, 1451.

Optical rotation; [a]2D5 4+ 9.3 (¢ 0.57, CHCly).

Nuclear magnetic resonance; 'H NMR (500 MHz,
CDCl;) & 8.12-8.06 (2H, m), 8.04-7.97 (2H, m),
7.87-7.78 (2H, m), 7.65-7.59 (1 H, m), 7.56-7.46 (3 H,
m), 7.46-7.36 (3 H, m), 7.27-7.24 (2H, m), 5.88 (1 H, s),
5.71 2H, dd, J=5.5, 2.4 Hz), 5.66-5.60 (1 H, m), 5.16 (1
H,d, J=19Hz), 498 (1H, dd, J=18.1, 1.8 Hz), 4.81 (1
H, dd, J=18.1, 1.7Hz), 440 (1H, d, J=11.4Hz),
4.30-4.19 (4H, m), 3.50 (1H, t, J=10.6 Hz), 2.78 (1 H,
dd, J=9.6, 5.4Hz), 2.60 (1H, td, /= 14.9, 3.8 Hz), 2.20
(1H, dd, J=15.4, 3.3Hz), 2.18-1.95 (§H, m), 1.88 (1 H,
dtd, /=143, 9.2, 54Hz), 1.79 (1H, s), 1.76-1.68 (3 H,
m), 1.64 3H, h, J=4.3Hz), 1.54 3H, tq, J=11.9, 3.3
Hz), 1.36 (3H, d), 1.35-1.31 (1 H, m), 1.28-1.15 (1 H, m),
0.87 (3H, s). *C NMR (125 MHz, CDCl;) & 174.6, 174.4,
165.9, 165.7, 165.5, 133.8, 133.6, 133.3, 130.0, 129.9,
129.8, 129.2, 129.1, 129.1, 128.8, 128.6, 128.4, 117.9,
97.8, 85.5, 774, 77.3, 76.9, 73.6, 71.3, 71.1, 70.0, 68.1,
64.9, 50.7, 49.5, 42.7, 40.5, 40.2, 39.2, 35.8, 34.6, 32.7,
29.8, 26.8, 25.5, 24.1, 21.3, 19.2, 17.8, 15.9.

General procedure for one-pot glycosylation of
strophanthidol (4a)

Strophanthidol 4a (16.3 mg, 0.040 mmol), MeB(OH), (2.6
mg, 1.1 equiv.) and 60 mg of powered 4 A molecular sieve
were stirred in 200 uL of dry dichloromethane at room
temperature. After 2h, 0.5 equiv. of trichloroacetimidate
donor 7 or 25a-d in 1.8 mL of dry dichloromethane was
added to the reaction, and the mixture was cooled in ice
bath. TfOH (1.1 uL, 0.3 equiv.) in 20 uL. of dry dichlor-
omethane was added to the reaction. At 1h interval, 0.5
equiv. of trichloroacetimidate donor in 200uL of dry
dichloromethane was added to reaction (repeated 3 times).
After the last portion of trichloroacetimidate donor was
added, the reaction was stirred in ice bath for 1h before
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being warmed up to room temperature. Next, the reaction
was diluted with 3 mL of MeOH and NHj; gas was bubbled
through the reaction for 30 min. After stirring at room
temperature for 18h, the reaction mixture was filtered
through a short pad of silica gel/Celite and concentrated
under reduced pressure. The crude mixture was purified by
flash column chromatography (on pipette column) on silica
gel (starting with MeOH:CH,Cl,, 5:95v/v+0.5% of
AcOH, followed by a gradient of MeOH:CH,Cl,, 10:90 to
20:80 v/v) to obtain glycoside 4b, 26a-d.

Glycoside 4b

Compound 4b was prepared according to general procedure
for one-pot glycosylation of strophanthidol (4a) in 73%
yield after flash column chromatography.

Mass spectrometry; HRMS m/z (M + Na, Cy9Hy4040)
575.2828.

Infrared spectroscopy; IR vy (film) cm ™! 3342, 2938,
1732, 1449, 1021.

Optical rotation. [a] —3.68 (¢ 1.0, CHCI5).

Nuclear magnetic resonance: 'H NMR (500 MHz,
CD;0D) 6 590 (1H, s), 5.03 (1H, dd, J=18.4, 1.8 Hz),
492 (1H, dd, J=18.4, 1.8 Hz), 4.85 (1 H, d, /= 1.8 Hz),
4.19-4.11 2H, m), 3.79 (1H, dd, J=34, 1.7Hz),
3.69-3.59 3H, m), 3.40 (1 H, t, J=9.5Hz), 2.86-2.83 (1
H, m), 2.26-2.09 (5 H, m), 2.03-1.94 (1 H, m), 1.94-1.85
(2H, m), 1.84-1.65 (6 H, m), 1.58-1.38 (9 H, m), 1.29 (1 H,
s) 1.26 3H, d, J=6.2Hz), 1.25-1.19 (1 H, m), 0.89 (3H,
s). 3C NMR (125 MHz, CD;0D) & 178.3, 177.2, 117.8,
100.9, 86.4, 77.4, 75.6, 75.3, 73.8, 72.5, 72.4, 70.7, 65.2,
51.9, 50.8, 44.1, 41.5, 41.1, 40.0, 36.2, 35.9, 33.0, 27.9,
26.4, 25.0, 22.8, 20.4, 18.0, 16.3.

Glycoside 26a

Glycoside 26a was prepared according to general procedure
for one-pot glycosylation of strophanthidol in 77% yield
after flash column chromatography.

Mass spectrometry; HRMS m/z (M + Na, Cy9Hy4010)
575.2828.

Infrared spectroscopy; IR v, (film) cm™! 3348, 2940,
1733, 1666, 1624, 1448, 1022.

Optical rotation; [a]f + 14.5 (¢ 1.0, CHCIy).

Nuclear magnetic resonance; 'H NMR (500 MHz,
CD;0D) 6 5.90 (1H, s), 5.03 (1H, dd, /=184, 1.8 Hz),
491 (1H, dd, J=18.4, 1.7Hz), 4.36-4.27 (1 H, m), 4.21
(1H, s), 418 (1H, d, J=11.4Hz), 3.69-3.62 (1 H, m),
360 (1H, d, /J=1.6Hz), 3.58 (1H, d, J=11.4Hz),
3.48-3.44 (2H, m), 2.85-2.82 (1 H, m), 2.34-2.22 (2H,
m), 2.21-2.08 (2 H, m), 2.03-1.82 (5H, m), 1.77-1.58 (6
H, m), 1.56-1.35 (7H, m), 1.26 (3H, d, J=6.4Hz),
1.24-1.18 (2H, m), 0.88 (3H, s). '°C NMR (125 MHz,

CD;0D) 6 178.3, 177.2, 117.9, 102.4, 86.4, 77.3, 75.6,
75.3, 75.2, 73.0, 72.3, 72.1, 65.4, 51.9, 50.8, 44.1, 41.4,
41.1, 40.0, 37.4, 36.5, 33.0, 27.9, 25.1, 24.1, 22.7, 20.1,
16.7, 16.3.

Glycoside 26b

Compound 26b was prepared according to general proce-
dure for one-pot glycosylation of strophanthidol in 72%
yield after flash column chromatography.

Mass spectrometry; HRMS m/z (M + Na, CyoHy4010)
575.2829.

Infrared spectroscopy; IR v, (film) cm™! 3354, 2940,
1733, 1666, 1624, 1449, 1024.

Optical rotation; [a]5 + 12.6 (¢ 1.0, CHCls).

Nuclear magnetic resonance; 'H NMR (500 MHz,
CD;0D) 6 5.90 (1H, s), 5.03 (1H, dd, J=18.4, 1.8 Hz),
491 (1H, dd, J=18.4, 1.7Hz), 4.36-4.28 (1 H, m), 4.20
(1H, d, J=11.3Hz), 417 (1H, s), 3.64 (1H, m),
3.61-3.54 (2H, m), 3.49-3.44 (2H, m), 2.85-2.81 (1 H,
m), 2.32 (1 H, td, J=14.5, 3.8 Hz), 2.22-2.09 (4 H, m),
2.03-1.81 (4H, m), 1.80-1.61 (6 H, m), 1.58-1.34 (7H,
m), 1.26 3H, d, J=6.5Hz), 1.24-1.16 (2 H, m), 0.88 (3 H,
s). 3C NMR (125 MHz, CD;0D) & 178.3, 177.2, 117.9,
102.6, 86.4, 77.3, 75.8, 75.3, 75.3, 73.1, 72.3, 72.1, 65.6,
51.9, 50.8, 43.8, 41.4, 41.1, 40.0, 36.8, 35.3, 33.1, 27.9,
26.5, 25.2, 22.6, 20.5, 16.8, 16.3.

Trichloroacetimidate donor 25c¢

D-Glucose (300 mg, 1.67 mmol) and DMAP (102 mg, 0.5
equiv.) were dissolved in dry pyridine and cooled on an ice
bath. 2-fluorobenzoyl chloride (1.4 mL, 7.0 equiv.) was
added to the reaction dropwise. After stirring at room
temperature overnight, the reaction was quenched with 2
mL of MeOH and stirred for 1h. Next, the reaction was
diluted with 50 mL of DCM and washed with 2 N HCI (two
times), sat. NaHCO; (two times), and brine solution. The
organic layer was dried over Na,SOj;, filtered and con-
centrated under reduced pressure. The crude mixture was
used in next step without further purification.

The crude from previous step was dissolved in 5 mL of
DCM and 33% HBr in AcOH was added to the reaction
dropwise. After stirring at room temperature for 5h, the
reaction was quenched slowly with sat NaHCO; (aq). Next,
the mixture was diluted with DCM, and washed with sat
NaHCO; (aq), followed by brine solution. The organic layer
was dried over Na,SO;, filtered and concentrated under
reduced pressure. The crude mixture was used in next step
without further purification.

The crude from previous step was dissolved in acetone/
H,O/DCM (10 mL: 1 mL: 2mL) before Ag,CO; (800 mg)
was added to the reaction. After stirring at room temperature
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for overnight, the reaction was filtered through Celite and
concentrated under reduced pressure. The crude mixture was
purified by flash column chromatography on silica gel
(EtOAc: hexanes, 30:70 to 40:60v/v) to obtain benzoate
protected hemiacetal, which (300 mg, 0.45 mmol) was dis-
solved in 3 mL of DCM (0.15 M) and cooled on an ice bath.
Trichloroacetonitrile (0.9 mL, 20 equiv.) was added to the
reaction, followed by DBU (34 pL, 0.5 equiv.). After stirring at
room temperature for 2 h, the reaction was concentrated under
reduced pressure. The crude mixture was purified by flash
column chromatography on silica gel (EtOAc:hexanes, 15:85
v/v) to obtain a-trichloroacetimidate donor 25¢ (250 mg, 68%
yield) as white foamy solid.

Mass spectrometry;
C36H24C1F4NOy ) 834.0301.

Infrared spectroscopy; IR v, (film) em™! 1729, 1677,
1612, 1584, 1489, 1456, 1290, 1243.

Optical rotation; [a]2D5 +66.5 (¢ 1.0, CHCl,).

Nuclear magnetic resonance; 'H NMR (700 MHz, CDCl;)
68.67(1H,s),796 (1H,t,J=75Hz), 789 (1 H,t,J=7.5
Hz), 783 (1H, t, J=74Hz), 7.77 (1H, t, J=7.5Hz),
7.54-7.48 3H, m), 744 (1H, q, J=7.1Hz), 7.21 (1H, t,
J=75Hz), 7.18-7.09 (4H, m), 7.08 (2H, t, J=9.5Hz),
7.02 (1H,t,J=9.5Hz), 6.24 (1H, t,J=9.9Hz), 5.80 (1 H,
t, J=9.9Hz), 5.60 (1H, dd, J=10.2, 3.7 Hz), 4.67-4.60 (2
H, m), 4.57 (1 H, dd, J = 12.7, 49 Hz). >*C NMR (176 MHz,
CDCly) 6 163.9, 163.9, 163.2, 163.2, 163.2, 163.1, 163.0,
163.0, 162.9, 162.9, 162.8, 162.8, 161.7, 161.5, 161.3, 161.3,
160.7, 135.4, 135.4, 135.2, 135.2, 134.9, 134.9, 134.9, 134.8,
132.4, 132.3, 132.1, 131.9, 124.3, 124.2, 124.2, 1242, 124.2,
124.1, 124.1, 124.1, 118.3, 118.2, 118.0, 118.0, 117.7, 117.7,
117.3, 117.2, 117.2, 117.1, 117.1, 117.1, 116.9, 93.1, 90.8,
70.8, 70.6, 70.4, 68.9, 62.7 (complex multiplet in & 164—117
due to C-F couplings).

HRMS m/z  (M+ Na,

Glycoside 26¢

Compound 26¢ was prepared according to general proce-
dure for one-pot glycosylation of strophanthidol in 75%
yield after flash column chromatography.

Mass sepctrometry; HRMS m/z (M + Na, Cy0Hy4011)
591.2791.

Infrared spectroscopy; IR v (film) cm™! 3341, 2941,
1734, 1668, 1450, 1019.

Optical rotation; [a]f + 10.1 (¢ 1.0, CHCIy).

Nuclear magnetic resonance; 'H NMR (500 MHz,
CD;0D) 6 5.90 (1 H, s), 5.03 (1H, dd, J=18.5, 1.8 Hz),
4.95-487 (1H,dd, J=18.5,1.7Hz), 440 (1H,d, J=7.9
Hz), 423 (1H,s),4.20 (1 H,d, J=11.4Hz), 3.86 (1 H, dd,
J=11.9, 1.7Hz), 3.69-3.63 (1 H, m), 3.58 (1H, d, J=
11.4Hz), 3.29-3.26 (2H, m), 3.18 (1H, dd, J=9.2, 7.9
Hz), 2.85-2.82 (1 H, m), 2.32 (1 H, td, J=14.5, 4.0Hz),
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2.22-2.09 (3H, m), 2.05-1.81 (4H, m), 1.81-1.59 (6 H,
m), 1.57-1.32 (7H, m), 1.32-1.20 (2H, m), 0.88 3 H, s).
13C NMR (125 MHz, CD;0D) & 178.3, 177.2, 117.9, 102.0,
86.4, 78.2, 78.2, 71.3, 75.7, 75.3, 75.1, 71.6, 65.6, 62.7,
51.9, 50.8, 43.8, 41.4, 41.0, 39.9, 36.9, 35.2, 33.1, 27.9,
26.5, 25.2, 22.6, 20.5, 16.3.

Trichloroacetimidate donor 25d

Compound 25d was prepared from D-mannose following
the same synthetic procedures as for 25¢. Mass Spectro-
metry; HRMS m/z (M + Na, C3cH,4CI3F,NO;) 834.0303.

Infrared spectrometry; IR vy, (film) cem™! 1725, 1678,
1612, 1585, 1488, 1456, 1289, 1243.

Optical rotation; [a]5 —34.3 (¢ 1.0, CHCI3).

Nuclear magnetic resonance; 'H NMR (700 MHz,
CDCl;) 6 8.87 (1 H,5),7.99 2H, q, /J=7.8Hz), 7.82 (2 H,
g, J=7.9Hz), 7.59-7.56 (1 H, m), 7.54-7.46 (2 H, m), 7.44
(1H, qd, J=7.0, 6.5, 2.8Hz), 7.19 (1H, t, J=7.6 Hz),
7.16-7.11 3H, m), 7.11-7.05 3H, m), 7.01 (1 H, dd, J=
10.6, 8.4Hz), 6.57 (1H, s), 6.21 (1H, t, J=9.7Hz),
5.97-5.95 (2H, m), 4.69-4.65 (1 H, m), 4.62-4.56 (2 H,
m). *C NMR (176 MHz, CDCl;) & 163.8, 163.8, 163.2,
163.2, 163.1, 163.1, 163.1, 163.0, 162.8, 161.7, 161.6,
161.6, 161.3, 159.9, 135.4, 135.3, 135.1, 135.1, 134.8,
134.7, 132.5, 132.5, 132.2, 132.1, 124.2, 124.2, 124.2,
124.1, 124.1, 124.0, 124.0, 118.4, 118.3, 117.9, 117.8,
117.7, 117.6, 117.6, 117.5, 117.3, 117.2, 117.2, 117.1,
117.1, 117.1, 117.0, 94.6, 90.7, 71.5, 70.1, 69.0, 66.4, 62.8
(complex multiplet in & 164—117 due to C-F couplings).

Glycoside 26d

Compound 26d was prepared according to general proce-
dure for one-pot glycosylation of strophanthidol in 69%
yield after flash column chromatography.

Mass spectrometry; HRMS m/z (M + Na, Cy9Hy4O11)
591.2780.

Infrared spectroscopy; IR vy (film) cm™! 3358, 2939,
1733, 1667, 1617, 1452, 1027.

Optical rotation; [a5 +46.9 (¢ 0.98, CHCly).

Nuclear magnetic resonance; '"H NMR (500 MHz,
CD;0D) 6 5.88 (1H, s), 5.01 (1H, dd, J=18.5, 1.8 Hz),
4.94-486 (2H, m), 424 (1H, s), 414 (1H, d, J=114
Hz), 3.86-3.78 (2 H, m), 3.72-3.55 (5 H, m), 2.82-2.80 (1
H, m, J=9.0Hz), 234 (1H, dd, /=153, 3.5Hz),
2.22-2.02 (3H, m), 2.00-1.79 (5H, m), 1.77-1.59 (5H,
m), 1.57-1.34 (8H, m), 1.31-1.15 (2H, m), 0.87
(3H, s). *C NMR (125 MHz, CD;0D) & 178.3, 177.2,
117.9, 98.5, 86.4, 77.5, 75.4, 75.3, 72.8, 72.7, 72.4, 68.6,
65.2, 63.0, 51.9, 50.8, 44.3, 41.5, 41.0, 40.0, 37.7, 36.1,
33.0, 27.9, 25.0, 23.0, 22.8, 20.0, 16.3.
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