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New total synthesis and structure confirmation of
putative (+)-hyacinthacine C3 and (+)-5-epi-
hyacinthacine C3zt

Livia Diko$ova,? Barbora Oto¢kova,? Tomas Malatinsky,? Jana Dohanosova,®
Maria Kopacova,© Anna Durinova,? Lucie Smutna,® Frantisek Trejtnar*®
and Rébert Fischer (2)*2

A unique synthesis of polyhydroxylated pyrrolizidine alkaloids, namely (+)-hyacinthacine Cs and (+)-5-epi-
hyacinthacine Cs is presented. The strategy relies on a 1,3-dipolar cycloaddition of an L-mannose derived
nitrone, which owing to its great syn-stereoselectivity builds up the majority of the required
stereocenters. The following key steps include Wittig olefination and iodine-mediated aminocyclisation,
that provide two epimeric pyrrolizidines with the appropriate configuration. As a result, structure and
steric arrangement of the first synthetically prepared (+)-hyacinthacine Cs are proved to be correct,
clearly confirming the inconsistency with the stereochemistry assigned to the natural sample. With
respect to the previously proven glycosidase inhibitory activities, the antiproliferative effect of
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Introduction

Polyhydroxylated pyrrolizidine alkaloids are frequent candidates
for the investigation of their potential antiviral properties and
other medicinal applications such as treatment of diabetes,
obesity, cancer, viral and bacterial infections." They exhibit
powerful glycosidase inhibitory activities due to their structural
similarity with the furanose ring found in the monosaccharides.?

Hyacinthacines are naturally occurring polyhydroxylated
pyrrolizidine alkaloids which have been isolated from plants of
the Hyacinthaceae family. So far, more than 20 compounds
belonging to this group have been isolated and described.
Among them, hyacinthacines C, (1) and C; (2a) were isolated
together with other hyacinthacines from the bulbs of Scilla
socialis (Fig. 1).* The glycosidase inhibitory studies revealed that
hyacinthacine C, exhibited a moderate inhibition of the human
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(+)-hyacinthacine Cs and (+)-5-epi-hyacinthacine Cs was evaluated using several cell line models.

placenta a-i-fucosidase (ICs, = 17 uM). Hyacinthacine C; was
found to be a weak inhibitor of bovine liver B-galactosidase (ICs
= 52 uM). Both alkaloids inhibited C. saccharolyticum B-gluco-
sidase with ICs, values of 13 and 25 puM, respectively.

Hyacinthacines C, and Cj, along with their unnatural 5-
epimers, have been prepared synthetically only once.* However,
only the structure of 1 was identical with the natural sample
indicating that the primarily assigned relative configuration of
2a could require a correction.

Due to the lack of absolute configuration information ob-
tained from the X-ray structural analysis of hyacinthacines,
there are currently many inaccuracies in their structures and
configuration. In most cases, their structure and relative
configuration have been determined only by 2D NMR

HO H on

HO H oH

(+)-hyacinthacine C, (1) (+)-hyacinthacine Cj (2a)

HO OH HO

HO-

HO H
(+)-hyacinthacine B, (3)

HO H OH
(+)-5-epi-hyacinthacine C3 (2b)

Fig. 1 Examples of polyhydroxylated 3,5-bis(hydroxymethyl)pyrroli-
zidine alkaloids.
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experiments, based on the J(HH) coupling constants and the
observed NOEs. For this reason, efforts toward the total
syntheses of this group of alkaloids, to confirm or refute their
relative and absolute configuration, are still attractive.®

Our previous success with the synthesis of the unnatural
enantiomer of (+)-hyacinthacine B, (3), belonging to the class of
structurally  intriguing  3,5-bis(hydroxymethyl)pyrrolizidine
alkaloids (Fig. 1),° inspired us to prepare the (+)-hyacinthacine
C; (2a) and its C-5 epimer 2b. Comparison of our results to the
already reported data would bring definite clarity into the
discussion about their structure, which would also create basis
for their expected biological properties. Since it is well known
that these compounds exhibit inherent glycosidase inhibitory
activities,® our aim was to evaluate the antiproliferative effects
of the synthesized alkaloids. To the best of our knowledge, this
would be for the first time when such polyhydroxylated pyrro-
lizidines would be tested against human cancer cell lines.

The essence of the new synthetic route is contained in three
fundamental steps (Scheme 1), including highly syn-stereoselective
1,3-dipolar cycloaddition of r-mannose derived cyclic nitrone 7
which provides (3,3a-trans,3a,4-cis)-isoxazolidine exo-syn-6 ensuring
the 1,7a-cis, as well as 7,7a-trans configuration in the desired pyr-
rolizidine. The conversion of the dioxolane sidechain into a pro-
tected hydroxymethyl substituent (acidic hydrolysis, oxidative
cleavage, reduction, silylation) and acidic hydrolysis of the carbonate
is followed by a very straightforward extension of the isoxazolidine
diol 5 backbone by Wittig olefination. The introduced alkene moiety
in pyrrolidine derivative 4 is a vital part of the structure, as it serves
in the iodine-mediated aminocyclisation reaction, that offers two C-
5-epimeric 6-iodo-pyrrolizidine structures. Their dehalogenation
and final deprotection generates (+)-hyacinthacine C; (2a) and (+)-5-
epi-hyacinthacine C; (2b).

Results and discussion
Synthesis of isoxazolidine diol

The essential building block of the presented synthesis, L-
mannose-derived nitrone 7, was prepared by a slightly modified

H OoH
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procedure described in the literature in total yield of 54% in six
steps.”® Its highly syn-stereoslective 1,3-dipolar cycloaddition
with vinylene carbonate resulted in a formation of cycloadduct
exo-syn-6 as a major isomer (exo-syn-6 : exo-anti-6, 90 : 10 ratio
based on "H NMR spectrum of the crude product) in 67% yield
(ESIT).® Prior to carbonate hydrolysis, we have decided to
convert the acetonide side chain of 6 into a protected hydrox-
ymethyl substituent (Scheme 2). The vicinal diol 8 was obtained
in a 91% yield by a selective acid-catalysed alcoholysis with p-
TSA-H,O in ethanol. The oxidative cleavage of the diol with
sodium periodate followed by reduction of the obtained alde-
hyde with sodium borohydride led to formation of alcohol 9 in
80% over two steps.'® The reaction of 9 with TBDPSCI afforded
the protected alcohol 10 in 92% yield. The desired isoxazolidine
diol 5 was provided by a base-catalysed hydrolysis with Et;N in
aqueous methanol as a mixture of two undefined anomers in an
anomeric ratio 90 : 10.

Synthesis of the pyrrolidine intermediate via Wittig
olefination

With the starting diol 5 in hand, we were ready to examine the
possibility of application of the Wittig olefination in the
synthesis of pyrrolizidines." Accordingly, the isoxazolidine diol
5 was left to react with commercially available stable phos-
phorous ylide 11 at room temperature in dichloromethane for
48 h (Scheme 3) leading to the formation of a,B-unsaturated
ester 12 in very good 89% isolated yield as almost exclusively (E)-
isomer with large coupling constant Joy—cy = 15.5 Hz (E/Z,
95 : 5). The structure of the minor (Z)-isomer was predicted to
be formed based on another double bond signals detected in 'H
NMR spectrum of the crude reaction mixture, however, the
compound was never isolated in a pure form due to its low
stability. It is noteworthy that no spontaneous intramolecular
oxa-Michael addition of hydroxylamine nucleophile in 12
occurred, that would eventually lead to formation of new bicy-
clic isoxazolidine. Subsequently, ester 12 was reduced with
DIBAL-H in anhydrous CH,Cl, at —20 °C to afford alkenol 13 in

OH

OH

exo-syn-6

Scheme 1 Retrosynthesis of (+)-hyacinthacine Cs (2a) and (+)-5-epi-hyacinthacine Cs (2b) starting from L-mannose derived nitrone 7.
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Scheme 2 Synthesis of isoxazolidine diol 5.
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Scheme 3 Synthesis of pyrrolidine intermediate 4 via Wittig olefination of 5 with stable phosphorous ylide 11.

78% yield (Scheme 3). Up to four equivalents of DIBAL-H were
necessary for the complete consumption of the starting mate-
rial. THF was also examined as a possible solvent, however, this
reaction was not brought to completion even with additional
amount of DIBAL-H. Finally, the reductive cleavage of the N-O
bond of the hydroxylamine group in 13 was carried out with zinc
powder in aqueous acetic acid.** The reaction proceeded
smoothly at room temperature, affording desired pyrrolidine 4
in an excellent 81% yield already after 30 minutes.

OH
H H 2
N Pz OH K,CO3
TBDPSOW\/ - .
s AcOEt
3 o 20°C,1h
>< . (14/15, 55:45)

Scheme 4

© 2021 The Author(s). Published by the Royal Society of Chemistry

Synthesis of (+)-hyacinthacine C; and its C-5 epimer

In order to prepare the desired pyrrolizidines, we were ready to
examine the proposed iodine-mediated amino cyclisation
reaction of 4. Its treatment with iodine in ethyl acetate in the
presence of potassium carbonate at —20 °C afforded the 5-endo-
trig cyclisation products as a mixture of two diastereomers 14
and 15 in a 55 : 45 ratio (Scheme 4), as determined by 'H NMR
of the crude reaction mixture. To avoid problems associated
with chromatographic separation of each individual isomer,

OH

N OH
TBDPSO y

0] (0]

>< 16 (30%)

InCl3
DIBAL-H
+ _— +
THF
0°C,24h OH

55% combined yield
over two steps

OH
TBDPSO H

o_ o
>< 17 (25%)

Intramolecular iodoamination of pyrrolidine 4 followed by InCls mediated reductive dehalogenation.
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that has emerged during this process, the isomers were isolated
as product mixture and used directly in the next reaction. To
determine the stereochemistry of the iodo-pyrrolizidines,
a sample of the mixture was subjected to repeated preparative
thin-layer chromatography to obtain both isomers in pure form.
Their respective structures as well as the relative configurations
were determined based on "H and *C NMR spectra, including
COSY, HSQC and 1D NOESY experiments (ESIf). The NOE
interactions between H-6 and H-7 protons in 14 were consid-
erably stronger (2.9%) compared to the same interactions in 15
(0.4%). Very similar weak interactions were observed for H-5
and H-6 protons in both diastereomers 14 (0.3%) and 15
(0.3%). This corresponded with their expected trans orientation
that arises from the mechanism of the intramolecular iodoa-
mination. For the minor 5,6-trans-6,7-trans isomer 15, several
other interactions were detected, especially between H-3 and H-
5 protons (2.4%), H-6 and H-7a protons (1.1%) and between H-5
and H-7 (1.0%). Next, the dehalogenation of pyrrolizidines 14
and 15 was achieved under conditions adapted from literature
for related pyrrolidine derivatives,* where InCl; together with
a suitable hydride acts as a reducing agent. In our case, the use
of InCl; (2 equiv.) and DIBAL-H (10 equiv.) in THF at 0 °C
resulted in formation of the desired C-6 unsubstituted products
16 and 17 in 30 and 25% yields, respectively, after two steps
(Scheme 4). Strictly anhydrous conditions in an argon atmo-
sphere were required to avoid the formation of C-6 hydroxylated
by-products. It is worth noting that the typical radical dehalo-
genation with Bu;Sn catalysed by AIBN failed.

Pyrrolizidines 16 and 17 were next used individually in the
fluoride-mediated desilylation (Scheme 5). The reaction was
carried out with CsF (5 equiv.) in MeOH at 50 °C, and the desi-
lylated products 18 and 19 were obtained in very good 85 and
95% yields, respectively. The primary screening of deprotection
agents has shown, that the most common reagent TBAF is not
suitable for this transformation, as it contains trace amounts of
Bu;N that contaminated the final product irretrievably.® Even-
tually, hydrolysis of the acetonide protecting group with acidic
ion exchange resin Dowex 50WX-8 in MeOH was carried out.'®
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After washing the resin with aqueous ammonia, target (+)-hya-
cinthacine C; (2a) and (+)-5-epi-hyacinthacine C; (2b) were ob-
tained in almost quantitative 94 and 95% isolated yields,
respectively. Their structures were assigned based on 'H, *C
NMR, COSY and HSQC spectra, as well as extensive 1D NOESY
experiments (ESIT). For 2a, strong NOE interactions between H-2
and H-1, H-1 and H-7a, H-7 and H-6b, H-6a and H-5 were
observed. No interaction between the H-5 and H-3 protons was
detected, which supports its 3,5-trans configuration.

On the other hand, strong 4.2% interaction was identified
between H-5 and H-3 in case of 2b, thus proving the cis orien-
tation of the two hydroxymethyl substituents. The obtained "H
and ">C NMR spectra were compared to the previously gathered
data for synthetic (+)-hyacinthacine C; and its C-5 epimer by
Yoda et al., 2009,* as well as with the spectroscopic data of the
natural sample (Kato et al., 2007).> While our data were in good
agreement with those described by Yoda for both of the
compounds (with a little exception for the H-3, H-5 and H-7a
protons, whose chemical shift may be affected by a different
chemical environment during the process of isolating and
purifying),"” they were evidently inconsistent (in particular, *J;;_
1 coupling constants and **C chemical shifts) with the charac-
teristics of the natural sample of the compound isolated and
identified as (+)-hyacinthacine C; by Kato et al. (ESI, Tables S1
and S21). To our delight, the optical rotation value for 2a
{[«]&? = +9.3 (c 0.3, H,O)} closely resembled the value of the
optical rotation for the (+)-hyacinthacine C; {[a]} = +8.8 (¢ 0.3,
H,O0)}, previously prepared by Yoda et al.* Similarly, the value of
optical rotation for the 5-epi-isomer 2b {[a] = +13.8 (c 0.3,
H,0)} was in agreement with the published data for (+)-5-epi-
hyacinthacine C; (+)-hyacinthacine C; {[«]ff = +14.8 (c 0.3,
H,0)}. The above-mentioned evidence supports the argument,
that the original structure proposed for (+)-hyacinthacine C3,
isolated from natural source, is incorrect.

Evaluation of antiproliferative effect on human cancer cells

Previously published experimental data showed significant
inhibitory effect of hyacinthacines towards many types of

OH OH OH
/
Dowex 50WX-8 H*
MeOH, r.t., 1.5h
TBDP. HO
SO MeOH then H
50°C, 48 h 13% NH; (aq.) i
5% r HO OH
16 18 94% (+)-hyacinthacine C3 (2a)
OH
Dowex 50WX-8 H*
MeOH, rt., 2 h N oH
TBDPSO HO H
MeOH then —
50°C,9%h 13% NH; (aq.) wé BH

94%

><17

r.t

19 95% (+)-5-epi-hyacinthacine C3 (2b)

Scheme 5 Synthesis of (+)-hyacinthacine Cs (2a) and (+)-5-epi-hyacinthacine Cs (2b).
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glycosidases.?” Since glycosidase inhibitors were established as
possible treatments for tumor metastasis,”” the prepared
synthetic hyacinthacine C3 (2a) and its C-5 epimer 2b were
evaluated for its potential antiproliferative effect. The effect was
examined on three different cancer cell lines U87-MG, HepG2
and JEG-3 as well as immortalized proximal tubular cells HK2.
IC5, values of all tested compounds exceeded maximal value of
the tested concentration range 1-1000 uM (ESI, Table S37). We
did not confirm any significant antiproliferative activity in the
tested concentrations. The finding may suggest that the proved
antiglycosidase potency of the tested hyacithacines is not so
strong to be manifested in very vital cancer cells. Moreover,
their low antiproliferative activity may be associated with the
high level of hydrophility of the polyhydroxylated pyrrolizidines.
It is known that derivatization of similar hydroxylated pyrroli-
dines with lipophilic groups enhances their ability to penetrate
cell membranes, and thus increase their efficiency in human
tumor cell inhibition.” The lack of a lipophilic unit in the
structure of the reviewed compounds may explain the obtained
limited results. This fact implies that synthetized substances
are not suitable for development of potential cytostatics. Due to
antiglycosidase activity, hyacinthacines may exert a potency
against viral infection and various lysosomal storage dis-
orders.*® Therefore, the found low cytotoxicity can be a positive
impulse for considerations of further studies on utilization of
these potential effects.

Conclusions

In summary, we have designed a new synthetic pathway towards
structurally interesting polyhydroxylated pyrrolizidine alkaloids
bearing two hydroxymethyl substituents at C-3 and C-5 and
a hydroxy substituent at C-7 position. (+)-Hyacinthacine C; and
(+)-5-epi-hyacinthacine C; were prepared from cyclic --mannose
derived nitrone, which underwent a highly stereoselective 1,3-
dipolar cycloaddition, building up majority of the desired
stereocenters. The following key steps included Wittig olefina-
tion that provided a necessary alkene basis for iodocyclisation,
that afforded two pyrrolizidine isomers, that were eventually
transformed into the desired compounds. (+)-Hyacinthacine C3
and (+)-5-epi-hyacinthacine C; were prepared in 13 steps start-
ing from the sugar derived nitrone in 6% and 5% yield,
respectively. This total synthesis supports previously syntheti-
cally acquired data for these compounds, while disproving the
structural proposal for the naturally occurring sample.
Although the hyacinthacine C-type alkaloids exhibit inherent
glycosidase inhibitory activities, synthetic hyacinthacine C; and
its C-5 epimer showed no antiproliferative activity against
selected human cancer cell lines in vitro. On the other hand, the
insignificant cytotoxicity forms a good base for employment of
other biological effects of the tested compounds.

Experimental section
General methods

Melting points were measured with a Melting Point B-540
apparatus (Biichi). Flash column chromatography (FCC) was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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carried out with a Biichi system (Pump Manager C-615 and
Fraction Collector C-660) using Normasil 60 silica gel (0.040-
0.063 mm; VWR). Thin Layer Chromatography (TLC) analysis
was carried out using TLC silica gel 60 F,5, (aluminium sheets,
Merck), and plates were visualized with UV light or by treatment
with permanganate solution followed by heating. Optical rota-
tions were measured with a JASCO P-2000 digital polarimeter
with a Na-D lamp (10 cm cell length). Concentrations (c) are
given in gram per 100 mL. Infrared (IR) spectra were recorded as
neat samples with a Nicolet 5700 FTIR spectrometer with an
ATR Smart Orbit Diamond adapter (Thermo Electron Corpora-
tion). NMR spectra were recorded with a Varian INOVA-300
spectrometer (*H, 299.95 MHz, and 'C, 75.42 MHz) and a Var-
ian VNMRS-600 instrument (‘H, 599.75 MHz, and “°C, 150.81
MHz) in CDCl; (using tetramethylsilane as the internal stan-
dard), in CD;0D (residual [Dz]Jmethanol, é;; = 3.31, 4.87 ppm,
dc = 49.00 ppm), and in D,O (using TSP-d, as the internal
standard, dyc = 0.00 ppm). Data are presented as follows:
chemical shift, multiplicity, coupling constants and integration.
'H and "*C signals were assigned by 2D experiments (COSY and
HSQC). HRMS analysis was carried out with an Orbitrap Velos
Pro spectrometer (Thermo Fisher Scientific). Dichloromethane
was distilled in the presence of calcium hydride. Tetrahydro-
furan was distilled in the presence of sodium. Anhydrous ethyl
acetate  (Sigma-Aldrich), N,N-dimethylformamide (Acros
Organics) and acetic acid (Acros Organics) were used as
received. Simple distillation was used to purify other solvents
prior to use if not stated otherwise. Phosphorus ylide 11 was
commercially available. The pyrrolizidine ring protons in
compounds 14-19 have been designated as follows: H-1, H-2, H-
3, H-5, H-6, H-7, and H-7a, regardless of their naming.

(2R,38,3a8,4S,5R,6R)-6-[(R)-1,2-Dihydroxyethyl]-4,5-iso-
propylidenedioxyhexahydropyrrolo[1,2-blisoxazol-2,3-diyl
carbonate (8). Isoxazolidine exo-syn-6 (2.83 g, 8.24 mmol, 1
equiv.) was dissolved in ethanol (165 mL) and p-TSA-H,O
(470 mg, 2.47 mmol, 0.3 equiv.) was added. The reaction
mixture was stirred at 60 °C for 6 h. After TLC (EtOAc) showed
complete disappearance of the starting material, the solvent
was removed under reduced pressure. The residue was purified
by FCC (hexanes/EtOAc 1 : 9) to give diol 8 (2.27 g, 7.49 mmol,
91%) as a white solid.

R¢ = 0.26 (EtOAc), mp = 153-155 °C, [a]F = +139.9 (¢ 1.02,
MeOH). IR (ATR) vmax: 3477; 2937; 1789; 1377; 1190; 1043; 982;
864; 770; 722; 516 cm™'. "H NMR (600 MHz, CD;0D) ¢ (ppm)
1.29 (s, 3H, CH,), 1.40 (s, 3H, CH3), 3.56 (dd, J = 6.2, 11.0 Hz,
1H, H-2',), 3.69 (dd,J = 6.3, 11.0 Hz, 1H, H-2',), 3.77 (td, ] = 3.0,
6.2 Hz, 1H, H-1"), 3.99 (d, = 2.9 Hz, 1H, H-6), 4.05 (d,J = 5.3 Hz,
1H, H-3a), 4.89 (pseudo t, J = 5.6, 6.0 Hz, 1H, H-4), 4.98 (d, ] =
6.3 Hz, 1H, H-5), 5.67 (d, J = 5.2 Hz, 1H, H-3), 6.13 (d, ] = 5.2 Hz,
1H, H-2). >C NMR (150 MHz, CD;0D) 6 (ppm) 23.9 (CH3;), 26.5
(CH3;), 64.5 (C-5'), 73.4 (C-4'), 74.1 (C-6), 75.8 (C-3a), 83.2 (C-4),
87.0 (C-3), 88.6 (C-5), 103.0 (C-2), 114.0 [C(CH),], 155.6 (C=
0). HRMS (ESI) m/z: for C;,H;;NNaOg [M + Na]’, caled:
326.0847; found: 326.0848.

(2R,35,3a8,48,5R,6R)-6-(Hydroxymethyl)-4,5-iso-
propylidenedioxyhexahydropyrrolo[1,2-bJisoxazol-2,3-diyl
carbonate (9). Diol 8 (2.20 g, 7.25 mmol, 1 equiv.) was dissolved
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in aqueous MeOH (MeOH/H,0 9 : 1, 145 mL) and the mixture
was cooled down to 0 °C in an ice/water bath. Afterwards, NalO,
powder (2.33 g, 10.88 mmol, 1.5 equiv.) was slowly added and
the reaction mixture was gradually warmed up to room
temperature and stirred for 12 h. When TLC (CH,Cl,/MeOH
9: 1) showed that the reaction was complete, the mixture was
cooled down to 0 °C again and solid NaBH, (550 mg, 14.5 mmol,
2 equiv.) was added. The reaction was stirred at room temper-
ature for 2 h, until TLC (CH,Cl,/MeOH 9 : 1) showed complete
disappearance of the aldehyde. After this time, the suspension
was diluted with saturated aqueous solution of NH,CI (20 mL),
and methanol was partially removed under reduced pressure.
The residue was diluted saturated aqueous solution of NaCl
(100 mL) and extracted with EtOAc (4x 60 mL). The combined
organic layers were dried over MgSO,, filtered, and concen-
trated under reduced pressure. The residue was purified by FCC
(CH,Cl,/MeOH 85 : 15) to give alcohol 9 (1.58 g, 5.78 mmol,
80% over two steps) as a white solid.

R¢ = 0.46 (EtOAc), mp = 209-211 °C, [¢]F = —79.6 (¢ 0.97,
MeOH). IR (ATR) vmax: 3272; 3002; 2928; 1823; 1383; 1208; 1157;
1063; 995; 850; 768; 519 cm . "H NMR (600 MHz, CD;0D)
6 (ppm) 1.29 (s, 3H, CH;), 1.40 (s, 3H, CH;), 3.62 (dd, J = 4.2,
11.3 Hz, 1H, CH, OH), 3.67 (dd, J = 4.5, 11.3 Hz, 1H, CH, OH),
3.86 (t, ] = 4.3 Hz, 1H, H-6), 4.05 (d, J = 5.2 Hz, 1H, H-3a), 4.89
(pseudo t, ] = 5.5, 6.0 Hz, 1H, H-4), 4,94 (d,J = 6.3 Hz, 1H, H-5),
5.68 (d, J = 5.2 Hz, 1H, H-3), 6.15 (d, J = 5.2 Hz, 1H, H-2). **C
NMR (150 MHz, CD;0D) 6 (ppm) 23.9 (CH3), 26.4 (CH3), 62.5 (C-
4'), 74.5 (C-6), 75.2 (C-3a), 83.3 (C-4), 86.8 (C-3), 87.1 (C-5), 103.1
(C-2), 114.1 [C(CH3),], 155.5 (C=O0). HRMS (ESI) m/z: for
C,1H15sNNaO; [M + Na]', caled: 296.0741; found: 296.0740.

(2R,3S,3a5,4S,5R,6R)-6-[(terc-Butyldiphenylsilyl)oxymethyl]-
4,5-isopropylidenedioxyhexahydropyrrolo[1,2-bJisoxazol-2,3-
diyl carbonate (10). To a stirred solution of isoxazolidine 9
(1.52 g, 5.56 mmol, 1 equiv.) in DMF (55 mL) was at 0 °C added
imidazole (1.29 g, 18.95 mmol, 3.4 equiv.) and tert-butyldiphe-
nylsilyl chloride (2.42 mL, 9.44 mmol, 1.7 equiv.). The resulting
mixture was stirred at room temperature for 18 h. After TLC
(hexanes/EtOAc 2 : 3) showed complete disappearance of the
starting material, water (50 mL) was added, and the mixture was
extracted with CH,Cl, (3 x 50 mL). The combined organic layers
were dried over MgSO,, filtered, and concentrated under
reduced pressure. The residue was purified by FCC (hexanes/
EtOAc 80 :20) to give isoxazolidine 10 (2.63 g, 5.14 mmol,
92%) as a white solid.

R¢ = 0.25 (n-hexane/EtOAc 3 : 1), mp = 145-148 °C, [a]F =
—44.2 (c 1.035, CHCI3). IR (ATR) ¥pay: 2931; 2860; 1812; 1373;
1107; 1062; 990; 742; 701; 615; 503 cm ™. "H NMR (600 MHz,
CDCl;) 6 (ppm) 1.04 (s, 9H, Sit-Bu), 1.29 (s, 3H, CH3), 1.42 (s, 3H,
CH,), 3.77 (dd, J = 3.4, 10.7 Hz, 1H, CH,0Si), 3.90 (dd, J = 2.5,
10.7 Hz, 1H, CH,OSi), 3.94 (t, ] = 2.8 Hz, 1H, H-6), 4.15 (d, ] =
5.3 Hz, 1H, H-3a), 4.88 (pseudo t, J = 5.6, 5.9 Hz, 1H, H-4), 4.98
(d,J = 6.2 Hz, 1H, H-5), 5.60 (d, J = 5.2 Hz, 1H, H-3), 6.02 (d, ] =
5.2 Hz, 1H, H-2), 7.39-7.47 (m, 6H, H-Ph), 7.59-7.63 (m, 4H, H-
Ph). *C NMR (150 MHz, CDCl;) 6 (ppm) 19.2 [SiC(CH3);], 23.8
(CH3), 26.3 (CHS3), 27.1 [SiC(CH,);], 64.5 (C-4'), 73.0 (C-6), 74.5
(C-3a), 82.3 (C-4). 85.2 (C-3), 86.2 (C-5), 101.1 (C-2), 113.3
[C(CH,),], 128.1 (CH, Ph), 128.2 (CH, Ph), 130.2 (CH, Ph), 130.3
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(CH, Ph), 132.1 (C, Ph), 132.3 (C, Ph), 135.5 (CH, Ph), 135.7 (CH,
Ph), 153.3 (C=0). HRMS (ESI) m/z: for C,,H33NNaO-Si [M + H]',
caled: 534.1919; found: 534.1919).

(35,3aR,4S,5R,6R)-6-{(terc-Butyldiphenylsilyl)oxymethyl]-4,5-
isopropylidenedioxyhexahydropyrrolo[1,2-b]isoxazol-2,3-diol
(5). Isoxazolidine 10 (2.53 g, 4.94 mmol, 1 equiv.) was dissolved
in aqueous methanol (MeOH/H,O 2 : 1, 50 mL), Et;N (6.9 mL,
49.5 mmol, 10 equiv.) was added at room temperature and the
mixture was stirred for 24 h at 50 °C. The progress of the reac-
tion was monitored by TLC (EtOAc). After the starting material
was not detected in the reaction mixture anymore, MeOH was
partially evaporated under reduced pressure. The residue was
combined with saturated aqueous solution of NaCl (100 mL),
and the mixture was extracted with CH,Cl, (3x 100 mL). The
combined organic layers were dried over MgSO,, filtered, and
concentrated under reduced pressure. The residue was purified
by FCC (hexanes/EtOAc 2 : 3) to give an anomeric mixture of
isoxazolidine diol 5 (2.23 g, 4.59 mmol, 93%, anomeric ratio =
90 : 10) as a white solid foam.

R¢ = 0.50 (n-hexane/EtOAc 1 : 4). IR (ATR) vpax: 3406; 2931;
2856; 1427; 1372; 1104; 9933; 822; 740; 700; 501 cm ™~ *. NMR data
selected from the anomeric mixture after purification: "H NMR
(600 MHz, CDCl;, major anomer) ¢ (ppm) 1.05 (s, 9H, Sit-Bu),
1.28 (s, 3H, CH3;), 1.42 (s, 3H, CH;), 3.41 (bs, 1H, C3-OH ), 3.74-
3.77 (m, 2H, CH,OSi, H-6), 3.80-3.83 (m, 2H, CH,OSi, H-3a),
4.55 (bs, 1H, C2-OH ), 4.82 (pseudo t, J = 5.7, 6.2 Hz, 1H, H-4),
4.86 (d, J = 6.4 Hz, 1H, H-5), 4.88 (d, J = 5.3 Hz, 1H, H-3),
5.36 (d, J = 5.3 Hz, 1H, H-2), 7.37-7.45 (m, 6H, H-Ph), 7.61-
7.64 (m, 4H, H-Ph). *C NMR (150 MHz, CDCl;, major anomer)
6 (ppm) 19.3 [SiC(CHj);], 24.1 (CHj;), 26.4 (CHj), 27.1
[SiC(CH3);], 64.6 (C-4'), 72.4 (C-6), 76.6 (C-3), 77.4 (C-3a), 82.4 (C-
5), 85.5 (C-4), 95.6 (C-2), 112.8 [C(CHj3),], 127.9 (CH, Ph), 128.0
(CH, Ph), 130.1 (CH, Ph), 130.2 (CH, Ph), 132.6 (C, Ph), 132.8 (C,
Ph), 135.8 (2x CH, Ph). HRMS (ESI + APCI) m/z: for C,sH3,NOgSi
[M + H]', calcd: 486.2307; found: 486.2.

(R,E)-Ethyl 4-{(2R,35,4R,5R)-5-[(tert-butyldiphenylsilyl)
oxymethyl]-1-hydroxy-3,4-isopropylidenedioxypyrrolidin-2-yl}-4-
hydroxybut-2-enoate (12). Isoxazolidine 5 (1.46 g, 3.0 mmol, 1
equiv.) were dissolved in dichloromethane (30 mL), phosphorus
ylide 11 was added (2.09 g, 6.0 mmol; 2 equiv.) and the solution
was stirred at room temperature for 48 h. After TLC showed
complete disappearance of the starting material (hexanes/
EtOAc 1 : 1) the solvent was removed under reduced pressure.
The residue was purified by FCC (hexanes/EtOAc 3 : 1) to give
ester 12 (1.48 g, 2.66 mmol, 89%) as a white solid foam.

Ry = 0.25 (n-hexane/EtOAc 3 :2), mp = 51-54 °C, [a]p =
—20.4 (¢ 1.01, CHCI,). TR (ATR) rpax 3408; 2933; 1819; 17165
1372; 1160; 1055; 973; 822; 701; 613; 503 cm™ . "H NMR (600
MHz, CDCl;) 6 (ppm) *H NMR (600 MHz, CDCl,): 1.04 (s, 9H, Sit-
Bu), 1.25 (s, 3H, CH3), 1.30 (t, ] = 7.2 Hz, 1H, CH,CHj ), 1.41 (s,
3H, CHj,), 3.48-3.51 (m, 1H, H-5'), 3.60-3.64 (m, 1H, H-2'), 3.68
(dd, J = 3.0, 11.0 Hz, 1H, CH,0Si), 3.84-3.97 (m, 1H, C4-OH),
4.17-4.25 (m, 2H, CH, CH3), 4.32 (dd, J = 3.0, 11.0 Hz, 1H,
CH,08i), 4.67-4.70 (m, 2H, H-3', H-4'), 4.79 (bs, 1H, H-4), 6.20
(dd,J = 2.0, 15.5 Hz, 1H, H-3), 7.10 (dd, J = 4.4, 15.5 Hz, 1H, H-
2), 7.37-7.45 (m, 6H, H-Ph), 7.62-7.69 (m, 4H, H-Ph). >C NMR
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(150 MHz, CDCI;) 6 (ppm) 14.4 (CH3 CH2>, 19.2 [SiC(CH,);],
, 60.5

23.9 (CHj), 25.8 (CHj), 27.0 [SiC(CHj);], 60.2 (C-6),

(CH30H2 ), 69.0 (C-5), 69.8 (C-2), 70.1 (C-4'), 78.4 (C-3), 79.4 (C-

4), 111.3 [C(CH,),], 121.7 (C-3'), 127.9 (CH, Ph), 128.0 (CH, Ph),
130.0 (2x CH, Ph), 132.8 (C, Ph), 133.0 (C, Ph), 135.7 (CH, Ph),
135.8 (CH, Ph), 148.3 (C-2'), 166.6 (C=0). HRMS (ESI) m/z: for
C30H4,NO,Si [M + HJ', caled: 556.2726; found: 556.2728.

(R,E)-1-{(2R,3S,4R,5R)-5-[(tert-Butyldiphenylsilyl)oxymethyl]-
1-hydroxy-3,4-isopropylidenedioxypyrrolidin-2-yl}but-2-ene-1,4-
diol (13). To a stirred solution of isoxazolidine 12 (1.4 g,
2.52 mmol, 1 equiv.) in anhydrous dichloromethane (25 mL)
was slowly added a solution of DIBAL-H (1 M in hexane, 10.1
mL, 10.1 mmol, 4 equiv.) under Ar atmosphere and the reaction
mixture was stirred at —20 °C for 2 hours. The progress of the
reaction was monitored by TLC (EtOAc). After this time, EtOAc
(60 mL) and saturated aqueous solution of potassium sodium
tartrate tetrahydrate (60 mL) were added, and the resulting
slurry was vigorously stirred for 2 h at room temperature until
two clear phases appeared. Afterwards, the organic layer was
separated, and the aqueous layer was extracted with EtOAc (3 x
60 mL). The organic layers were dried over MgSO,, filtered, and
concentrated under reduced pressure. The residue was purified
by FCC (EtOAc) to give alcohol 13 (1.01 g, 1.97 mmol, 78%) as
a white solid foam.

R¢ = 0.27 (EtOAc), mp = 53-56 °C, [a]y = —45.4 (c 1.02,
CHCI,). IR (ATR) viay: 3353; 2932; 2857; 1427; 1209; 1088; 972;
822; 740; 700; 613; 502 cm L. "H NMR (600 MHz, CDCl;) 6 (ppm)
1.03 (s, 9H, Sit-Bu), 1.27 (s, 3H, CH,), 1.41 (s, 3H, CH,), 1.93 (bs,
1H, C4-OH), 3.48 (t,] = 3.1 Hz, 1H, H-5'), 3.54 (t, ] = 4.9 Hz, 1H,
H-2'), 3.58 (d, J = 8.1 Hz, 1H, C1-OH ), 3.68 (dd, J = 3.2, 11.0 Hz,
1H, CH,0Si), 4.16 (d, J = 4.9 Hz, 2H, H-4), 4.27 (dd, J = 3.5,
11.0 Hz, 1H, CH,0Si), 4.54-4,59 (m, 1H, H-1), 4.69 (d, ] = 6.9 Hz,
1H, H-4'), 4.73 (dd, J = 5.2, 6.9 Hz, 1H, H-3'), 5.93 (tdd, J = 1.2,
5.9,15.6 Hz, 1H, H-2), 5.99 (dt, ] = 5.0, 15.6 Hz, 1H, H-3), 7.01 (s,
1H, N-OH), 7.37-7.44 (m, 6H, H-Ph), 7.62-7.69 (m, 4H, H-Ph).
BC NMR (150 MHz, CDCl;) 6 (ppm) 19.2 [SiC(CH,);], 24.0
(CH,), 25.8 (CH,), 27.0 [SiC(CH;);], 60.1 (C-1), 63.2 (C-6), 69.3
(C-5), 70.7 (C-2), 70.9 (C-4"), 78.3 (C-3), 79.2 (C-4), 111.1
[C(CH3),], 127.8 (CH, Ph), 127.9 (CH, Ph), 129.9 (CH, Ph), 130.0
(CH, Ph), 131.2 (C-2), 131.9 (C-3), 132.9 (C, Ph), 133.0 (C, Ph),
135.7 (CH, Ph), 135.8 (CH, Ph). HRMS (ESI) mj/z: for
C,sH4oNOGSi [M + H]', caled: 514.2620; found: 514.2621.

(R,E)-1-{(2R,35,4R,5R)-5-[(tert-Butyldiphenylsilyl)oxymethyl]-
3,4-isopropylidenedioxypyrrolidin-2-yl}but-2-ene-1,4-diol ~ (4).
Isoxazolidine 13 (850 mg, 1.65 mmol, 1 equiv.) was dissolved in
aqueous AcOH (11 mL, AcOH/H,O0, 1 : 1). Zinc powder (2.16 g,
33 mmol, 20 equiv.) and the reaction mixture was vigorously
stirred at room temperature for 30 min. The progress of the
reaction was monitored by TLC (EtOAc). After observing the
complete disappearance of the starting material, zinc was
removed by filtration through filter paper under vacuum and
washed with CH,Cl, (200 mL). Saturated aqueous NaHCO; was
slowly added to the stirring solution until the pH was neutral.
The organic layer was separated, and the aqueous layer was
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extracted with CH,Cl, (3x 100 mL). The combined organic
layers were dried over MgSO,, filtered, and concentrated under
reduced pressure. The residue was purified by FCC (CH,Cl,/
MeOH 97 : 3) to give alcohol 4 (665 mg, 1.34 mmol, 81%) as
a yellowish oil.

R = 0.27 (CH,Cl,/MeOH 95:5), [a]y = —8.49 (¢ 1.07,
CHCI,). IR (ATR) Vmax: 3350; 2931; 2858; 1427; 1208; 1105; 1043;
742; 7005 613; 502 cm™ . "H NMR (600 MHz, CDCl;) 6 (ppm) 1.
05 (s, 9H, Sit-Bu), 1.31 (s, 3H, CH,), 1.50 (s, 3H, CH3), 2.35 (bs,
3H, C1-OH, C4-OH, NH), 3.10 (dd, J = 4.4, 5.8 Hz, 1H, H-2'),
3.36 (t, ] = 5.9 Hz, 1H, H-5'), 3.59 (dd, J = 6.2, 10.5 Hz, 1H,
CH,08si), 3.64 (dd, J = 5.6, 10.5 Hz, 1H, CH,0Si), 4.15 (d, J =
5.2 Hz, 2H, H-4), 4.33 (t, ] = 6.0 Hz, 1H, H-1), 4.67 (d,J = 5.8 Hz,
1H, H-4'), 4.70 (dd, = 4.4, 5.8 Hz, 1H, H-3'), 5.84 (tdd, J = 1.5,
6.5, 15.6 Hz, 1H, H-2), 5.94 (dtd, J = 1.0, 5.2, 15.6 Hz, 1H, H-3),
7.37-7.45 (m, 6H, H-Ph), 7.62-7.66 (m, 4H, H-Ph). "*C NMR (150
MHz, CDCl;) 6 (ppm) 19.3 [SiC(CHj;);], 23.9 (CH3), 26.1 (CHj3),
27.0 [SiC(CH3);], 62.9 (C-1'), 64.7 (C-5), 64.9 (C-6), 65.1 (C-2),
72.1 (C-4'), 82.5 (C-3), 83.9 (C-4), 111.5 [C(CH3),], 127.9 (2x
CH, Ph), 130.0 (2x CH, Ph), 131.5 (C-2'), 131.7 (C-3'), 133.2 (2%
C, Ph), 135.7 (2x CH, Ph). HRMS (ESI) m/z: for C,3H,,NO5Si [M +
H]+, caled: 498.2671; found: 498.2676.

(3aR,4R,8S,8aR,8bS)-4-[(tert-Butyldiphenylsilyl)oxymethyl]-
6-(hydroxymethyl)-7-iodo-2,2-dimethylhexahydro-3aH-[1,3]diox-
olo[4,5-a]pyrrolizin-8-ol (14, 15). To a stirred solution of iso-
xazolidine 4 (650 mg, 1.31 mmol, 1 equiv.) in anhydrous EtOAc
(13 mL) was at —20 °C under Ar atmosphere added anhydrous
K,CO; (1.81 g, 13.1 mmol, 10 equiv.) and iodine (1.0 g,
3.94 mmol, 3 equiv.). The reaction mixture was stirred for 1
hour and after observing a complete disappearance of the
starting material with TLC (EtOAc), saturated aqueous solution
of Na,S,0;-5H,0 (20 mL) was added. The reaction mixture was
vigorously stirred for 10 minutes until its colour completely
changed from brown to white. The aqueous layer was extracted
with EtOAc (4x 20 mL). The combined organic layers were dried
over MgSO,, filtered, and concentrated under reduced pressure
to give the crude mixture of iodo-pyrrolizidines 14 and 15,
which was used directly in next reaction without further
purification.

With the aim to completely characterize the new
compounds, a sample of the mixture was subjected to prepar-
ative TLC (CH,Cl,/MeOH 9 : 1) to give two pure isomers 14 and
15 as yellowish solids.

Data for (6S,7S)-14. Ry = 0.21 (n-hexane/EtOAc 7 : 3), mp = 51—
54 °C, [a]}’ = —124.7 (¢ 1.00, CHCl,). IR (ATR) Vpmay: 3435; 2930;
2856; 1427; 1207; 1111; 1083; 823; 740; 700; 613; 502 cm ™ *. 'H
NMR (600 MHz, CDCl;) 6 (ppm) 1.06 (s, 9H, Sit-Bu), 1.28 (s, 3H,
CH3), 1.50 (s, 3H, CH;), 2.09 (bs, 1H, OH), 2.98 (bs, 1H, OH),
3.48-3.54 (m, 2H, H-3, H-8,), 3.56 (dd, J = 5.6, 10.1 Hz, 1H, H-
8), 3.64 (dd, = 3.1, 9.6 Hz, 1H, H-5), 3.70 (d,J = 13.5 Hz, 1H, H-
9,),3.76 (d, ] = 5.1 Hz, 1H, H-7a), 3.85 (d,J = 13.0 Hz, 1H, H-9},),
4.09 (d, ] = 4.3 Hz, 1H, H-7), 4.40 (dd, ] = 4.2, 9.7 Hz, 1H, H-6),
4.59 (t,J = 5.5 Hz, 1H, H-1), 4.66 (d, ] = 5.8 Hz, 1H, H-2), 7.39-
7.45 (m, 6H, H-Ph), 7.67-7.69 (m, 4H, H-Ph). >*C NMR (150
MHz, CDCl;) 6 (ppm) 19.2 [SiC(CH,),], 23.4 (CH,), 25.0 (CH;),
27.0 [SiC(CH3,);], 35.6 (C-6), 58.1 (C-9), 64.7 (C-3), 66.1 (C-8), 68.5
(C-5), 71.5 (C-7a), 72.0 (C-7), 80.9 (C-1), 85.3 (C-2), 112.4
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[C(CH3;),], 128.0 (2x CH, Ph), 130.0 (2x CH, Ph), 133.2 (2x C,
Ph), 135.8 (2x CH, Ph). HRMS (ESI) m/z: for C,5H;3oINO;Si [M +
HJ', caled: 624.1637; found: 624.1640.

Data for (6R,7R)-15. Ry = 0.17 (n-hexane/EtOAc 7 : 3), mp =
45-48 °C, [2]¥’ = —32.9 (¢ 1.01, CHCl3). IR (ATR) Vpax 3427;
2931; 2857; 1427; 1209; 1105; 1063; 823; 739; 700; 613; 501 cm ™.
'H NMR (600 MHz, CDCl;) 6 (ppm) 1.06 (s, 9H, Sit-Bu), 1.30 (s,
3H, CH3;), 1.52 (s, 3H, CHj,), 2.33 (bs, 1H, OH), 3.29 (t,] = 5.6 Hz,
1H, H-3), 3.46-3.49 (m, 2H, H-8, ), 3.51 (dt,J = 2.3, 10.2 Hz, 1H,
H-5), 3.57-3.60 (m, 3H, H-7a, H-9,,), 4.17 (dd, J = 8.3, 10.2 Hz,
1H, H-6), 4.59 (dd, J = 1.0, 5.7 Hz, 1H, H-2), 4.71 (t, ] = 5.6 Hz,
1H, H-1), 4.86 (dd, J = 4.8, 8.3 Hz, 1H, H-7), 7.39-7.46 (m, 6H, H-
Ph), 7.66-7.68 (m, 4H, H-Ph). "*C NMR (150 MHz, CDCI;)
6 (ppm) 19.2 [SiC(CH,);], 24.0 (CH;), 26.8 (CHj), 27.0
[SiC(CH3);], 31.1 (C-6), 58.9 (C-9), 66.0 (C-8), 67.6 (C-3), 72.8 (C-
5), 73.4 (C-7a), 79.7 (C-7), 81.7 (C-1), 85.3 (C-2), 112.6 [C(CH3),],
128.0 (2x CH, Ph), 130.0 (2x CH, Ph), 132.9 (2x C, Ph), 135.7
(2x CH, Ph). HRMS (ESI) m/z: for C,gH3,INO5Si [M + HJ', caled:
624.1637; found: 624.1640.

(3aR,4R,8R,8aR,8bS)-4-[(tert-Butyldiphenylsilyl)oxymethyl]-
6-(hydroxymethyl)-2,2-dimethylhexahydro-3aH-1,3]dioxolo[4,5-
a]pyrrolizin-8-ol (16, 17). Reaction flask with magnetic stirrer
and InCl; (580 mg, 2.62 mmol, 2 equiv.) was sealed with
a rubber septum, evacuated, and filled with Ar. Under stream of
Ar, first portion of anhydrous THF (6.5 mL) was added to the
flask and the mixture was cooled down to 0 °C in an ice/water
bath. A second reaction flask was filled with the mixture of
iodo-pyrrolizidines 14 and 15 (1.31 mmol, 1 equiv.) from
previous reaction. The flask was sealed with a rubber septum,
evacuated, and filled with Ar. The starting material was gradu-
ally dissolved in a second portion of anhydrous THF (6.5 mL)
under stream of Ar and subsequently added to the stirring
suspension of InCl; in THF. Solution of DIBAL-H (1 M in
hexane, 13.1 mL, 13.1 mmol, 10 equiv.) was slowly added to the
cooled reaction mixture, which was stirred for 24 h at 0 °C. The
reaction progress was monitored by TLC (EtOAc). After
complete consumption of the starting material, EtOAc (30 mL)
and saturated aqueous solution of potassium sodium tartrate
(30 mL) were added, and the resulting slurry was vigorously
stirred for 2 h at room temperature until two clear phases
appeared. The organic layer was separated, and the aqueous
layer was extracted with EtOAc (3x 50 mL). The combined
organic layers were dried over MgSO,, filtered, and concen-
trated under reduced pressure. The residue was purified by FCC
(hexanes/EtOAc 1 : 3) to give two pure pyrrolizidines 16 (195 mg,
0.39 mmol, 30% after two steps) and 17 (165 mg, 0.33 mmol,
25% after two steps) as yellowish oils.

Data for (68)-16. Ry = 0.21 (n-hexane/EtOAc 1 : 9), [a] = +1.04
(¢c 1.00, CHCI;). IR (ATR) smax: 3402; 2928; 2854; 1430; 1380;
1206; 1106; 1047; 703; 617; 506 cm . 'H NMR (600 MHz,
CD;0D) ¢ (ppm) 1.07 (s, 9H, Sit-Bu), 1.29 (s, 3H, CH3), 1.47 (s,
3H, CH;), 1.83-1.88 (m, 1H, H-6,), 1.92-1.98 (m, 1H, H-6}),
3.48-3.52 (m, 3H, H-5, H-3, H-9,), 3.55 (dd, = 3.3, 5.2 Hz, 1H,
H-7a), 3.57 (dd,J = 6.7, 10.2 Hz, 1H, H-8,), 3.60-3.64 (m, 1H, H-
9y), 3.70 (dd, J = 4.9, 10.2 Hz, 1H, H-8,), 4.36 (ddd, J = 3.4, 4.2,
6.1 Hz, 1H, H-7), 4.59 (pseudo t, J = 5.4, 5.7 Hz, 1H, H-1), 4.70
(dd,J = 1.5, 5.9 Hz, 1H, H-2), 7.39-7.46 (m, 6H, H-Ph), 7.69-7.72
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(m, 4H, H-Ph). >*C NMR (150 MHz, CD;OD) 4 (ppm) 20.0
[SiC(CH3);], 24.3 (CHj3), 26.1 (CHj), 27.4 [SiC(CH3);], 40.2 (C-6),
61.8 (C-7a), 64.0 (C-9), 64.8 (C-5), 66.6 (C-8), 70.6 (C-7), 76.9 (C-3),
81.2 (C-2), 87.3 (C-1), 113.1 [C(CH3),], 128.8 (CH, Ph), 128.9 (CH,
Ph), 130.9 (CH, Ph), 131.0 (CH, Ph), 134.6 (2x C, Ph), 136.8 (2x
CH, Ph). HRMS (ESI) m/z: for C,5H,NOsSi [M + H]', caled:
498.2671; found: 498.2673.

Data for (6R)-17. R¢ = 0.37 (n-hexane/EtOAc 1:9), [a]F =
+2.13 (¢ 1.00, CHCI;). IR (ATR) vmay 3399; 2934; 2858; 1427;
1374; 1206; 1112; 1041; 829; 741; 706; 618; 509 cm ™ *. "H NMR
(600 MHz, CD,0D) é (ppm) 1.06 (s, 9H, Si-Bu), 1.27 (s, 3H, CH3),
1.45 (s, 3H, CH;), 1.60 (ddd, J = 4.8, 7.4, 13.0 Hz, 1H, H-6,), 2.44
(dt, J = 7.4, 13.0 Hz, 1H, H-6},), 3.32-3.44 (m, 4H, H-3, H-5, H-
9ap)y 3.51-3.54 (m, 2H, H-7a, H-8,), 3.64 (dd, J = 5.7, 10.4 Hz,
1H, H-8y,), 4.56 (ddd, J = 2.4, 4.8, 7.2 Hz, 1H, H-7), 4.63 (pseudo
t,J = 5.1, 5.7 Hz, 1H, H-1), 4.68 (dd, J = 1.3, 5.7 Hz, 1H, H-2),
7.40-7.46 (m, 6H, H-Ph), 7.70-7.73 (m, 4H, H-Ph). *C NMR
(150 MHz, CD;0D) 6 (ppm) 19.9 [SiC(CH;);], 23.9 (CH;), 26.9
(CH3;), 27.4 [SiC(CH,);], 40.3 (C-6), 67.1 (C-8), 67.2 (C-9), 68.2 (C-
5), 71.9 (C-3), 72.0 (C-7), 77.7 (C-7a), 83.3 (C-2), 87.1 (C-1), 113.0
[C(CH3;),], 128.8 (CH, Ph), 128.9 (CH, Ph), 130.9 (CH, Ph), 131.0
(CH, Ph), 134.5 (2x C, Ph), 137.8 (2x CH, Ph). HRMS (ESI) m/z:
for C,gH,4oNOsSi [M + H], caled: 498.2671; found: 498.2672.

{(3aR,4R,6S5,8R,8aR,8bS)-8-Hydroxy-2,2-dimethylhexahydro-
3aH-[1,3]dioxolo[4,5-a]pyrrolizine-4,6-diyl}dimethanol (18).
Pyrrolizidine 16 (195 mg, 0.39 mmol, 1 equiv.) was dissolved in
methanol (1.95 mL) and CsF (296 mg, 1.95 mmol, 5 equiv.) was
added to the solution. The reaction mixture was stirred at 50 °C
for 48 h. The progress of the reaction was monitored by TLC
(CH,Cl,/MeOH 9 : 1). After full disappearance of the starting
pyrrolizidine MeOH was removed under reduced pressure. The
residue was purified by FCC (CH,Cl,/MeOH 4 : 1) to give pyr-
rolizidine 18 (85 mg, 0.33 mmol, 85%) as a yellowish oil.

R¢=0.16 (CH,Cl,/MeOH 4 : 1), [a]}’ = +206.3 (¢ 0.90, CHCI;).
IR (ATR) Vimax: 3311; 2981; 2937; 2360; 1383; 1206; 1165; 1024;
859; 512 cm ™~ *. 'H NMR (600 MHz, CD;0D) é (ppm) 1.32 (s, 3H,
CH3), 1.49 (s, 3H, CH3), 1.90 (ddd, J = 2.8, 5.8, 12.9 Hz, 1H, H-
64), 2.00 (ddd, J = 5.3, 9.2, 12.9 Hz, 1H, H-6},), 3.60-3.65 (m, 2H,
H-9,1,), 3.72-3.81 (m, 5H, H-3, H-5, H-7a, H-8, ), 4.44 (dt, ] =
2.6, 5.3 Hz, 1H, H-7), 4.72 (dd, J = 2.2, 6.0 Hz, 1H, H-2), 4.76 (t, ]
= 5.8 Hz, 1H, H-1). ">*C NMR (150 MHz, CD;0D) 6 (ppm) 24.3
(CH3), 26.2 (CH3), 39.1 (C-6), 62.7 (C-8), 63.2 (C-9), 64.2 (C-3),
66.1 (C-5), 70.8 (C-5), 78.2 (C-7a), 80.7 (C-1), 86.2 (C-2), 113.4
[C(CH;),]. HRMS (ESI) m/z: for C;,H,,NO5 [M + HJ', caled:
260.1493; found: 260.1489.

{(3aR,4R,6R,8R,8aR,8bS)-8-Hydroxy-2,2-dimethylhexahydro-
3aH-1,3]dioxolo[4,5-a]pyrrolizine-4,6-diyl}dimethanol (29).
Pyrrolizidine 17 (165 mg, 0.33 mmol, 1 equiv.) was dissolved in
methanol (1.65 mL) and CsF (251 mg, 1.65 mmol, 5 equiv.) was
added to the solution. The reaction mixture was stirred at 50 °C
for 96 h. The progress of the reaction was monitored by TLC
(CH,Cl,/MeOH 9 : 1). After full disappearance of the starting
pyrrolizidine MeOH was removed under reduced pressure. The
residue was purified by FCC (CH,Cl,/MeOH 4 : 1) to give pyr-
rolizidine 19 (80 mg, 0.31 mmol, 94%) as a yellowish oil.

R¢ = 0.34 (CH,Cl,/MeOH 4 : 1), [«]5 = +1.78 (¢ 1.00, CHCI;).
IR (ATR) Vimax: 3344; 2931; 2860; 1430; 1212; 1109; 1074; 1032;
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700; 618; 505 cm ™ '. "H NMR (600 MHz, CD;0D) 6 (ppm) 1.30 (s,
3H, CH3), 1.46 (s, 3H, CH;), 1.63 (ddd, J = 4.6, 7.3, 13.1 Hz, 1H,
H-6,), 2.45 (dt, ] = 7.6, 13.1 Hz, 1H, H-6},), 3.28-3.30 (m, 1H, H-
3), 3.39 (tt, J = 5.3, 7.7 Hz, 1H, H-5), 3.43 (dd, J = 7.2, 11.0 Hz,
1H, H-8,), 3.48 (dd, J = 5.8, 11.0 Hz, 1H, H-8}), 3.50 (d, J =
5.3 Hz, 2H, H-9,3), 3.55 (dd, J = 2.3, 4.8 Hz, 1H, H-7a), 4.57
(ddd,J = 2.4, 4.6, 7.1 Hz, 1H, H-7), 4.60 (dd, J = 1.7, 5.7 Hz, 1H,
H-2), 4.70 (pseudo t, J = 5.2, 5.4 Hz, 1H, H-1). *C NMR (150
MHz, CD;0D) 6 (ppm) 24.0 (CH3), 26.9 (CH3), 39.9 (C-6), 63.9 (C-
8), 66.6 (C-9), 68.5 (C-5), 72.0 (C-7), 72.6 (C-3), 77.2 (C-7a), 82.8
(C-1), 86.5 (C-2), 113.2 [C(CHj),]. HRMS (ESI) mj/z: for
C1,H,,NO5 [M + HJ', caled: 260.1493; found: 260.1491.

(1S8,2R,3R,58,7R,7aR)-3,5-Bis(hydroxymethyl)hexahydro-1H-
pyrrolizine-1,2,7-triol (2a). To a solution of pyrrolizidine 18
(85 mg, 0.33 mmol, 1 equiv.) in MeOH (8 mL) was added acidic
ion exchange resin Dowex 50WX-8 (850 mg, washed three times
with MeOH before use). The suspension was vigorously stirred
at room temperature for 1.5 h and then decanted. The progress
of the reaction was monitored by TLC (CH,Cl,/MeOH 7 : 3).
Afterwards, the resin was well washed in the flask with 13%
aqueous NH; (26% NH3/H,0 1: 1, 5x 2 mL), and the combined
liquids were concentrated under reduced pressure to give (+)-hya-
cinthacine C; (2a, 68 mg, 0.31 mmol, 94%) as a yellowish oil.

R¢ = 0.14 (CH,Cl,/MeOH/NH; 60 : 35 : 5), [a]y = +9.30 (c 0.3,
H,0), [ref. 4: [a]¥> = +8.80 (¢ 0.3, H,0), ref. 3: [a]p = +3.5 (¢ 0.23,
H,0)]. IR (ATR) 7pmay: 3282; 2931; 2878; 1409; 1342; 1124; 1024;
600; 547; 477 cm™'. "H NMR (600 MHz, D,0, TSP-d,) 6 (ppm)
1.99 (dt,J = 6.0, 13.1 Hz, 1H, H-6,), 2.16 (dt, ] = 6.6, 13.2 Hz, 1H,
H-6y,), 3.33 (dt, ] = 4.7, 8.3 Hz, 1H, H-3), 3.54 (t, / = 4.3 Hz, 1H,
H-7a), 3.60-3.64 (m, 1H, H-5), 3.69 (dd, J = 5.3, 11.8 Hz, 1H, H-
8,), 3.81 (dd, J = 6.0, 12.5 Hz, 1H, H-9,); 3.83 (dd, J = 4.2,
11.8 Hz, 1H, H-8,), 3.86 (dd, J = 4.4, 12.5 Hz, 1H, H-9y,), 4.05 (dd,
J=4.1,8.3 Hz, 1H, H-2), 4.23 (t,/ = 4.3 Hz, 1H, H-1), 4.63 (td, ] =
4.2, 5.8 Hz, 1H, H-7). "*C NMR (150 MHz, D,0) é (ppm) 40.1 (C-
6), 63.1 (C-9), 64.4 (C-8), 64.5 (C-3), 64.8 (C-5), 71.2 (C-7), 72.7 (C-
1), 77.1 (C-2), 77.3 (C-7a). HRMS (ESI) m/z: for CoH;3sNO5 [M +
H]+, caled: 220.1180; found: 220.1180.

(1S,2R,3R,5R,7R,7aR)-3,5-Bis(hydroxymethyl)hexahydro-1H-
pyrrolizine-1,2,7-triol (2b). To a solution of pyrrolizidine 19
(80 mg, 0.31 mmol, 1 equiv.) in MeOH (8 mL) was added acidic
ion exchange resin Dowex 50WX-8 (800 mg, washed three times
with MeOH before use). The suspension was vigorously stirred
at room temperature for 2 h and then decanted. The progress of
the reaction was monitored by TLC (CH,Cl,/MeOH 7 : 3). After-
wards, the resin was well washed in the flask with 13% aqueous
NH; (26% NH;3/H,0 1: 1, 5x 2 mL), and the combined liquids
were concentrated under reduced pressure to give (+)-5-epi-hya-
cinthacine C; (2b, 65 mg, 0.29 mmol, 95%) as a yellowish oil.

Rf = 0.25 (CH,Cl,/MeOH/NH; 60 : 35 : 5), [a]fy = +13.78 (c
0.3, H,0), [ref. 4: [a]f} = +14.80 (¢ 0.3, H,0)]. IR (ATR) ¥pay: 3193;
2917; 2880; 1422; 1333; 1112; 1022; 1000; 819; 737; 635; 561;
416 cm ™', "H NMR (600 MHz, D,0, TSP-d,) é (ppm) 1.66 (ddd, J
= 6.9, 8.3, 13.0 Hz, 1H, H-6,), 2.41 (dt, ] = 6.7, 13.0 Hz, 1H, H-
61), 2.93 (ddd,j = 3.8, 6.1, 9.1 Hz, 1H, H-3), 3.14-3.19 (m, 1H, H-
5),3.41 (t,] = 4.3 Hz, 1H, H-7a), 3.57 (dd, J = 5.4, 11.3 Hz, 1H, H-
9,), 3.66 (dd, J = 6.1, 11.7 Hz, 1H, H-8,), 3.68 (dd, J = 6.4,
11.3 Hz, 1H, H-9), 3.78 (dd, J = 3.8, 11.7 Hz, 1H, H-8,), 3.97 (dd,

© 2021 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

J=4.1,9.1 Hz, 1H, H-2), 4.16 (t,/ = 4.0 Hz, 1H, H-1), 4.63 (td,J =
4.6, 6.9 Hz, 1H, H-7). "*C NMR (150 MHz, D,0) é (ppm) 40.9 (C-
6), 65.6 (C-9), 67.6 (C-8), 71.1 (C-5), 72.1 (C-7), 72.4 (C-3), 73.6 (C-
1), 76.4 (C-7a), 77.6 (C-2). HRMS (ESI) m/z: for CoH;gNO5 [M +
H]", caled: 220.1180; found: 220.1178.

),
),

Cell culture and cultivation conditions

All the cell passage numbers were lower than 25. Cells were
maintained under standard -cultivation conditions: 37 °C,
humidified atmosphere containing 5% CO,.

The human glioblastoma astrocytoma cancer cell line U84-
MG was purchased from ATCC, USA. Cells were cultivated in
Dulbecco's Modified Eagle's Medium (DMEM) high glucose
supplemented with r-glutamine 2 mM, sodium pyruvate 1 mM,
1% non-essential amino acids (NAA) and 10% fetal bovine
serum (FBS).

The HK-2 (purchased from ATCC, USA), an immortalized
proximal tubular cell line was cultivated in DMEM high glucose
medium supplemented with 2 mM r-glutamine and 10% FBS.

The hepatocellular carcinoma cell line HepG2 (ECACC, UK)
was cultivated in DMEM high glucose medium containing -
glutamine 2 mM, 10% FBS, 1% NAA.

The human placental choriocarcinoma cells JEG-3 (ECACC,
UK) were cultivated in Minimum Essential Medium Eagle
(MEM) containing 1% NAA, sodium pyruvate 1 mM and 10%
FBS.

DMEM, MEM and all used supplements were purchased
from Sigma-Aldrich, USA except for FBS, which was purchased
from Biosera, South America.

Cell viability testing

All the tested cells were seeded in a 96-well plate (TPP, Swit-
zerland) at low density 4 x 10° cells per well. Cells were treated
24 hours after seeding with medium containing tested
substance at indicated concentrations, 1% DMSO (non-toxic
control, 100% viability) or 10% DMSO (toxic control, 100%
mortality). Stock solution of tested compounds were prepared
by dissolution in DMSO (Sigma-Aldrich, USA) and dilution in
cultivation medium to set wanted concentration. Amount of
solvent was 1% (V/V) in all cases except toxic control (10%). The
cells were incubated with compounds for 24, 48 and 72 hours,
respectively, under standard culture conditions. Viability of
cells was determined using CellTiter 96® AQueous One Solution
Cell Proliferation Assay (Promega, USA) according to the
manufacturer's instructions.

ICs, values were determined using the GraphPad Prism 8.3.1
software.
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