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Abstract: In spite of the impressing cytotoxicity of thapsigargin (Tg), this compound cannot be used
as a chemotherapeutic drug because of general toxicity, causing unacceptable side effects. Instead,
a prodrug targeted towards tumors, mipsagargin, was brought into clinical trials. What substantially
reduces the clinical potential is the limited access to Tg and its derivatives and cost-inefficient syntheses
with unacceptably low yields. Laser trilobum, which contains a structurally related sesquiterpene
lactone, trilobolide (Tb), is successfully cultivated. Here, we report scalable isolation of Tb from
L. trilobum and a transformation of Tb to 8-O-(12-aminododecanoyl)-8-O-debutanoylthapsigargin
in seven steps. The use of cultivated L. trilobum offers an unlimited source of the active principle
in mipsagargin.

Keywords: chemical synthesis; extraction; mipsagargin; trilobolide isolation from fruits;
optimization and scale-up; Laser trilobum cultivation; sarco/endoplasmic reticulum calcium
ATPase (SERCA); sesquiterpene lactones; thapsigargin; trilobolide; 8-O-(12-aminododecanoyl)-
8-O-debutanoylthapsigargin

1. Introduction

Substances able to induce endoplasmic reticulum (ER) stress are suitable tools in cancer research
and therapy. Thapsigargin (Tg), which is isolated from Thapsia garganica L. (Apiaceae) [1], induces
apoptosis in all types of cancer cell lines [2—4] regardless of the phase of the cell cycle [5]. This feature
overcomes the drawback of chemotherapeutics such as paclitaxel and docetaxel, currently used in
clinics as first- and second-line therapies, which act as mitotic poisons (reviewed in [6]). Their utilization
is, therefore, limited to the treatment of rapidly growing tumors [7]. An urgent need exists for the
development of new chemotherapeutics with enhanced efficiency and selectivity for the treatment of
slow-growing tumors, such as hepatocellular carcinoma and prostate carcinoma [8]. Since Tg kills all
cells irrespective of their phase in the cell cycle, this compound could be an attractive anticancer drug
if a drug targeted towards tumors is developed.
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Tg potently inhibits all members of the enzyme family sarco-endoplasmic reticulum calcium
ATPase (SERCA; reviewed in [9]). Inhibition of SERCA provokes depletion of Ca?* in the endoplasmic
reticulum (ER) [10], leading to the unfolded protein response (UPR) [11]. Prolonged UPR causes
mitochondrial damage, resulting in apoptosis [12].

Tg is distinguished from trilobolide (Tb) by the presence of an octanoate group at C-2 and a
missing methyl group at the x-position in the O-8 side chain (Figure 1) [13-15]. Tb is isolated from
Laser trilobum (L.) Borkh (Apiaceae). In English, L. trilobum is named horse caraway (Figure 2).
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Figure 1. Molecular structures of thapsigargins (Panel A) and structures of researched

thapsigargin (Tg) derivatives (Panel B). * 8-O-(12-aminododecanoyl)-8-O-debutanoyl-Tg;
** DEEEE = 3-L-Asp-y-(L-Glu)4-OH.

Due to the high systemic toxicity of Tg, a prodrug strategy for specific targeting of
cancerous tissues was introduced [16]. The prodrugs were based on 8-O-(12-aminododecanoyl)-
8-O-debutanoylthapsigargin (12ADT) [17]. By choosing a peptide, which is a substrate for an
enzyme overexpressed on the surface of cancer cells, or an enzyme that is excreted by cancer
cells, selectivity might be obtained. Three peptides that are fast cleaved by the enzymes that are
characteristic of prostatic cancer cell lines are GKAFRRL, HSSKLQL, and BDyEyYEYEYE. GKAFRRL
is cleaved by human kallikrein-related peptidase 2 (KLK2; formerly human kallikrein 2 or hK2),
HSSKLQL by prostate-specific antigen (PSA), and BDyEYEYEYE by prostate-specific membrane
antigen (PSMA = glutamate carboxypeptidase II = N-acetyl-L-aspartyl-L-glutamate peptidase I) [18].
These peptides are cleaved only to a limited extent by other proteases present in the human body.
The absence of an amino group prevents Tg from being conjugated to a peptide. The prodrug
mipsagargin, consisting of 8-O-(12-aminododecanoyl)-8-O-debutanoulthapsigargin bound to peptide
BDYEYEYEYE, was developed by Inspyr Therapeutics, formerly GenSpera [19,20] (Figure 1B),
and advanced to clinical trials II as second-line therapy for the treatment of advanced hepatocellular
carcinoma. The prodrug was able to decrease blood flow to tumors by 52% on average. However,
unspecific toxicity prevented the use of higher doses of the prodrug, which might improve the therapy
outcome. Consequently, the drug was not subjected to the third phase of clinical trials. Despite the polar
peptide, mipsagargin most likely penetrates cell membranes, causing systemic toxicity in patients [21].
However, anovel and more complex strategy for specific Tg targeting has been introduced and evaluated
for possible treatment of metastatic castration-resistant prostate carcinoma [22,23]. This method is
based on the coupling of PSA-targeted Tg prodrug via a 2-fluoro-5-maleimidobenzamide linker to
human serum albumin (HSA) [23]. Coupling to HSA offers favorable properties for the prodrug, such as
long half-life in blood, prevention of nonselective permeation into benign cells [1,23], and accumulation
in cancer tissue.

A successful outcome of the development of a new Tg prodrug for the treatment of cancer diseases
will create a yearly demand of 1 metric ton. This supply cannot be met by the isolation of Tg from fruits
of the wild population of T. garganica. L. trilobum is successfully cultivated in field conditions in the
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Czech Republic, and, therefore, unlimited plant material for large-scale Tb extraction can be obtained.
In terms of total synthesis, firstly, the number of steps in the published methods for the total synthesis of
Tg preclude their use for commercial production, and, secondly, the total yields are rather poor [24,25].
Another option is to take advantage of the published procedure for converting nortrilobolide (nTb)
into Tg [26,27]. Here, we describe a procedure for transforming Tb into the cytotoxin in the prodrug
mipsagargin, 8-O-(12-aminododecanoyl)-8-O-debutanlyothapsigargin in gram scale. In addition, a
procedure for the isolation of Tb on the decagram scale is described.

2. Materials and Methods

For thin-layer chromatography (TLC), aluminum silica gel sheets for detection in UV light (TLC
silica gel 60 F254, Merck) were used. For extractions of plant material by supercritical CO,, a NATEX
extractor (Ternitz, Austria) was used. For TLC visualization, a diluted solution of H,SO4 in MeOH
was used and plates were heated. For column chromatography, 30-60 pm silica gel ICN Biomedicals,
Costa Mesa, USA) was used. NMR spectra were recorded by Agilent-MR DDR2 (Varian, Palo Alto, CA,
USA). Chemical shifts are given as 6 values. The Quadrupole LC/MS (ESI ionization) with an Infinity
III LC system (Agilent Technologies, Santa Clara, USA) was used for LR-MS and HPLC analyses (C18
column: 100 mm; UV detection).

The following chemicals were purchased from TCI Europe (Zwijndrecht, Belgium):
N,N,N-triethylamine—TEA (>99%), 4-dimethylaminopyridine—4-DMAP (>99%), ethyl-dimethylaminopropyl
carbodiimide—EDC  (>98%), angelic acid (>98%), 24,6-trichlorobenzoyl chloride (>98%),
12-aminododecanoic acid (>98%), di-tert-butyl decarbonate—Boc, O (>95%), trifluoroacetic acid—TFA
(>99%). The following chemicals were purchased from Sigma-Aldrich (Prague, Czech Republic):
chromium (VI)oxide—CrOj3 (298%), zinc(Il) chloride—ZnCl, (=98%), sodium borohydride (>98%),
and manganese (III) acetate dihydrate—Mn(OAc); - 2H,O (97%). The solvents for column
chromatography and reactions were purchased from PENTA (Praha, Czech Republic) and were
used without further distillation.

L. trilobum has been largely cultivated in fields in the Czech Republic (South Moravia region).
A voucher specimen was deposited under the code 03013KBER in the herbarium of the Department of
Botany and Plant Physiology of the Faculty of Agrobiology, Food and Natural Resources of the Czech
University of Life Sciences, Prague (Czech Republic), and at the University of Chemical Technology,
Prague (Czech Republic).

2.1. Supercritical Carbon Dioxide Extraction of Trilobolide from L. Trilobum Fruits

Fruits of horse caraway L. trilobum, grown in a field in the South Moravia region, were collected
manually and dried. The fruits (30 kg) were crushed and extracted by supercritical CO; at 50 °C for
1 h at the flow rate of 600 kg of CO, per hour. During the extraction process, two fractions were taken.
The first fraction, taken for the initial 30 min, afforded 1.85 kg, and the second fraction, taken for the
subsequent 30 min, afforded 1.09 kg. The larger first fraction, which contained more Tb (R¢ = 0.4)
than the second one (confirmed by TLC using hexanes—AcOEt (2:1, v/v) as an eluent), was divided
into 9 portions of ca. 200 g. Each 200 g fraction was vigorously mixed with hexanes (400 mL), and,
after 1 h, the insoluble portion was removed by filtering through a folded paper filter. The amorphous
greasy matter on the filter (53 g) was suspended into MeOH (200 mL) and vigorously stirred for 1 h,
and the mixture was filtered through a folded filter paper. The filtrate was concentrated to yield
thick syrupy material (10 g). All nine portions of the syrupy material were combined and dissolved
in CHCl3-MeOH (1:1, v/v) mixture. The solution was mixed with silica gel, and the solvent was
evaporated. The powdery material was applied on a column of the same silica gel (length of 25 cm,
a diameter of 6 cm), washed by hexanes (2 L), followed by DCM (10 L). Evaporation of the DCM eluate
gave brown-yellow syrupy material (41 g) that contained traces of Tb and mostly lipophilic components
(TLC using hexanes—-AcOEt (2:1, 7/v) as an eluent). Subsequently, the column was washed by a mixture
of DCM-MeOH (1:1, v/v), affording 61.5 g of an oily residue after evaporation of the eluent. The eluate
contained almost exclusively Tb. The oily residue (61.5 g) was dissolved in AcOEt (120 mL), hexanes
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(200 mL) were added, and the mixture was left overnight at 4 °C. The formed crystals were obtained on
a sintered glass filter by filtration, yielding 40.7 g of Tb as colorless crystals (0.14% on the weight of the
fruits). The NMR spectra of this product were identical to those previously obtained for Tb [15].

2.2. Scale-Up Synthesis of 8-O-(12-Aminododecanoyl)-8-O-Debutanoyl Thapsigargin (12ADT) from Tb

2.2.1. Synthesis of 3-oxo-3-Desangeloyl Trilobolide (1)

Tb (5.25 g, 9.6 mmol), placed into a 0.5-L round-bottom flask, was dissolved in MeCN (250 mL)
and CrOs (670 g, 6.7 mmol), and aqueous 1 M HF (21 mL, 19.1 mmol) was added. The mixture was
heated to 95 °C and stirred for 2.5 h. Gradual color change of the reaction mixture from red to green
indicated the reduction of CrOj3 to CryO3. After 2.5 h, the reaction was quenched by addition of a
saturated NaHCO3 (20 mL) solution in water. After evaporation of MeCN, AcOEt (50 mL) was added
and the mixture was filtered. The organic phase was washed with brine (2 X 50 mL). The combined
water phases were once extracted with AcOEt (30 mL) and washed with brine (30 mL). The organic
layer was dried over NaySQOy, filtered, and concentrated. Chromatography over a silica gel column
(length of 24 cm, a diameter of 4 cm; hexanes—AcOEt (3:1, v/v) as an eluent) afforded ketone 1 as white
powder (3.6 g, 8.2 mmol) at 82% yield. Unreacted starting Tb (275 mg, 1.01 mmol) was recovered. R¢ =
0.54 in hexanes—AcOEt (1:1, y/v) as an eluent. 'H NMR (400 MHz, CDCl3) &: 5.78 (s, 1H), 5.71 (t,] = 3.7
Hz, 1H), 4.82-4.75 (m, 1H), 3.34 (dd, J = 14.8, 3.7 Hz, 1H), 2.49-2.36 (m, 2H), 2.36-2.29 (m, 1H), 2.07
(dd, J =14.7, 3.7 Hz, 1H), 1.98 (s, 3H), 1.94 (s, 3H), 1.76-1.58 (m, 3H), 1.52 (s, 3H), 1.21 (s, 3H), 1.13
(d,] = 7.0 Hz, 3H), 0.89 (t, ] = 7.4 Hz, 3H); Figure S1A. 13C NMR (100 MHz, CDCl3) &: 207.22, 175.43,
174.81, 171.23, 159.45, 144.80, 85.13, 79.08, 78.64, 77.65, 66.26, 45.87, 41.37, 38.91, 36.53, 26.11, 22.30,
22.26,16.27,16.17,11.62, 9.75; Figure S1B. HMQC is shown in Figure S1C. HRMS-ESI: for [Cy,H3009
+ Na]* calculated m/z: 461.17820 Da, found my/z: 461.17824; Figure S1D.

2.2.2. Synthesis of 3-Oxo0-2-Octanoyl-3-Desangeloyl Trilobolide (2)

Ketone 1 (2.15 g, 4.9 mmol) was dissolved in mixture of benzene (250 mL) and octanoic acid
(50 mL) in a 0.5-L round-bottom flask. The mixture was heated to 60 °C, and Mn(OAc); - 2H,0,
(2.7 g, 10 mmol) was added. The temperature was raised to 120 °C. Water formed was removed by
Dean-Stark apparatus. The mixture was then stirred for 6 h and cooled to RT (20 °C). The mixture was
concentrated using a rotary evaporator and the obtained residue was dissolved in AcOEt (100 mL).
The solution was washed with 2 M Nap,COs (300 mL). Formed sodium octanoate salt was removed by
filtration through filter paper. The resulting organic and water phases were poured into a separation
funnel; the organic layer was collected and washed with brine (2 x 50 mL) and 2 M Na,COj3 (2 x 50
mL) to ensure of removal of the octanoic acid. The separated organic layer was dried over NaySOy,
filtered, and the solvents were evaporated under reduced pressure. Chromatography over a silica gel
column (length of 30 cm, a diameter of 4 cm using hexanes—AcOEt (3:1, v/v) as an eluent) provided
a-ketoester 2 (1.78 g; 3.1 mmol) as orange powder at 63% yield. Unreacted starting material 1 (560 mg,
1.3 mmol) was recovered. R¢ = 0.36 using hexanes—AcOEt (2:1, v/v) as an eluent. 'H NMR (400 MHz,
CDCl3) 6: 5.79 (s, 1H), 5.68 (t,] = 3.7 Hz, 1H), 5.18 (d, ] = 3.3 Hz, 1H), 4.60 (d, ] = 2.4 Hz, 1H), 3.27 (dd, ]
=14.8, 3.7 Hz, 1H), 2.37-2.31 (m, 2H), 2.32-2.28 (m, 1H), 2.18 (dd, ] = 14.7, 3.8 Hz, 1H), 1.99 (s, 3H), 1.93
(s, 3H), 1.64-1.55 (m, 2H), 1.47 (s, 3H), 1.38 (s, 3H), 1.35-1.21 (m, 10H), 1.13 (d, ] = 7.0 Hz, 3H), 0.90
(t,] = 7.4 Hz, 3H), 0.86 (t, ] = 5.8 Hz, 3H); Figure S2A. 3C NMR (100 MHz, CDCls) : 201.43, 175.50,
174.95,172.93, 170.95, 156.60, 142.02, 83.93, 78.93, 78.49, 77.84, 73.06, 66.07, 51.61, 41.42, 38.67, 33.81,
31.61,28.94,28.91, 26.11, 24.70, 23.05, 22.58, 22.48, 16.22, 16.01, 14.06, 11.61, 10.24; Figure S2B. HMQC is
displayed in Figure S2C. HRMS-ESI: for [C30H44011 + Na]* calculated my/z: 603.27768 Da, found my/z:
603.27795; Figure S2D.

2.2.3. Synthesis of (35)-Hydroxy-2-Octanoyl-3-Desangeloyl Trilobolide (3)

a-Ketoester 2 (1.78 g, 3.07 mmol), dissolved in Et,O (120 mL) under an argon atmosphere, was
cooled to -20 °C. Freshly prepared Zn(BH,), (70 mL; 0.5 M in Et,O) was added dropwise via a syringe
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and the reaction was stirred for 3.5 h. The reaction was quenched by dropwise addition of H,O
(20 mL). After addition of AcOEt (100 mL), the Et,O was evaporated at 500 mbar. The resulting mixture
of AcOEt and H,O was filtered through filter paper to remove white sludge formed by Zn(BHy),
decomposition. The resulting filtered phases were poured into a separator and the collected organic
phase was washed with brine (2 X 100 mL). The organic layer was dried over Na;SOy, filtered, and the
solvents were evaporated under reduced pressure. Chromatography over a silica gel column (length of
30 cm, a diameter of 4 cm; using hexanes—AcOEt (2:1, t/v) as an eluent) afforded «-hydroxy ester 3 as a
white powder (1.41 g, 2.45 mmol) at 80% yield. A small amount of the (3R)-diastereomer (160 mg, 0.27
mmol) was also isolated (in 9% yield, related to 2). No starting material was recovered. R¢ = 0.29 in
hexanes—AcOEt (2:1, v/v) as an eluent. 'TH NMR (400 MHz, CDCl3) &: 5.65 (t, ] = 3.7 Hz, 1H), 5.64-5.62
(m, 1H), 4.88 (t, ] = 4.0 Hz, 1H), 4.44-4.41 (m, 1H), 4.41-4.39 (m, 1H), 3.31 (dd, ] = 14.9, 3.7 Hz, 1H),
2.40-2.30 (m, 2H), 2.30-2.22 (m, 1H), 2.11 (dd, ] = 14.8, 3.7 Hz, 1H), 1.93 (s, 3H), 1.89 (s, 3H), 1.64-1.55
(m, 2H), 1.46 (s, 3H), 1.37 (s, 3H), 1.33-1.20 (m, 10H), 1.12 (d, ] = 7.0 Hz, 3H), 0.90 (t, ] = 7.4 Hz, 3H), 0.86
(t ] = 7.2 Hz, 3H); Figure S3A. 13C NMR (100 MHz, CDCl;) &: 175.85, 175.78, 175.56, 170.59, 144.04,
127.08, 84.98, 84.60, 83.76, 78.60, 78.56, 77.15, 66.22, 55.13, 41.43, 38.22, 34.11, 31.61, 29.07, 28.92, 26.11,
24.87,23.65,22.57,22.51,16.16, 16.10, 14.05, 12.89, 11.62; Figure S3B. HMQC is displayed in Figure S3C.
HRMS-ESI: for [C30H46011 + Na]* calculated my/z: 605.29323 Da, found my/z: 605.29364; Figure S3D.

2.2.4. Preparation of 2,4,6-Trichlorobenzoic (Z)-2-Methylbut-2-Enoic Anhydride

To a stirred solution of angelic acid (1.0 g, 10 mmol) and TEA (1.4 mL, 10 mmol) in dry toluene
(30 mL) under an argon atmosphere, 2,4,6-trichloroenzoyl chloride (2.93 g, 12 mmol) was added
dropwise via a syringe at 20 °C. The reaction was stirred 20 h at 20 °C; the temperature was then
increased to 55 °C, and the stirring was continued for 1 h. After cooling to RT (20 °C), the formed
triethylammonium chloride salt was removed by filtration through a glass filter. The solvents were
removed under reduced pressure, and the residue was dried in vacuo. NMR analyses of the product
showed that highly pure anhydride was obtained, and no additional purification was needed. The
mixed anhydride was obtained as white crystals (3.01 g, 9.8 mmol) at 98% yield. 'H NMR (400 MHz,
CDCl,) 6: 7.36 (s, 2H), 6.28 (qq, ] = 7.2, 1.5 Hz, 1H), 2.03 (dq, ] = 7.2, 1.5 Hz, 3H), 1.96-1.88 (m, 3H);
Figure S8A. 13C NMR (100 MHz, CDCl3) 8: 163.28, 157.53, 143.20, 137.62, 133.06 (2C), 129.78, 128.33
(2C), 126.89, 20.30, 16.07; Figure S8B. HMQC is displayed in Figure S8C [28].

2.2.5. Synthesis of 8-O-(2-(S)-Methylbutanoyl)-8-O-Debutanoyl Thapsigargin (4)

To a partly dissolved a-hydroxy ester 3 (500 mg, 0.86 mmol) in anhydrous toluene (1 mL) was
added NaHCOj (289 mg, 3.4 mmol) and 2,4,6-trichlorobenzoic (Z)-2-methylbut-2-enoic anhydride
(524 mg, 1.72 mmol; dissolved in toluene, 2 mL) under an argon atmosphere. A gentle stream of argon
was blown over the solution to slowly evaporate the toluene while reaction mixture was stirred for
18 h at 90 °C. After cooling to room temperature, the mixture was diluted with AcOEt (50 mL). The
organic phase was washed with brine (2 X 50 mL). The organic layer was dried over Na,;SQOy, filtered,
and concentrated under reduced pressure. The residue was chromatographed over a silica gel column
(length of 15 cm, a diameter of 4 cm; hexanes—AcOEt, (2:1, v/v) as an eluent) to give angelate ester
4 (460 mg, 0.69 mmol) as a yellow powder at 80% yield. Unreacted starting hydroxyester 3 (45 mg,
77 umol) was recovered. R¢ = 0.43 using hexanes—AcOEt (2:1, v/v) as an eluent. TH NMR (400 MHz,
CDCls) 8: 6.10 (qq, J = 7.2, 1.5 Hz, 1H), 5.68 (m, 1H), 5.65-5.63 (m, 1H), 5.63-5.61 (s, 1H), 5.47 (t,] = 3.8
Hz, 1H), 4.33 (s, 1H), 3.09 (dd, ] = 14.7, 3.7 Hz, 1H), 2.36-2.28 (m, 2H), 2.28-2.25 (m, 1H), 2.22 (dd, ] =
14.8, 3.8 Hz, 1H), 1.99 (dq, ] = 7.2, 1.5 Hz, 3H), 1.91 (m, 3H), 1.88 (s, 3H), 1.86 (s, 3H), 1.64-1.54 (m, 2H),
1.48 (s, 3H), 1.39 (s, 3H), 1.35-1.22 (m, 10H), 1.14 (d, ] = 7.2 Hz, 3H), 0.90 (t, ] = 7.4 Hz, 3H), 0.88 (t, ] =
7.0 Hz, 3H); Figure S4A. 13C NMR (100 MHz, CDCl3) 6: 175.55,175.48, 172.63, 170.96, 167.09, 141.74,
138.74, 130.27, 127.42, 84.63, 84.15, 78.58, 78.56, 77.71, 76.85, 66.19, 57.30, 41.42, 38.29, 34.20, 31.66, 29.05,
28.98, 26.14, 24.80, 23.17, 22.59, 22.57, 20.58, 16.28, 16.17, 15.81, 14.07, 12.96, 11.63; Figure S4B. HMQC is
displayed in Figure S4C. HRMS-ESI: for [C35Hz5,01, + Na]* calculated my/z: 687.33510 Da, found my/z:
687.33542; Figure S4D.
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2.2.6. Synthesis of 8-O-Debutanoyl Thapsigargin (5)

To a solution of 4 (1.65 g, 2.48 mmol) in MeOH (100 mL), cooled to 0 °C, TEA (6.9 mL, 68.3 mmol)
was added via a syringe and the mixture was left to stir at 20 °C for 21 h. Then, pH was adjusted by
adding a solution of KHSO, (10%, 70 mL) until it was slightly acidic (5-6 pH). The solvent (MeOH)
was slowly evaporated, and the residue was dissolved in AcOEt (100 mL). The organic phase was
washed with brine (2 X 100 mL) and dried over NaySQy, filtered and the solvents were evaporated.
Chromatography of the residue was performed over a silica gel column (length of 30 cm, a diameter of
4 cm; using hexanes—AcOEt (1:1, v/v) as an eluent) yielded triol 5 (1.16 g, 2.0 mmol) as a white powder
at 80% yield. Unreacted starting methyl butanoate 4 (298 mg, 0.44 mmol) was recovered. R¢ = 0.44
using hexanes—AcOEt (1:1, v/v) as an eluent. TH NMR (400 MHz, CDCl3) 6: 6.11 (qq,J = 7.2, 1.5 Hz,
1H), 5.82-5.77 (s, 1H), 5.68 (m, 1H), 5.44 (t, ] = 3.8 Hz, 1H), 4.37-4.32 (m, 1H), 4.23-4.18 (m, 1H), 2.83
(dd, ] =14.8,3.6 Hz, 1H), 2.46 (dd, ] = 14.6, 3.5 Hz, 1H), 2.34-2.22 (m, 2H), 1.98 (dq, ] = 7.1, 1.5 Hz, 3H),
1.91-1.90 (m, 3H), 1.90 (s, 3H), 1.84 (s, 3H), 1.64-1.55 (m, 2H), 1.49 (s, 3H), 1.43 (s, 3H), 1.33-1.22 (m, 8H),
0.90-0.83 (m, 3H); Figure S5A. 13C NMR (100 MHz, CDCl3) &: 175.63, 172.65, 171.33, 167.29, 140.92,
138.90, 130.08, 127.39, 85.39, 84.09, 79.58, 79.35, 77.98, 77.21, 68.61, 57.43, 39.08, 34.26, 31.66, 29.07, 28.96,
24.78,22.80, 22.70, 22.59, 20.56, 16.24, 15.83, 14.07, 12.85; Figure S5B. HMQC is displayed in Figure S5C.
HRMS-ESI: for [C3yH44011 + Na]* calculated my/z: 603.27805 Da, found my/z: 603.27758; Figure S5D.
The spectra were identical to those previously described [29].

2.2.7. Preparation of Boc-N-12-Aminododecanoic Acid

To a suspension of 12-aminododecanoic acid (5.0 g, 23.3 mmol) and TEA (3.9 mL, 28 mmol)
in MeOH (75 mL), Boc,O (5.05 g, 23.3 mmol) was added, and the temperature increased to 60 °C.
The mixture was left to stir for 16 h. After cooling to room temperature, the solvents were evaporated.
The residue was dissolved in AcOEt (100 mL), and the mixture was washed with diluted HCI solution
(0.25M, 2 x 40 mL) and brine (100 mL). Subsequently, the separated organic layer was dried over
NaySOy, filtered, and the solvent was evaporated. The NMR spectra of the product revealed that no
further purification was needed. The acylation precursor Boc-N-12-aminododecanoic acid (7.1 g, 22.5
mmol) was obtained as a white solid at 97% yield (in [27], the yield was 93%). TH NMR (400 MHz,
CDCl3) o: 3.15-2.99 (m, 2H), 2.33 (t, ] = 7.4 Hz, 2H), 1.62 (p, ] = 7.1 Hz, 2H), 1.44 (s, 9H), 1.37-1.12
(m, 16H); Figure S9A. HRMS-ESI: for [C17H33NOy4 + Na]* calculated my/z: 338.23018 Da, found my/z:
338.23052; Figure S9B. The spectra were identical to those previously described [30].

2.2.8. Synthesis of 8-O-(Boc-N-12-Aminododecanoyl)-8-O-Debutanoyl Thapsigargin (6)

To a solution of triol 5 (880 mg, 1.52 mmol) in anhydrous DCM (40 mL) under an argon atmosphere
was added Boc-N-12-aminododecanoic acid (716 mg, 2.28 mmol), EDC (470 mg; 3.03 mmol), and
4-DMAP (92 mg, 0.75 mmol). The reaction was left to stir for 15 h at 20 °C. Subsequently, the solvent was
evaporated and the residue was redissolved in AcOEt (100 mL). The mixture was washed with brine
(2 x 100 mL). The organic phase was dried over Na;SOy, filtered, and the solvents were evaporated.
Chromatography of the residue over a silica gel column (length of 30 cm, diameter of 4 cm; using
hexanes—AcOEt (2:1, y/v) as an eluent) afforded 6 (Boc-12ADT; 1.27 g, 1.45 mmol) as a white powder
at 95% yield. R¢ = 0.52 using hexanes—AcOEt (2:1, 9/v) as an eluent. 'H NMR (400 MHz, CDCl;) &:
6.10 (qq, ] = 7.2, 1.5 Hz, 1H), 5.68 (s, 1H), 5.67-5.64 (m, 1H), 5.63 (t, ] = 3.7 Hz, 1H), 5.48 (t, ] = 3.9
Hz, 1H), 4.24 (m, 1H), 3.08 (t,] = 7.2 Hz, 2H), 2.97 (dd, ] = 15.0, 3.6 Hz, 1H), 2.34 (dd, ] = 14.6, 3.5 Hz,
1H), 2.32-2.28 (m, 2H), 2.28-2.24 (m, 2H), 1.99 (dq, ] = 7.2, 1.6 Hz, 3H), 1.91 (m, 3H), 1.89 (s, 3H), 1.86
(s, 3H), 1.64-1.59 (m, 2H), 1.59-1.54 (m, 2H), 1.48 (s, 3H), 1.46-1.44 (m, 2H), 1.43 (s, 9H), 1.40 (s, 3H),
1.33-1.23 (m, 22H), 0.86 (t, ] = 7.1 Hz, 3H); Figure S6A. 13C NMR (100 MHz, CDCl3) &: & 175.37, 172.66,
172.56, 170.59, 167.09, 156.83, 141.69, 138.69, 130.20, 127.44, 84.47, 84.11, 78.59 (2 C), 77.76, 7721, 76.80,
66.11, 57.71,41.25, 38.29, 34.57, 34.24, 31.66, 29.97, 29.32, 29.21, 29.15, 29.09, 29.06, 29.04, 28.97, 28.94,
28.42 (3 C), 26.63, 24.81, 24.34, 22.72, 22.59, 22.56, 20.57, 16.19, 15.80, 14.07, 12.96; Figure S6B. HMQC is
displayed in Figure S6C. HRMS-ESI: for [C47H75NO14 + Na]* calculated my/z: 900.50798 Da, found my/z:
900.50827; Figure S6D. The spectra were identical to those previously obtained [29].
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2.2.9. Deprotection of Boc group to afford 8-O-(12-aminododecanoyl)-8-O-debutanoyl thapsigargin (7)

To a solution of product 6 (93 mg, 0.11 mmol) in DCM (5 mL) was added TFA (5 mL) and 3 drops of
distilled HyO. The reaction was stirred for 90 min at 20 °C. The mixture was carefully evaporated with
an addition of toluene (10 mL). The product was further purified by silica gel column chromatography
(length of 5 cm, a diameter of 4 cm; using DCM-MeOH (10:1, u/v) as an eluent) to give 7 as a colorless
amorphous solid (12ADT; 80 mg, 0.1 mmol) at 94% yield. Note that no bocylated started material was
recovered. R¢ = 0.36 using DCM-MeOH (6:1, 9/v) as an eluent). "H NMR (400 MHz, DCl3) § ppm: 6.16
(qq,J =7.2,1.5 Hz, 1H), 5.70-5.66 (s, 1H), 5.65 (m, 1H), 5.57 (t,] = 3.7 Hz, 1H), 5.49 (t, ] = 3.9 Hz, 1H),
4.36-4.31 (m, 1H), 3.68-3.62 (m, 1H), 2.96 (dd, ] = 14.6, 3.7 Hz, 1H), 2.93-2.87 (m, 1H), 2.38-2.32 (m,
2H), 2.32-2.30 (m, 1H), 2.30-2.25 (m, 2H), 1.98 (dq, ] = 7.2, 1.6 Hz, 3H), 1.93-1.89 (m, 3H), 1.86 (s, 3H),
1.84 (s, 3H), 1.78-1.70 (m, 2H), 1.67-1.61 (m, 2H), 1.61-1.54 (m, 2H), 1.39 (s, 3H), 1.34 (s, 3H), 1.37-1.26
(m, 20H), 0.92-0.86 (m, 3H); Figure S7A. 13C NMR (100 MHz, CDCl3) § ppm: 176.68, 172.86, 172.28,
170.37,167.12, 139.58, 138.10, 131.94, 127.38, 84.47, 84.26, 78.04, 77.99, 77.88, 76.57, 65.97, 57.62, 47 43,
39.33,37.97, 34.09, 33.74, 31.44, 29.17, 29.10, 29.08, 28.98, 28.80, 28.70, 28.66, 27.16, 26.27, 24.55, 24.15,
22.25,21.92, 21.26, 19.33, 14.65, 14.41, 13.02, 11.55.; Figure S7B. HMQC is displayed in Figure S7C.
HRMS-ESI: for [C4,HggNO1, + H]' calculated myz: 778.47360 Da, found myz: 778.47428; Figure S7D.
The spectra were identical to those previously described [29].

3. Results and Discussion

The goal of this work is to develop a procedure for the large-scale production of 12ADT (7).
A synthesis of Tg containing relatively few steps, starting with nTb on a milligram scale, has been
published. However, gram-scale synthesis of 12ADT (7) has not yet been reported. Decagram amounts
of Tb from a kilogram of fruit extract of L. trilobum (Figure 2) can be obtained in a sustainable way.
The structural similarities between Tb and nTb make this compound an obvious starting point for the
preparation of 12ADT (7) on a gram scale. Isolation and production technologies of pharmacologically
active sesquiterpene lactones [31] were recently reviewed [32,33]. A protocol for isolation of crystalline
Tb on a decagram scale by supercritical CO, extraction, followed by flash chromatography, is described
in Section 2.1.

L. trilobum Fruit
planting extraction
' collected material @) v et
o fruits ’
) cstems )
e leaves
e roots

« extracted with supercritical CO,
¢ extract processing
« only one chromatographic purification (SiO,)
needed to obtain crystalline Th

Figure 2. Optimized route for large scale Tb isolation, i.e., (1) cultivation of L. trilobum and plant
harvesting, and (2) drying of fruits and gram-scale isolation of Tb (3).

A procedure for transformation of Tb to 12ADT (7) in 7 steps, with an overall yield of 24%
(Scheme 1), is described. An overview of the reactions, conditions, molar scale, and the results obtained
in the present work is given in Scheme S1 in comparison with previously developed protocols for
milligram-scale transformation of nTb to Tg.
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The key step of Tb transformation to 12ADT (7) is the insertion of an octanoyl moiety to the C-2
position of the Tb skeleton (Figure 1A). This was achieved via ketone 1, in which H-2 is activated [26,27]
(Scheme 1a). This reaction path involves the selective removal of the angeloyl moiety (Ang) from O-3
and subsequent oxidation of the formed alcohol. A similar reaction was performed with nTb [26,27].
In situ oxidation of the intermediate alcohol prevents degradation of labile 3-O-desangelyl-Tb. This
optimized method was scaled up, enabling the synthesis of ketone 1 in gram amounts (Section 2.2.1).
Ketone 1 (Scheme 1a) was obtained after processing and chromatographic purification at 82% yield.

H " OAc

Ang0™ —=.0 OMeBut °
. 1OMeBu
\ OSMeB”t 9.6 mmol* S—&0H 4.9 mmol
le) 1OH (@] “"OH
0}
°© m (821"/)
(0.14% from fruits) °
Mji
o .
6 1 H - OAC
e AngO" d
y 'OMeBut =
2.48 mmol h OH 0.86 mmol
) “OH
5
(0] (6] 4
(81%) (80%) (80%)
f |1.52 mmol
(0] anchoring point for
WJ\ attachment of e.g. peptides
6 C‘) - OAc
0 H ' 0 9
N. )J\MNH
-.O)J\/M\/ B "0 4 p
OH OH
\'OH \'OH
7 (12ADT)
6 (Boc-12ADT)
© (95%) © (94%)

Scheme 1. Transformation of Tb to a Tg analog 12ADT (7). Reagents and conditions: (a) CrOs3,
HEF, H,O, MeCN, 95 °C, 2.5 h; (b) octanoic acid, Mn(OAc); - 2H,0, 120 °C, 6 h; (c¢) Zn(BHy),,
Et,O, =20 °C, 3.5 h, followed by H,O; (d) 2,4,6-trichlorobenzoic (Z)-2-methylbut-2-enoic anhydride,
NaHCOg;, toluene, argon atmosphere, 90 °C, 18 h; (e) TEA, MeOH, 0—20 °C, 21 h, followed by KHSOy;
(f) boc-12-aminododecanoic acid, EDC, 4-DMAP, DCM, argon atmosphere, 20 °C, 15 h; (g) TFA, DCM,
H,0, 20 °C, 90 min. * Under the arrows, the scale of the starting material is specified in grey.

Ketone 1 was converted into 2 [27] using Mn(OAc)3 - 2H,O and octanoic acid as reagents in
benzene. The developed procedure resulted in optimal reaction conditions to get ketoester 2 at 63%
yield after upscaling [26,27]. The reaction proceeded smoothly, and a procedure for removing the
formed sodium octanoate was developed (Section 2.2.2). Recovery of ketone 1 increased the yield to
85% yield of a-ketoester 2. A likely reaction mechanism explaining both regio- and stereoselective
formation of the product is shown in Scheme S2.

For reintroduction of the angelate ester to the O-3 position, C-3 ketone 2 has to be stereoselectively
reduced to alcohol 3 (Scheme 1c). The procedure developed by Crestey et al. [26] (Scheme Slc) was
followed. The reduction gave alcohol 3 at 80% yield (Section 2.2.3). That is a slightly lower yield than
the previously reported 87% of alcohol s3a obtained from ketone s2a (Scheme Slc) [27].

Esterification with angelic acid is complicated by the easy isomerization of angelic esters into
tiglic esters [34]. 3-OH angeloylation succeeded using 2,4,6-trichlorobenzoic (Z)-2-methylbut-2-enoic
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anhydride (Section 2.2.4) as a reagent [28] in a toluene solution. A too-diluted solution afforded a
poor yield, whereas a too-concentrated solution resulted in problems with stirring. By blowing argon
over the solution overnight, a melt-like solution appeared, resulting in the maximal conversion of 3
to product 4. Due to these specific conditions (Section 2.2.5), optimal yield (80%) was obtained by
running a number of small-scale reactions in parallel. This yield was a significant enhancement in
comparison with previous reports [26,27] (see Scheme S1d). The use of the purified mixed anhydride
instead of in situ generated anhydride is likely to be the key factor for improving the yield [26,27].

The removal of the O-8 ester group from compound 4 (2.48 mmol) was performed by a
validated mild transesterification method (Scheme Sle) using the MeOH-TEA solvent system [35,36].
A precautionary measure of adjusting the pH to being slightly acidic (5-6 pH), with 10% KHSO4 before
the evaporation of the solvent under reduced pressure, was taken, and the reaction (Section 2.2.6)
afforded 5 at 80% yield. The starting material 4 (0.44 mmol) was partially recovered, and, thus, the
recalculated yield reached 98%.

The regioselective insertion of previously prepared (Section 2.2.7) Boc-N-12-aminododecanoyl
moiety to 8-OH of triol 5 was performed by Steglich esterification using EDC/4-DMAP (Scheme S1f) to
give Boc-12ADT (6) at 95% yield (Section 2.2.8), which is an improvement compared to a previous
study [30] (Scheme S1f).

Finally, the cleavage of the Boc group was performed (Section 2.2.9) according to standard
procedures [18], i.e., by using a solution of TFA in DCM (Scheme 1g). The lability of the free amine
group present within 12ADT (7) makes us suggest that only the Boc-protected derivative Boc-12ADT
(6) is stored. This reaction was only performed to show that Boc-12ADT (7) is easily transformed into
the free amine, which should then be coupled with the chosen targeting vector right away.

4. Conclusions

This study describes a successfully developed procedure for large scale isolation of Tb by CO,
supercritical extraction from harvested fruits. A procedure for converting Tb to 12ADT (7) on a
gram scale was developed. The optimized synthetic route to 12ADT (7) from Tb involved only
seven synthetic steps, with 12ADT (7) overall yield of 24%, which outperforms analogous previously
published methods. The presented work offers a procedure for making Tg and its derivatives more
accessible in a sustainable way. That facilitates the preparation of Tg prodrugs for treatment of slowly
developing cancer diseases, like hepatocellular carcinoma and prostate cancer, and eases their clinical
evaluation process.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/12/1640/s1.
Scheme S1: The reactions adopted from the literature. Scheme S2: Proposed mechanism of x-oxyacylation.
Supplementary Figures SIA-S9B document the analytical identification (NMR and HRMS), with 'H and '3C NMR
assignments (Section 2.2).
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