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CHAPTER 1

GENERAL INTRODUCTION

Plants live in complex environments where they expose to countless stresses. Their
life is tremendously vulnerable. To stand against abiotic and biotic stresses, plants have
their own defense systems and they produce thousands of specialized metabolites
known as secondary metabolites through various biosynthesis pathways [1]. These
secondary metabolites have vast structural and functional diversity. Acyl sugars,
terpenoids, flavonoids, and alkaloids are some examples of structurally and functionally
diverse secondary metabolites. Depending on the types and strength of stresses or
interactions, biosynthesis of these metabolites progresses quickly, and the chemical
products induce various biological phenomena such as plant-to-plant communication

or response to biotic or abiotic stresses in the environment.

Plant accumulate and store these chemical products in specific structures [2]. The
surface of many plants mainly, leaves and stems, has hair-like sticky epidermal
structures called trichomes. The size of trichomes is from a few microns to centimeters
[3]. They differ in size, shape, number of cells, morphology, and composition [4].
Generally, trichomes are divided into two categories based on their shape, and they can
be grouped into glandular and non-glandular trichomes [2]. Their capacity to produce,
store, and release a large number of specialized metabolites is remarkable. In the
trichomes, plants synthesize various classes of acyl glucoses [4], terpenoids [5],
polyphenolic compounds [6], flavonoids [7,8], alkaloids [9], etc. It is well known that
trichome-produced secondary metabolites are commercially valuable as natural

pesticides, pharmaceuticals, fragrances, and food additives [10,11].



When considering the history of biochemistry, the idea that plants produce secondary
metabolites to protect themselves from environmental stresses came out in the 19"
century [4]. Interest in the identification of secondary metabolites and their biosynthesis
pathways arose in the late 19" century. However, there was little interest in the
identification of secondary metabolites produced in trichomes and elucidation of their
biosynthesis pathways. With the development of biochemistry and analytical
techniques, scientists became more aware of the commercial advantages of these
compounds and became more interested to isolate and identify those compounds in

recent years.

Acyl sugars known as sugar esters are one of a class of non-volatile secondary
metabolites stored in trichomes. They account for a major amount among other
secondary metabolites in trichomes. Particularly, Solanum pennellii LA0716, a wild-
type tomato plant, accumulates acyl sugars nearly 20% of its leaf dry weight [12] while
tobacco accumulates up to 17% of its leaf dry weight [13]. However, although there are
studies related to the biosynthesis of acyl sugars, their full discovery is yet to be
discovered [14]. This is due to the availability of vast diversity of acyl sugars. Although
several types of acyl sugars have been identified in S. pennellii [15], due to the vast

diversity many compounds are remained to be identified.

In the present study, isolation, identification, and structural elucidation of acyl sugars
produced by S. pennellii were performed. Moreover, chemical syntheses of the
identified compounds were conducted. Finally, using the synthesized compounds their

biological roles were investigated.



1.1. Acyl sugars

The core of acyl sugars is either disaccharide sucrose or glucose, which is attached
to straight or branched-chain fatty acid moieties via an O-acylation (Figure 1) [16].
Acyl sugars have been reported in several plant families such as Solanaceae,
Martyniaceae, Rosaceae, Geraniaceae, Caryophyllaceae, and Brassicaceae [14,17]. In
the Solanaceae family, it has been reported in Solanum [18], Nicotina [19], Datura [20],
and Petunia [3]. Glandular trichomes within the genus Solanum, which include tomato,
potato, and eggplant produce and store acyl sugars [21]. In most cases, acyl sugars have
mono-, di-, or tri-fatty acid moieties having a length from carbon two to twelve [22].
Cultivated tomato species of Solanum lycopersicum produce so-called F-type acyl
sucroses which contain a single acyl group at the furanose ring, and two or three acyl
moieties at the pyranose ring [23-25]. In contrast, Solanum habrochaites and
S. pennellii accumulate so-called P-type acyl sucroses which contain two or three acyl

groups at the pyranose ring [26].

Acyl sugars lPyranose rlng‘ lFuranose ring 1
OH
OH
R;0 ° OH
R;0 @ Re0
R,0
2 OH °R1o O’OH
OR,
OH
Acyl glucose Acyl sucrose
y'e y o R- acyl groups

Fatty acid moieties R =

-
i

Figure 1. Structures of acyl sugars
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Biosynthesis of acyl sugars has been well studied and documented in tomato [3,19] and
tobacco species [23,27]. However, a comprehensive understanding of biosynthesis in
all species is yet to be discovered. This becomes complex due to having many numerical
numbers of different types of acyl sugar structures. Among tomato species,
investigation of the biosynthesis of acyl sugars has been paid attention mostly in
S. lycopersicum and S. pennellii, especially in S. pennellii accession of LA0716 [14].
Most of the previous studies on acyl sugars have focused on the metabolism of acyl
sugars [21,28], the identification of enzymes that synthesize acyl sugars [16,29-31],
and their roles as herbivores [32]. Shapiro et al., 1993 [33] have investigated fifteen
accessions of Lycopersicon pennellii and four accessions of L. pennellii var. puberulum
for the variability of acyl sugar production corresponding to the geographical
distribution. Lybrand et al., 2020 [21] revealed that S. pennellii accumulates a mixture
of acyl sugars that contained at least thirteen unique structures by using ultrahigh-
performance liquid chromatography-high resolution mass spectrometry (UHPLC-HR-
MS) and nuclear magnetic resonance (NMR) spectroscopy. In some studies, structural
identification of acyl sugars has been conducted for Nicotiana species [34-38].
Although there are some studies related to identifying the fatty acid moieties present in
the acyl glucose or acyl sucrose and their composition, most of the studies have been
conducted using liquid chromatography or gas chromatography which gave a rough
idea [15,21,39,40]. Only a few studies have determined the exact structure of acyl
glucoses based on NMR spectroscopy in S. pennellii [28,41]. Although Liu et al., 2017
[42] have identified more than hundreds of acyl sugars from Petunia species; Petunia
axillaris, Petunia exserta, and Petunia integrifolia, they could only elucidate the
structure of fourteen neutral acyl sucroses and fifteen malonate acyl sucroses using

NMR spectroscopy. Although many variabilities in acyl sugars were detected so far,



isolation and elucidation of their chemical structures still remain to be difficult. This is
because of the anomerization (« to f and vice versa) at the C-1 position (anomeric
carbon) in the glucose [43,44]. Information on detailed structures of acyl sugars is

essential to understand the biosynthesis of acyl sugars.

1.2. Acyl sugar biosynthesis

In order to understand how fatty acids are composed and how acyl sugars can use
in industrial applications, knowledge of the biosynthesis of acyl sugars is essential. Up
to date, some genes related to the biosynthesis of acyl sugars have been identified.
However, how those genes are involved in the assembly of fatty acids to the core sugar

is elusive since the availability of a huge number of different fatty acids.

Based on the references available so far, biosynthesis of acyl sugars can be explained
in two phases: (1) formation of acyl CoAs, and (2) esterification of acetyl groups to
sugars [45]. Figure 2 explains the biosynthesis pathway of acyl sugars in S. pennellii.
Acyl CoA synthetase (ACS), enoyl CoA hydratase (ECH), and isopropylmalate
synthase 3 (IPMS3) are involved in the generation of different types of fatty acids
CoAs [30]. Based on the comparative and biochemical approaches, it was reported that
the IPMS3 enzyme involves in producing 2-methylproponoic acid and 3-
methylbutanoic acid in S. pennellii accessions [30,46]. In addition to that, Fan et al.,
2020 [29] have reported two non-homologous genes; acyl sugar acyl-CoA synthetase
(AACS) and acyl sugar enoyl-CoA hydratase (AECH) from chromosome 7 that involve
in producing medium-chain fatty acids in acyl sugar biosynthesis. These two genes are
only activated at the tip of trichomes. Acyl-transferase2 (AT2) has been identified as
an enzyme involved in the esterification of acetyl (C2) group into major detectable

tetra-acyl sucroses of cultivated tomato S. lycopersicum cv. M82 [23].



The main tomato acyl sugar biosynthesis pathway is the esterification of acetyl groups
into the core sucrose. This process is mainly controlled by four enzymes of acyl sugar
acyltransferases (ASAT1-ASAT4) which are specifically secreted in the tip of the
trichomes [23]. However, it was reported that only three ASAT1-ASATS3 are involved
in S. pennellii (Figure 2) [24,45,46], while cultivated tomato (S. lycopersicum)
produces tri- and tetra-acyl sucroses using S. lycopersicum acyl sugar acyltrasferase
(SIASATL1 to SIASAT4) [29,39]. These enzymes belong to the BAHD acyltransferase
superfamily [named according to the first letter of four characterized enzymes of the
family: BEAT (benzylalcohol O-acetyltransferase) from Clarkia breweri, AHCT
(anthocyanin O-hydroxycinnamoyltransferases) from Petunia, Senecio, Gentiana,
Perilla, and Lavandula, HCBT (anthranilate N-hydroxycinnamoyl/benzoyltransferase)
from Dianthus caryophyllus, and DAT (deacetylvindoline 4-O-acetyltransferas) from
Catharanthus roseus] [46-50]. In S. pennellii, at first, ASAT1 transfers the acyl group
from its coenzyme A (CoA) to the Rs position of sucrose to yield monoacylated sucrose.
Secondly, ASAT3 transfers the acyl group to the Ri position in sucrose to give
diacylated sucrose followed by transferring the acyl group by ASAT?2 to the Rz position
in sucrose to give triacylated acyl sucrose [21] (Figure 2). Based on the previous
studies, the structure of acyl groups was identified as straight or branched chain,
typically short chain, C4 - Cs, and medium chain, C1o - C12 [51,52]. Slocombe et al.,
2008 [19] have reported two modes of elongation of branched-chain fatty acids using
isotope feeding studies. They have found that elongation of two carbons in tomato
species: S. pennellii and Datura metel via fatty acid synthase, and elongation of one
carbon in tobacco, Nicotina, and petunia species via -keto acid. Elongation of
branched-chain fatty acid occurs through branched-chain keto acid dehydrogenase [3].

However, how these enzymes are involved in fatty acid synthesis is yet to be



discovered. Additionally, acylsucrose fructofuranosidase 1 (ASFF1) was reported as
an invertase to create acyl glucose from acyl sucrose [18]. Rapid turnover of acyl
sucrose is catalyzed by acylsugar acylhyrolases (ASHSs) to recreate mono-, and di-acyl

sucroses [30].

Acyl-CoAs

Short chain Long chain

ACS )kS/COA
ECH—> —>—» i
IPMS3 WS/C

I i
CoA
AHLS/

+ ASAT?2

Formation of acyl
CoAs

Esterification of acetyl groups to sugars

Figure 2. Acyl sugar biosynthesis in Solanum pennellii

However, this order of esterification of acyl groups to sucrose is not always the same

in plants even within the same family. Notably, their chemical structures also seem to



be different. For example, in the Solanaceae family member of S. lycopersicum, tetra
acyl sucrose is produced by esterifying acyl groups in order of R3, Rz, R4’, and Ry by
SIASAT1, SIASAT2, SIASATS3, and SIASAT4 respectively (Figure 3A) [13,22—
24,43]. In contrast, the addition of acyl groups occurs in order of Ry, R2, R3, R4, and

R1" in Petunia species of P. axillaris [39] (Figure 3B).

A) B)

Figure 3. Acyl sucrose from S. lycopersicum and P. axillaris. (A) Chemical structure
of acyl sucrose from S. lycopersicum; (B) Chemical structure of acyl sucrose from P.

axillaris (Nadakuduti et al., 2017 [39]).

When considering a single species, its acyl sugar biosynthesis seems to be simple, thus
it was possible to carry out the acyl sugar biosynthesis pathway in a test tube by simply
adding ASATs enzymes to sucrose and acyl CoAs [16]. However, it is not simple
always as we see because of having a wide variety of acyl sugar profiles. As long as
the identification of acyl sugars is carried out, it will be possible to fully discover acyl

sugar biosynthesis genes and their metabolic diversity.



1.3. Biological activities of acyl sugars

The biological activities of acyl sugars have been extensively studied. It was
reported that acyl sugars show great properties such as anti ovipositional, antifeedant,
antioxidant, insecticidal, and toxic properties [15,53-56]. It is well documented that
acyl sugars act as a direct defense in the Solanaceae family plant against herbivores and
provide protection against a wide range of insets [22]. However, Weinhold et al., 2011
[27] have reported that acyl sugars were the first meal of lepidopteran herbivores on
Nicotiana attenuate providing nutrients rather than toxic chemicals for them. Leckie et
al., 2016 [55] have shown that acyl sugars in S. pennellii have the ability to alter the
distribution of whitefly oviposition and suppress oviposition on materials treated with
acyl sugars. Apart from those activities, amphipathic acyl sugars can reduce the surface
tension of water droplets on its leaves, which enables plants to keep hydrated [12,45].
It is also used as antibiotics, anti-inflammatory drugs, food additives, and compounds

in cosmetics products which added a great value to industrial applications [3,57-59].

1.4. Solanum pennellii plant

Tomato is an extensively cultivated and one of the important flowering crops
worldwide. It is a very popular and important vegetable that provides a valuable source
of nutrients such as amino acids, antioxidants, vitamins, fiber, and lycopene [60,61].
Tomato has several types of varieties and its popular cultivated species is the

S. lycopersicum [62].

S. pennellii (Figure 4), which is endemic to South America, is a representative of wild-
type tomato [63]. It belongs to the Solanaceae family [3]. Its full genomic information
was studied and reported in the 100 Tomato Genome sequencing Consortium in 2014

[64]. Additionally, its introgression lines have been fully established [65,66]. Through



the various biochemical and biotechnological studies, its primary and secondary
metabolites, soluble sold contents, volatile components, and biosynthesis have been

extensively studied [66].

Figure 4. Solanum pennellii plant

As shown in Figure 4, S. pennellii has tiny hair-like sticky epidermal structures. Those
are called trichomes. Based on the morphology studies, eight different types of
trichomes can be found in plants, in which four characteristics of trichomes (type I, 1V,
VI, and VII) are considered as glandular capitate trichomes [2,3,67] and other four (type
I, 111, V, and V1II) are considered as non-glandular trichomes [2,3,67]. Particularly, in
S. pennellii, type IV and VI trichomes can be found (Figure 5) [2,3,68,69]. These
trichomes produce a diversity of secondary metabolites. Typically, those are terpenes

[5], flavonoids [7,8], acyl sugars [4], phenylpropenes [6], and alkaloids [9] which add
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numerical properties and protection to plants such as toxic and insecticidal effects, and
antioxidant and antiinflammation properties. Several studies have reported that
jasmonic acid (JA), a plant hormone, is an essential component of the defenses in

trichomes [67].

Flgure 5. Types of trichomes in S. pennellu (Glas etal., 2012 [3])
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1.5. Aims and objectives

There are numerous acyl glucoses in S. pennellii that had not been isolated and
identified yet. Identification and elucidation of new structures are important tasks since
those data support understanding the biosynthesis pathway of acyl sugars and
evaluation of their biological activities. Therefore, in this dissertation, the main aim is
to identify new acyl glucoses and investigate their biological activities. To achieve the
goals, isolation of new acyl glucoses and elucidation of their chemical structures were
carried out. In order to investigate further testing such as their biological activities,
identified acyl glucoses were synthesized. Then, to clarify their biological activities,
synthesized compounds were used as standards. To quantify the amount of acyl
glucoses in plants, liquid chromatography time-of-flight mass spectroscopy (LC-TOF-

MS) was used.
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CHAPTER 2

ISOLATION, IDENTIFICATION, AND STRUCTURE DETERMINATION OF

ACYL GLUCOSES FROM Solanum pennellii

2.1. Introduction

The outermost layer of plants is the first and strongest barrier that pathogens, viruses,
and herbivores meet when they reach plants [70]. It provides the greatest protection
against those harmful infections. The defense present in the outermost layer is always
active. When pathogens or herbivores overcome this barrier, then the induced defense
system is activated upon requirement. In order to provide active and strong protection,
the plant’s outer layer contains specific structures such as trichomes. Components
present in trichomes and their density are the key factors of the plant’s first defense
against herbivores [71,72]. The defense system due to the components within trichomes
is potent in different ways such as entrapping herbivores in sticky and toxic exudates,
attracting predators [73], protecting against UV, temperature regulation, and tolerance
to water stress [3]. These protections are provided through the synthesis of secondary

metabolites such as the production of acyl sugars [20], polyphenols [6], and flavonoids

[7].

Acyl sugars are a group of secondary metabolites that secrete and store in the granular
trichomes in several plant families like Solanaceae, Martyniaceae, Rosaceae,
Geraniaceae, Caryophyllaceae, and Brassicaceae [14,39]. These compounds are
considered as valuable compounds for agriculture, medicine, and the food industry.
Considering their valuable biological activities such as insecticidal effects [55],
antioxidant [60], and anti-inflammation properties [58], the identification of acyl sugars

has been paid attention recently. Although there are some acyl sugars have been
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identified, many unidentified compounds remained due to their complexity and
diversity. Therefore, isolation and identification of new acyl glucoses would be

beneficial for future studies and commercial applications.

S. pennellii is a wild-type tomato plant that has been paid attention by scientists widely
due to its availability, morphology, and applications. Its full genomic information has
been investigated [64] which opened a path for biotechnological approaches for future
developments. It is considered as a useful plant for the agricultural industry since this
plant can be used to breed with other tomato species to produce desired characteristics
such as having tolerance to abiotic and biotic stresses, salt and drought [63,74,75]
resistance to disease [76], and production of high yield [77]. S. pennellii produces acyl

sugars in its trichomes, generally, it is nearly 20% of its dry leaf weight [25].

Sugar molecules usually undergo anomerizaton at the anomeric carbon (C-1 position)
of the pyranose ring. Figure 6 shows the anomerization mechanism of acyl glucose.

Due to the anomerization, the isolation of acyl sugars becomes challenging.

R =acyl groups

Figure 6. Mechanism of a and £ anomerization of acyl glucoses

In this chapter, the difficulties arising from the anomerization were overcome by the O-
benzylation of free hydroxyl groups present in the pyranose ring to isolate new acyl

glucoses. Benzylation of acyl glucoses fixes the glucose into either one of the anomers.
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In a previous study, Yamada et al., 2012 [78] have reported a method for making benzyl
ethers utilizing a reagent called 2,4,6-tris(benzyloxy)-1,3,5-triazine (TriBOT). Thus,
TriBOT can be used to prevent the anomerization that occurs in C-1 of the acyl glucoses
(Scheme 1). Using this strategy, previously three acyl glucoses, pennelliisides A-C
were isolated and their structures were elucidated by NMR spectroscopy [28]. With the
continuing interest, in this study, a new acyl glucose was isolated and its structure was

elucidated using 1D and 2D NMR together with field desorption (FD) mass analysis.

R =acyl groups

—

OH OBn OBn
TriBOT,
(0] TfOH 0 0
RO OH > RO 0Bl + g
RO 1,4-dioxane, 3A RO RO

OR MS, 100 °C, 16 h OR OR
0Bn

f isomer o isomer

Scheme 1. Reaction of acyl glucose with TriBOT

2.2. Objective

The objective of this chapter is to isolate new acyl glucoses from S. pennellii and

elucidate their chemical structures.
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2.3. Experimental procedures

2.3.1. Plant materials

In this chapter, S. pennellii plants were used to isolate acyl glucoses. Seeds of
S. pennellii were collected from the National Bioresource Project (NBRP, Tsukuba).
Seeds were germinated in a plant growing chamber at 25 °C under 16 h of white
luminescent light and 8 h of dark photoperiod for 30 days. Then plants were transferred
to a greenhouse and grown for another 50 days at 25 °C at the Faculty of Agriculture,

Hokkaido University, Hokkaido, Japan.

2.3.2. Extraction and isolation

Aerial parts of the S. pennellii plants (1.7 kg) were used to extract acyl sugars.
Pieces of plants were roughly divided into five groups. Then, each group of plants was
dipped in 1 L of EtOH and shaken for 30 s at room temperature to extract epicuticular
lipophilic wax. All the EtOH fractions were combined together (collectively 5 L) and
concentrated using a rotary evaporator. The obtained crude material was subjected to
liquid-liquid extraction with EtOAc (500 mL) and sat. NaHCO3 (500 mL). Then, the
organic layer was dried with Na2SOs, and concentrated to obtain a crude sample. The
crude material was then partially separated using silica gel column chromatography

(MeOH-CHCl3-CHsCOOH, 5:95:0.1).

In order to prevent the anomerization at C-1 in the pyranose ring, the crude sample
containing acyl glucoses was treated with TriBOT as previously reported [28,78].
Simply the crude sample which included acyl glucoses was stirred with 100 mL of 1,4-

dioxane under anhydrous conditions. Then 300 mg of TriBOT and 35 uL of

trifluoromethanesulfonic acid were added to the reaction solution at room temperature.
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The reaction mixture was stirred at room temperature for 16 h, and the organic solvent
was evaporated using a rotary evaporator to yield an oily sample. Next, the sample was
separated using silica gel column chromatography (EtOAc-n-hexane-CH3;COOH,
20:80:0.1). Two fractions were obtained. The second fraction, Fr 2 was further
separated using high-performance liquid chromatography (HPLC) (InertSustain Cis, 10
x 250 mm, 2.5 mL/min, A2i0 nm, MeOH—H>0—CH3COOH, 91:9:0.1) to obtain the
subfraction, Fr 2-1 (67.7 mg). It was again separated using another two consecutive
HPLC separations (Shisheido Capcell park Cig, 4.6 x 250 nm, 5 pum, 2 mL/min,
CH3CN-H20, 80:20; Cadenza CK-Cig, 6 x 250 nm, 3 um, 2 mL/min, MeOH-H-0,
80:20) to yield colorless oil, 2 (19 mg). Its chemical structure was determined using *H
NMR, 3C NMR, and 2D NMR. The molecular weight of 2 was measured using high-
resolution field desorption mass spectrometry (HRFD-MS). After obtaining the
chemical structure, the specific rotation of 2 was measured using a polarimeter at room

temperature with the concentration of 6 mg mL™ of 2.
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2.4. Results and discussion

2.4.1. Isolation and structure determination of dibenzyl pennelliiside D

In the present study, new acyl glucose was isolated and its chemical structure was
determined based on 1D and 2D NMR spectroscopy. The aerial parts of 80-day-old S.
pennellii (1.7 kg) were dipped in EtOH for 30 s, and an extract of epicuticular lipophilic
wax was obtained by evaporating the organic solvent under reduced pressure. The
extract was partitioned between EtOAc and sat. NaHCOs. The extract obtained from
the EtOAc layer was roughly purified using silica gel column chromatography to give

acyl glucoses.

In order to prevent the anomerization occurring at the C-1 position in the pyranose ring
of acyl glucose, O-benzylation was carried out for the plant extract. Although some
methods such as benzyl alcohol or benzyl bromide have been reported for benzylation
of sugars [79,80], those methods result in a low yield or impurities. As reported by
Yamadaetal., 2012 [78], O-benzylation using TriBOT has given a relatively high yield.
Thus, this method was adapted to protect the free hydroxyl groups (at C-1 and C-6)
present at the glucose moiety of acyl glucoses (Scheme 1). After this step, isolation
and structure determination were conducted for the dibenzylated compound. At last, the

removal of benzyl groups was conducted to obtain the natural acyl glucose.

Using the above-mentioned strategy, new acyl glucose, dibenzyl pennelliiside D (2)
was isolated (Figure 7B). Compound 2 was obtained as a colorless oil (19 mg). Its
chemical structure is shown in Figure 7. Molecular formula and molecular weight of 2
were confirmed with HRFD-MS data that indicated the molecular weight as m/z
584.2992 [M]" (cal. m/z 584.2985 [M]), and molecular formula as C3sH4409 (Figure

S1, Appendix I). Thus, these results suggested that 2 has 12 degrees of unsaturation.
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Next, the structure of 2 was elucidated with 1D and 2D NMR spectroscopy. By
analyzing *H NMR, 3C NMR together with COSY, HSQC, HMBC, and NOESY
spectra, the structure of 2 was established as shown in Figure 7B. Table 1 shows
summarized H and **C NMR data of 2. According to the *H NMR spectrum, peaks
appeared at on4.38 (d, J = 7.6 Hz, 1H, H-1), 5.46 (m, 1H, H-2), 5.48 (m, 1H, H-3), 5.30
(dd, J =10.7, 9.5 Hz, 1H, H-4), 3.42 (m, 1H, H-5), and 3.47 (m, 2H, H-6) confirmed
the presence of glucopyranose (Figure S21, Appendix I1). It was further confirmed by
COSY correlations between the signals at H-1/H-2, H-2/H-3, H-3/H-4, and H-4/H-5
(Figure 8A, and Figure S23, Appendix Il) and their corresponding coupling constants
(Table 1). As shown in Figure 8B, NOESY interactions were observed between cross-
peaks of H-2/H-4 and H-1/H-3/H-5 (Figure S26, Appendix Il). The peak observed at
dc 100.3 corresponded to the C-1 in *C NMR (Table 1 and Figure S22, Appendix I1),
and the coupling constant, J = 7.6 Hz in the *H NMR represents £ anomeric structure
of the glucose moiety. Next, ten shielded methine groups at 6+ 7.26 (t, J = 7.4 Hz, 4H,
H-3’, H-7°, H-3”, H-7"), 7.12-7.19 (m, 4H, H-4’, H-6’, H-4", H-6""), and 7.08 (t,
J=7.3Hz, 2H, H-5’, H-5"") (Table 1, and Figure S21, Appendix IlI), were identified as
peaks corresponding to two benzene rings. Additionally, when comparing HMBC
correlations, signals appeared at on 4.75 (d, J = 12.2 Hz, 1H, H-17), 4.45 (d, J = 12.2
Hz, 1H, H-1"), and 4.33 (d, J = 5.5 Hz, 2H, H-1"") in *H NMR were identified as protons
corresponding to benzylidene attached to the C-1 and C-6 positions respectively (Figure
8A, and S25, Appendix Il). The presence of two isobutyryl ester moieties was
determined according to the 'H and 3C NMR spectra, and COSY and HMBC
correlations (Figures S21 — S25, Appendix II). Signals appeared at on 2.41 (m, 1H, H-
B2), 2.31 (m, 1H, H-C2), 1.08 (d, J = 7.0 Hz, 6H, H-B3, B4), 1.02 (d, J = 7.0 Hz, 3H,

H-C3), and 0.98 (d, J = 7.0 Hz, 3H, H-C4) in *H NMR confirmed the presence of
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isobutyryl ester moieties. As shown in Figure 8A, these moieties have attached to C-3
and C-4 positions in the glucose moiety. In a similar way, the structure of
2-methylbutyryl fatty acid moiety was identified. Signals showed at o 2.28 (m, 1H, H-
A2), 1.69 (m, 1H, H-A4), 1.32 (m, 1H, H-A4), 1.08 (d, J = 7.0 Hz, 3H, H-A3), and 0.81
(t, J=7.4 Hz, 3H, H-A2) in 1H NMR, and COSY and HMBC correlations expressed
the presence of 2-methylbutyryl fatty moiety. It was attached to C-2 in the glucose
moiety as shown in Figure 8A. Thus, the comprehensive analysis of NMR data
elucidated the structure of 2, and its IUPAC name was confirmed as 1,6-O-dibenzyl-
3,4-0-diisobutyryl-2-O-(2-methylbutyryl)--D-glucose (Figure 7B). Then in order to
understand the optical activity of 2, specific rotation was measured. The optical activity

of 2 was revealed to be [a]?**p =-10.5 (c 0.6, MeOH).

It has been reported that the presence of 2-methylbutyryl in other natural compounds,
and it is mostly in the (S) configuration [81,82]. Although some studies have reported
the availability of 2-methylbutytryl fatty acid moiety in acyl sugar found in tomatoes
[15,18], its configuration at the A2 position is still unknown. However, in this study, its
absolute configuration could not be identified by using only NMR spectroscopy. It can
be detected by comparing the NMR spectra of natural compounds with synthesized (S)
and (R) isomers of 2 or by conducting HPLC analysis with natural fatty acid moiety

and standard compounds of (S) and (R) configured fatty acids.

2.4.2. Debenzylation

In order to get the acyl glucose in its natural form, debenzylation was carried out.
Pennelliiside D (1) was obtained by debenzylation of 2. Debenzylation was carried out
by reacting 2 with palladium carbon under a hydrogen gas atmosphere (Scheme 2).

Compound 1 was obtained as a colorless oil (6 mg, 65%). FD mass analysis of 1

20



revealed molecular formula and molecular weight to be C19H3209 and m/z 405.2133
[M+H]" (cal. m/z 405.2125 [M+H]"), respectively (Figure S2, Appendix I). Thus, it
indicated having four degrees of unsaturation. After the debenzylation, both anomers
of a and S appeared in the sample. Therefore, its *H and **C NMR were quite complex
due to the interference of both anomers. However, partial assignments of Hs and Cs
corresponding to each anomer were done, and given in Table 2 and Figure S30,
Appendix Il. Then o« and £ anomers were identified separately based on signals that
appeared in 3C NMR and its coupling constant values in *H NMR. Precisely, the peak
appeared at 6c 96.1 in 3C NMR was identified as the peak corresponding to the C-1 of
/S anomer since its corresponding H showed a coupling constant value as J = 6.9 Hz. In
contrast, the peak appeared at oc 90.4 in *C NMR was specified as the peak
corresponding to the C-1 of a anomer since its H showed a coupling constant value as
J = 3.6 Hz. By analyzing other *H and 3C NMR, and COSY, HSQC, and HMBC
correlations, the chemical structure of 1 was revealed as 3,4-O-diisobutyryl-2-O-(2-

methylbutyryl)-D-glucose (Figure 7A).

In this study, it was possible to isolate and determine its structure using the strategy of
benzylation of free hydroxyl groups present in the pyranose ring. However, this method
may not be possible to use to isolate compounds that have unsaturation fatty acid
moieties since they react with palladium/carbon when the debenzylation is carried out.
Up to date, some fatty acid moieties have been identified, although their exact position
of the glucose or sucrose moiety was unclear yet. In this study, the chemical structure
of new acyl glucose was fully discovered. So far, it was reported that the length of fatty
acids in S. pennellii are ranging from C2 to C12 [21], which are straight or branched
chains [45]. For example, in S. pennellii branched-chain fatty acids are

2-methylpropanoic acid, 3-methylbutanoic acid, 2-methylbutanoic acid, and
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8-methylnonanoic acid, and straight-chain fatty acids are decanoic acid, and dodecanoic
acid [19,45]. Nevertheless, it has not been reported any unsaturated fatty acid moiety

in acyl glucoses or acyl sucroses so far.
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Figure 7. Structures of pennelliiside D and its benzylated derivative
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Figure 8. Important resonances of compound 2; (A) Key *H-H COSY and HMBC
correlations; (B) Key NOESY interactions observed between protons shown in

same color (pink and green)
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Table 1. *H NMR (500 MHz) and *3C NMR (126 MHz) spectroscopic data of natural

dibenzyl pennelliiside D (2) in CeDe (6 in ppm, J in Hz)

Natural dibenzyl pennelliiside D (2)

Position Type S on(Jin H)
1 CH 100.3 4.38,d (7.6)
2 CH 71.9 5.46, m
3 CH 73.5 548, m
4 CH 70.1 5.30, dd (10.7, 9.5)
5 CH 74.3 342, m
6 CH: 69.9 347, m
1a' 4.75,d (12.2)
1b' CH 70.7 4.45,d (12.2)
2' C 138.0
3 CH 128.1-128.6 7.26,1(7.4)
4 CH 128.1-128.6 7.12-7.19, m
5' CH 128.1-128.6 7.08,1(7.3)
6' CH 128.1-128.6 7.12-7.19, m
7 CH 128.1-128.6 7.26,t(7.4)
Al C 1747
A2 CH 41.9 2.28, m
A3 CHs 17.2 1.08, d (7.0)
Ad CH: 27.2 1.32,1.69, m, m
A5 CHs 12.2 0.81,t(7.4)
Bl C 176.2
B2 CH 34.6 241, m
B3 CHs 19.2-19.5 1.08, d (7.0)
B4 CHs 19.2-19.5 1.08, d (7.0)
C1 C 175.3
C2 CH 34.5 2.31, m
C3 CHs 19.2-19.5 1.02, d (7.0)
C4 CHs 19.2-19.5 0.98,d (7.0)
1a" 4.33,d (5.5)
1b" CH. 73.9 4.33,d (5.5)
2" C 139.0
3" CH 128.1-128.7 7.26,t(7.4)
4" CH 128.1-128.7 7.12-7.19, m
5" CH 128.1-128.7 7.08,t(7.3)
6" CH 128.1-128.7 7.12-7.19, m
7 CH 128.1-128.7 7.26,t(7.4)
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Table 2. *H NMR (500 MHz) and *C NMR (126 MHz) spectroscopic data of natural

pennelliiside D (1) in CDCl3 (6 in ppm, J in Hz)

Position T a Anomer S Anomer
OSIHON TYPE —5¢ on (Jin H2) oc o1 (Jin H2)

1 CH 904 548, d (3.6) 96.1 4.2dd (9.8, 9.2))
2 CH 714 485 dd (6.8,36) 735 4,91, dd (7.7, 6.9)
3 CH 690 5.65, dd (10.9,9.9) 714 32)1 ad (104,
4 CH 688 5.01, dd (10.9,9.7) 68.8 gg? ad (10.4,
5 CH 697 4.06, m 74.7 3.59, m
6 CH, 613 3.71,3.55 m 61.3 3.75,3.59, m
AL C 1766 176.6
A2 CH 411 2.38, m 411 242, m
A3 CH; 164-194 1.03-117,m 16.4-19.4 1.07-1.21,m
A4 CH, 267 1.41,1.62, m 26.7 1.45, 1.66, m
A5  CH; 117 0.85, m 11.7 0.90, m
BL C 1760 176.0
B2 CH 342 2,50, m 34.2 250, m
B3 CHs 164-194 1.03-117,m 16.4-19.4 1.07-1.21,m
B4 CHs 164-194 1.03-117,m 16.4-19.4 1.07-1.21,m
cIL C 1769 176.9
C2 CH 342 2,56, m 34.2 256, m
C3 CHs 164-194 1.03-117,m 16.4-19.4 1.07-1.21,m
C4 CHs 164-194 103-117,m 16.4-19.4 1.07-1.21,m
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Scheme 2. Removal of benzyl ether

Dibenzyl pennelliiside D (2)
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2.5. Conclusions

In the present study, a new acyl glucose, pennelliiside D was isolated, and its
chemical structure was elucidated. Isolation was carried out via O-benzylation with
TriBOT to obtain dibenzyl pennelliside D, 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-(2-
methylbutyryl)-s-D-glucose. After determining its chemical structure using NMR
spectroscopy, debenzylation was carried out to yield desired acyl glucose pennelliiside

D. Its structure was revealed as 3,4-O-diisobutyryl-2-O-(2-methylbutyryl)-D-glucose.
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CHAPTER 3

CHEMICAL SYNTHESIS OF ACYL GLUCOSES
3.1. Introduction

Chemical synthesis of compounds brings more advantageous applications such as
modification of itself into drug molecules to develop new medicines, and new
chemicals to apply in agriculture and the food industry [83]. It also helps to verify the
structure of compounds isolated from a natural resource. In recent years, structural
elucidation of natural products through total synthesis has been widely conducted [84].
In such cases, the chemical structures of the natural products are complex that are not
able to be fully determined by NMR spectroscopy [85-87]. Total synthesis was started
in the nineteen century by synthesizing urea [88]. Today it becomes a wide research
area and shows dramatic technical development. Synthesis of chemical compounds is
remarkable which makes the bridge to make different enantiomers, isomers that give
different properties to the parent compound. One good example is the discovery of
penicillins, a group of antibacterial drugs that inhibit most bacteria, by Alexander
Fleming in 1928 [89]. Today penicillin came as an antibiotic drug, via modification of
its structures to have desired activity by total and semisynthesis [90], which has helped
to save millions of lives. Likewise, many other drug molecules such as vitamin A,
morphine, cortisone, and chlorophyll came out to the market as the results of
challenging multi-stepped chemical synthesis studies [91]. Chemical synthesis became
more sharpened with the finding of organic synthesis reactions like the Diels-Alder
reaction [91], the Wittig reaction [92], various palladium-catalyzed coupling reactions

[93], and acid-catalysts reactions, together with developing protecting groups [94].

29



In this study, the chemical synthesis of acyl glucoses was conducted. Pennelliiside D
(1), 3,4-O-diisobutyryl-2-O-(2-methylbutyryl)-D-glucose, is a acyl glucose isolated
from S. pennellii that has been explained in Chapter 1. In order to fully discover its
structure, identification of the correct configuration of the fatty acid moiety of
2-methylbytyryl is necessary. Although the availability of 2-methylbutyryl fatty acid in
acyl sugars was reported, its absolute configuration was unrevealed yet. Therefore, in
this chapter total synthesis was carried out for pennelliiside D to identify the absolute

configuration of 2-methylbutyryl fatty acid moiety.

In a previous study, acommonly known tri acylated acyl glucose, 2,3,4-O-triisobutyryl-
D-glucose (pennelliiside A), another two new acyl glucoses, 3-O-(8-methylnonanoyl)-
2,4-0-diisobutyryl-D-glucose (pennelliiside B), and 3-O-decanoyl-2,4-O-diisobutyryl-
D-glucose (pennelliiside C) were isolated, and their chemical structures were elucidated
using 1D and 2D NMR spectroscopy [28]. Isolation was carried out via O-benzylation
with TriBOT similar to the method explained in Chapter 1. In that study, it was found
that some fatty acid moieties of isolated compounds contribute to the allelopathic
properties in Arabidopsis thaliana. Thus, in the present study, dibenzylated
pennelliisides A and B (Figure 9) were also synthesized which may allow for

investigating their biological activities in future studies.
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Figure 9. Structures of pennelliisides A and B, and their benzylated derivatives

3.2. Objectives

The objectives of this study are to synthesize pennelliiside D to clarify the correct
configuration of the fatty acid moiety, 2-methylbutyryl, and synthesize other known
acyl sugars pennelliisides A and B, to carry out further studies. Synthesis of all

compounds was started with a commercially available compound.
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3.3. Experimental procedures

3.3.1. Total synthesis of (S) and (R) isomers of pennelliiside D

Total synthesis of pennelliiside D was commenced with a commercially available
compound, f-D-glucose pentaacetate (3). Synthesis of compounds 4, 5, 6, and 9 was

conducted according to a reported method [95].

3.3.1.1. Synthesis of 1-O-benzyl-2,3,4,6-O-tetraacetyl-$-D-glucose (4)

AcO o
AcO
AcO OBn
OAc

To a mixture of f-D-glucose pentaacetate (3, 20.00 g, 51.24 mmol) in 200 mL of
anhydrous CH2CHz, benzyl alcohol (11.16 mL, 102.47 mmol) and BF3-Et2O (8.20 mL,
66.6 mmol) were added. The reaction mixture was stirred for 24 h at room temperature.
The resulting solution was partitioned between sat. NaHCO3 (200 mL x 3) and CH,CH..
The organic layer was washed with water (200 mL x 3) and dried over Na,SQO4 followed
by evaporation of the organic solvent to result in a crude product. The crude material
was purified using silica gel column chromatography (EtOAc-n-hexane, 30:70) to yield
a colorless oil, 4 (8.8 g, 19.98 mmol, 39%). *H NMR (270 MHz, CDCls, Figure S33,
Appendix 11): 6n 7.15-7.32 (m, 5H, Ar-H), 4.92-5.12 (m, 3H, H-2, H-3, H-4), 4.54 (d,
J=12.3Hz,1H, H-7),4.46 (d,J=7.6 Hz, 1H, H-7),4.46 (d, J = 7.6 Hz, 1H, H-1), 4.19
(dd, J = 11.9, 4.7 Hz, 1H, H-6), 4.08 (dd, J = 12.7, 2.5 Hz, 1H, H-6), 3.59 (m, 1H, H-
5), 2.02 (s, 3H, CH3), 1.93 (s, 3H, CHs3), 1.92 (s, 3H, CH3), 1.91 (s, 3H, CHs); 3C NMR
(126 MHz, CDCIs, Figure S34, Appendix Il): oc 170.7, 170.3, 169.4, 169.3, 136.6,
128.7-128.5, 99.3, 72.9, 71.9, 71.3, 70.8, 68.4, 62.0, 20.7, 20.6; HRFD-MS m/z

438.1516 [M]" (calcd for C21H26010 m/z 438.1526 [M]") (Figure S3, Appendix I).
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3.3.1.2. Synthesis of 1-O-benzyl-s-D-glucose (5)

HO
HO

HO OBn

OH

Triethylamine (15.9 mL) and H>O (15.9 mL) were added to the reaction mixture
containing 4 (8.8 g, 19.98 mmol) dissolved in MeOH (128 mL). The reaction mixture
was stirred at room temperature for 3 h and concentrated using a rotary evaporator. The
resulting residue was purified using silica gel column chromatography (MeOH-CH2Cl>,
20:80) to give white powder, 5 (5.3 g, 19.58 mmol, 98%). *H NMR (270 MHz, CDsOD,
Figure S35, Appendix Il): on 7.15-7.43 (m, 5H, Ar-H), 4.89 (d, J = 11.8 Hz, 1H, H-7),
4.62 (d, J=11.8 Hz, 1H, H-7),4.3 (d, J = 7.8 Hz, 1H, H-1), 3.85 (dd, J = 11.8, 2.0 Hz,
1H, H-6), 3.64 (dd, J = 12.1, 5.4 Hz, 1H, H-6), 3.14-3.33 (m, 4H, H-2, H-3, H-4, H-5);
13C NMR (126 MHz, CDs0D, Figure S36, Appendix I1): 6c 137.7, 127.9, 127.8, 127.3,
101.9, 76.7, 76.6, 73.8, 70.4, 70.3, 61.4; HRFD-MS m/z 271.1177 [M + H]" (calcd for

C13H1806 m/z 271.1182 [M + H]") (Figure S4, Appendix ).

3.3.1.3. Synthesis of 1-O-benzyl-4,6-0O-benzylidine-5-D-glucose (6)

Ph
N0
o) 0]
HO OBn

OH
To a mixture of 5 (5.3 g, 19.58 mmol) and benzaldehyde dimethyl acetal
(PhCH(OMe),) (3.5 mL, 23.50 mmol), p-toluenesulfonic acid (TsOH-H20) (928.9 mg,
4.90 mmol) dissolved in dimethylformamide (DMF) (52 mL) was added. The reaction
mixture was stirred for 5 min at room temperature, heated to 80 °C, and stirred for 4 h
at 80 °C. Then, it was allowed to cool to room temperature and evaporated using a rotary

evaporator. The obtained residue was subjected to liquid-liquid extraction with CH2Cl.
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(200 mL) and sat. NaHCO3 (200 mL x 3). The organic layers were collected, dried over
Na.SO4, and evaporated. The obtained crude material was purified using silica gel
column chromatography (EtOAc-n-hexane, 50:50) to give an oil, 6 (3.6 g, 9.99 mmol,
51%). *H NMR (500 MHz, CDClIs, Figure S37, Appendix I1): 64 7.47-7.54 (m, 2H, Ar-
H), 7.27-7.40 (m, 8H, Ar-H), 5.51 (s, 1H, H-7), 4.91 (d, J = 11.6 Hz, 1H, H-1"), 4.61
(d,J=11.6 Hz, 1H, H-1"), 4.47 (d,J = 7.8 Hz, 1H, H-1), 4.34 (dd, J = 10.9, 5.0 Hz, 1H,
H-6), 3.73-3.82 (m, 2H, H-3, H-6), 3.50-3.57 (M, 2H, H-2, H-4), 3.39-3.46 (m, 1H,
H-5); 13C NMR (126 MHz, CDCls, Figure $38, Appendix 11): éc 136.9, 136.7, 125.9—
129.6, 102.1, 101.9, 80.5, 74.5, 73.1, 71.5, 68.6, 66.4; COSY, HSQC, and HMBC data
are shown in Figures S39 — S41, Appendix Il; HRFD-MS m/z 358.1408 [M]* (calcd for

C20H2206 m/z 358.1416 [M]") (Figure S5, Appendix I).

3.3.1.4. Synthesis of 1-O-benzyl-4,6-0O-benzylidine-3-O-isobutyryl-4-D-glucose (7)

OBn

To 6 (2.0 g, 5.58 mmol) dissolved in anhydrous pyridine (200 mL) at 0 °C,
isobutyryl chloride (0.6 mL, 0.59 mmol) was added. The reaction mixture was stirred
for 24 h, neutralized with 1 M HCI, and evaporated using a rotary evaporator. The
obtained crude material was partitioned between EtOAc (200 mL) and 1 M HCI
(200 mL x 2) and between EtOAc (200 mL) and sat. NaHCO3 (200 mL x 2). The
organic layer was washed with H20 (200 mL), dried over Na>SOa, and evaporated to
give an oil, which was subjected to silica gel column chromatography (EtOAc-n-
hexane, 25:75) to yield 7 (836.9 mg, 1.95 mmol, 35%). *H NMR (270 MHz, Cg¢Ds,

Figure S42, Appendix I1): on 7.41-7.53 (m, 2H, Ar-H), 6.90-7.21 (m, 8H, Ar-H), 5.34
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(dd, J = 10.5, 9.5 Hz, 1H, H-3), 5.07 (s, 1H, H-7), 4.64 (d, J = 11.8 Hz, 1H, H-1"), 4.25
(d, J=11.8 Hz, 1H, H-17), 4.12 (d, J = 7.6 Hz, 1H, H-1), 4.01 (dd, J = 10.3, 4.8 Hz, 1H,
H-6), 3.55 (M, 1H, H-6), 3.25-3.42 (m, 2H, H-2, H-4), 2.88-3.20 (M, H, H-5), 2.51 (m,
H, H-B2), 0.98 (d, J = 4.8 Hz, 3H, CHs), 0.95 (d, J = 4.5 Hz, 3H, CH3); *C NMR (126
MHz, CeDs, Figure S43, Appendix II): oc 176.5, 137.7, 137.5, 126.1-128.5, 102.9,
101.1, 78.8, 73.5, 71.1, 68.5, 66.1, 34.0, 18.9, 18.7; HRFD-MS m/z 429.1904 [M + HJ*

(calcd for C24H2807 m/z 429.1913 [M + H]*) (Figure S6, Appendix ).

3.3.1.5. Synthesis of 1-O-benzyl-4,6-O-benzylidine-3-O-isobutyryl-2-O-((S)-2-
methylbutyryl)-s-D-glucose  [8(S)], and  1-O-benzyl-4,6-O-benzylidine-3-O-

isobutyryl-2-O-((R)-2-methylbutyryl)-4-D-glucose [8(R)]

o

o) )
0 0o OBn
6}
0O
A2 (S)

8(S): Dicyclohexylcarbodiimide (DCC) (294.3 mg, 1.40 mmol) and 4-
dimethylaminopyridine (DMAP) (64.7 mg, 0.52 mmol) were added to 7 (149.7 mg,
0.35 mmol). A mixture of (S)-2-methylbutanoic acid (0.2 mL, 1.40 mmol) in anhydrous
CH2Cl> (35 mL) was added to the above mixture, and the reaction mixture was stirred
for 24 h at room temperature. After evaporating volatile components in the reaction
mixture, the obtained crude material was subjected to liquid-liquid extraction with
CH2Cl> (50 mL) and sat. NaHCOs3 (50 mL x 2), followed by washing the organic layer
with 1 M HCI (50 mL x 2) and H2O (50 mL x 2). After drying with Na,SO4 and
evaporating, purification was performed using silica gel column chromatography

(EtOAc-n-hexane, 30:70) to yield a pale green oil, 8(S) (128.9 mg, 0.25 mmol, 72%).
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'H NMR (500 MHz, CsDs, Figure S44, Appendix I1): 6n 7.56-7.61 (m, 2H, Ar-H),
7.21-7.27 (M, 2H, Ar-H), 7.12-7.18 (m, 4H, Ar-H), 7.06-7.12 (m, 2H, Ar-H), 5.57 (dd,
J=10.4,9.6 Hz, 1H, H-3), 5.47 (dd, J = 8.5, 8.0 Hz, 1H, H-2), 5.17 (s, 1H, H-7), 4.74
(d, J = 12.1 Hz, 1H, H-1"), 4.37 (d, J = 6.6 Hz, 1H, H-1"), 4.35 (d, J = 6.9 Hz, 1H,
H-1), 4.12 (dd, J = 10.0, 5.0 Hz, 1H, H-6), 3.44 (dd, J = 12.8, 10.2 Hz, 1H, H-6), 3.38
(dd, J = 10.2, 9.4 Hz, 1H, H-4), 3.10 (m, 1H, H-5), 2.47 (m, 1H, H-B2), 2.34 (m, 1H,
H-A2), 1.73 (m, 1H, H-A4), 1.34 (m, 1H, H-A4), 1.07-1.15 (m, 9H, H-A3, H-B3,
H-B4), 0.84 (t, J = 7.4 Hz, 3H, A5); *C NMR (126 MHz, CsDs, Figure S45, Appendix
I): oc 176.1, 175.0, 139.0, 138.3, 126.5-129.8, 101.8, 101.3, 79.3, 72.4, 72.1, 71.3,
69.0, 66.8, 41.8, 34.6, 27.3, 16.9-19.7, 12.2; COSY, HSQC, HMBC, and NOESY data
are shown in Figures S46 — S49, Appendix Il; HRFD-MS m/z 511.2338 [M-H]" (calcd

for C29H3608 m/z 511.2332 [M-H]*) (Figure S7, Appendix I).

Ph
N0
o 0
OIO OBn
0

8(R): DCC (983.2 mg, 4.67 mmol) and DMAP (216.0 mg, 1.75 mmol) were added

to 7 (500.0 mg, 1.17 mmol). A mixture of (R)-2-methylbutanoic acid (0.6 mL, 4.67
mmol) in anhydrous CH2Cl> (100 mL) was added to the above mixture, and it was
stirred for 24 h at room temperature. After evaporating volatile components in the
reaction mixture, the obtained crude material was subjected to liquid-liquid extraction
with CH2Cl> (100 mL) and sat. NaHCO3 (100 mL x 2), followed by washing the organic
layer with 1 M HCI (100 mL x 2) and H>O (100 mL x 2). After drying over Na>SO4

and evaporating, the resulting material was subjected to purification using silica gel
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column chromatography (EtOAc-n-hexane, 20:80) to yield pale green oil, 8(R) (251.5
mg, 0.49 mmol, 44%). *H NMR (500 MHz, CsDs, Figure S50, Appendix I1): 61 7.58
(d,J =12.2 Hz, 2H, Ar-H), 7.25 (dd, J = 9.4, 7.6 Hz, 2H, Ar-H), 7.13-7.20 (m, 4H, Ar-
H), 7.09 (dd, J = 7.2, 7.6 Hz, 2H, Ar-H), 5.57 (dd, J = 9.6, 9.2 Hz, 1H, H-3), 5.47 (dd,
J=7.9,7.9Hz, 1H, H-2), 5.18 (s, 1H, H-7), 4.74 (d, J = 12.1 Hz, 1H, H-1°), 4.38 (d, J
= 4.1 Hz, 1H, H-1°), 4.36 (d, J = 7.9 Hz, 1H, H-1), 4.11 (dd, J = 6.5, 5.0 Hz, 1H, H-6),
3.44 (dd, J =10.2, 10.2 Hz, 1H, H-6), 3.40 (dd, J = 9.6, 9.6 Hz, 1H, H-4), 3.10 (m, 1H,
H-5), 2.47 (m, 1H, H-B2), 2.35 (m, 1H, H-A2), 1.71 (m, 1H, H-A4), 1.36 (m, 1H,
H-A4), 1.08-1.14 (m, 9H, H-A3, B3, B4), 0.83 (t, J = 7.4 Hz, 3H, H-A3) ; *C NMR
(126 MHz, CsDs, Figure S51, Appendix I1): oc 176.2,175.2, 137.9, 128.1-129.5, 126.9,
101.8,101.2, 79.2, 72.5, 72.3, 71.3, 67.0, 66.8, 41.7, 34.6, 27.3, 19.5, 19.4, 17.3, 12.1;
COSY, HSQC, and HMBC data are shown in Figures S52 — S54, Appendix Il; HRFD-
MS m/z 513.2471 [M+H]"* (calcd for C29H3s0s m/z 513.2488 [M+H]") (Figure S8,

Appendix ).

3.3.1.6. Synthesis of 1,6-O-dibenzyl-3-O-isobutyryl-2-O-((S)-2-methylbutyryl)-A-D-
glucose [9(S)] and 1,6-O-dibenzyl-3-O-isobutyryl-2-O-((R)-2-methylbutyryl)-A-D-

glucose [9(R)]
OBn

OBn

9(S): To 8(S) (129.0 mg, 0.25 mmol) in anhydrous CH2Cl> (10 mL) at 0 °C,

trifluoroacetic acid (TFA) (25. 3 pL, 0.76 mmol) and triethylsilane (EtsSiH) (121.7 pL,
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0.76 mmol) were added. The reaction was carried out at room temperature overnight.
The reaction mixture was diluted by adding EtOAc (20 mL) and subjected to liquid-
liquid extraction with EtOAc (20 mL) and sat. NaHCO3 (30 mL x 2), followed by
washing the organic layer with 1 M HCI (30 mL) and H2O (30 mL). The obtained
organic layer was dried over NaxSO4 and evaporated under reduced pressure. Next,
purification was performed by silica gel column chromatography (EtOAc-n-hexane,
30:70) to yield an oil, 9(S) (63.4 mg, 0.12 mmol, 49%). *H NMR (500 MHz, CgDs,
Figure S55, Appendix Il): ): on 7.04-7.28 (m, 10H, Ar-H), 5.43 (dd, J = 10.3, 9.4 Hz,
1H, H-2), 5.23 (dd, J = 10.5, 9.2 Hz, 1H, H-3), 4.78 (d, J = 12.5 Hz, 1H, H-1"), 4.45 (d,
J=12.2 Hz, 1H, H-1"), 437 (d, J = 8.0 Hz, 1H, H-1), 4.33 (d, J = 5.1 Hz, 2H, H-1"),
3.61 (m, 3H, H-4, 2H-6), 3.23 (m, 1H, H-5), 2.44 (m, 1H, H-B2), 2.31 (m, 1H, H-A2),
1.70 (m, 1H, H-A4), 1.34 (m, 1H, H-A4), 1.06-1.12 (m, 9H, H-A3, H-B3, H-B4), 0.83
(t, J=7.4 Hz, 3H, A5); 1*C NMR (126 MHz, C¢Dg, Figure S56, Appendix 11): 5c 177.5,
174.9, 138.9, 138.1, 128.1-129.1, 100.5, 76.4, 75.4, 74.0, 71.7, 71.6, 70.8, 70.7, 41.9,
34.6, 27.2, 19.4, 17.2, 12.2; COSY, HSQC, HMBC, and NOESY data are shown in
Figures S57 — S60, Appendix Il; HRFD-MS m/z 513.2483 [M-H]" (calcd for C29H350s

m/z 513.2488 [M-H]") (Figure S9, Appendix I).

OBn

(o) 0 OBn

9(R): To 8(R) (251.5 mg, 0.49 mmol) in anhydrous CH2Cl, (10 mL) at 0 °C, TFA
(49. 3 pL, 1.47 mmol) and EtsSiH (237.5 pL, 1.47 mmol) were added. The reaction

was carried out at room temperature overnight. The reaction mixture was diluted by
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adding EtOAc (20 mL) and subjected to liquid-liquid extraction with EtOAc (20 mL)
and sat. NaHCOs (30 mL x 2), followed by washing the organic layer with 1 M HCI
(30 mL) and H20 (30 mL). The obtained organic layer was dried over Na>SO4 and
evaporated under reduced pressure. Next, purification was performed by silica gel
column chromatography (EtOAc-n-hexane, 30:70) to yield an oil, 9(R) (60.6 mg, 0.12
mmol, 24%). *H NMR (270 MHz, C¢Ds, Figure S61, Appendix 11): dn 7.04-7.30 (m,
10H, Ar-H), 5.42 (dd, J = 8.0, 8.0 Hz, 1H, H-2), 5.23 (dd, J = 9.4, 9.4 Hz, 1H, H-3),
4.79 (d, J = 12.1 Hz, 1H, H-1°), 4.45 (d, J = 12.1 Hz, 1H, H-1°), 4.38 (d, J = 7.2 Hz,
1H, H-1), 4.33 (s, 2H, H-1""), 3.65 (dd, J = 4.8, 4.7 Hz, 1H, H-4), 3.60 (m, 2H, H-6),
3.23 (M, 1H, H-5), 2.44 (m, 1H, H-B2), 2.31 (m, 1H, H-A2), 1.69 (m, 1H, H-A4), 1.35
(m, 1H, H-A4), 1.05-1.13 (m, 9H, H-A3, H-B3, H-B4), 0.83 (t, J = 7.4 Hz, 3H, Ab);
13C NMR (126 MHz, C¢Ds, Figure S62, Appendix Il): 6c 177.1, 174.7, 138.5, 137.7,
127.8-128.7, 100.0, 76.1, 74.9, 73.6, 71.4, 71.2, 70.5, 70.3, 41.2, 34.3, 27.0, 19.0, 16.8,
11.7; HRFD-MS m/z 514.2584 [M]* (calcd for C29H3sOs m/z 514.2567 [M]") (Figure

S10, Appendix I).

3.3.1.7. Synthesis of 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-((S)-2-methylbutyryl)-s-
D-glucose (2(S)) and synthesis of 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-((R)-2-

methylbutyryl)-f-D-glucose (2(R))

O OBn

AL
0 o) OBn
)
0]
A2 )

2(S): To 9(S) (63.4 mg, 0.12 mmol) dissolved in anhydrous pyridine (10 mL) at 0

°C, isobutyryl chloride (64.7 pL, 0.62 mmol) was added. The reaction mixture was

39



stirred for 24 h, neutralized with 1 M HCI, and evaporated using a rotary evaporator.
The obtained crude material was partitioned between EtOAc (30 mL) and 1 M HCI
(30 mL x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL x 2). The organic
layer was washed with H20 (30 mL), dried over Na,SQO4, and evaporated to give an oil,
which was subjected to silica gel column chromatography (EtOAc-n-hexane, 20:80) to
yield 2(S) (37.5 mg, 0.06 mmol, 52%). For *H NMR and *3C NMR, see Table 3, Figures
S63 — S64, Appendix Il and for COSY, HSQC, HMBC, and NOESY data, see Figures
S65 — S68, Appendix Il); HRFD-MS m/z 584.2995 [M]* (calcd for CzsHa4O9 m/z

584.2985 [M]") (Figure S11, Appendix I).

2(R): To 9(R) (60.6 mg, 0.12 mmol) dissolved in anhydrous pyridine (5 mL) at 0
°C, isobutyryl chloride (123.7 pL, 1.18 mmol) was added. The reaction mixture was
stirred for 24 h, neutralized with 1 M HCI, and evaporated using a rotary evaporator.
The obtained crude material was partitioned between EtOAc (30 mL) and 1 M HCI
(30 mL x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL x 2). The organic
layer was washed with H20 (30 mL), dried over Na,SQO4, and evaporated to give an oil,
which was subjected to silica gel column chromatography (EtOAc-n-hexane, 30:70) to
give an oil of 2(R) (64.0 mg, 0.11 mmol, 93%). For *H NMR and *C NMR, see Table
3, Figures S69 — S70, Appendix Il and for COSY, HSQC, HMBC, and NOESY data,
see Figures S71 — S74, Appendix Il); HRFD-MS m/z 584.2968 [M]* (calcd for

C33H4409 m/z 584.2985 [M]") (Figure S12, Appendix ).
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3.3.1.8. Removal of benzyl ether

O OH
o o OH
O
O

)

To a solution of 2(S) (35.0 mg, 0.06 mmol) in 2 mL of EtOAc, 4 mg of palladium
black was added. The reaction mixture was stirred for 5 h at room temperature under a
hydrogen gas atmosphere. Then, it was filtered using celite, and volatile components
were evaporated under reduced pressure. The obtained crude material was purified
using silica gel column chromatography (EtOAc-n-hexane, 60:40) to yield colorless oil,

synthesized 1 (13.0 mg, 0.03 mmol, 54%).

3.3.2. Synthesis of dibenzyl pennelliisides A and B

Synthesis of dibenzyl pennelliisides A and B was started with the previously

obtained compound, 6.

3.3.2.1. Synthesis of 1-O-benzyl-4,6-O-benzylidine-2,3-O-diisobutyryl-A-D-glucose

(10)

Ph_Vo
0

o)
0) 0 OBn
0
o;v/
To 6 (123.8 mg, 0.35 mmol) dissolved in anhydrous pyridine (5 mL) at 0 °C,

isobutyryl chloride (368.0 pL, 3.50 mmol) was added. The reaction mixture was stirred

for 24 h, neutralized with 1 M HCI, and evaporated using a rotary evaporator. The
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obtained crude material was partitioned between EtOAc (30 mL) and 1 M HCI (30 mL
x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL x 2). The organic layer
was washed with H.O (30 mL), dried over Na2SO4, and evaporated to give an oil, which
was subjected to silica gel column chromatography (EtOAc-n-hexane, 15:85) to yield
10 (129.0 mg, 0.26 mmol, 75%). *H NMR (500 MHz, CsDs, Figure S81, Appendix I1):
o 7.57 (d, 3 = 7.2 Hz, 2H, Ar-H), 7.23 (d, J = 7.5 Hz, 2H, Ar-H), 7.15 (m, 4H, Ar-H),
7.10 (m, 2H, Ar-H), 5.55 (dd, J = 9.6, 9.6 Hz, 1H, H-3), 5.45 (dd, J = 7.9, 7.9 Hz, 1H,
H-2), 5.17 (s, 1H, H-7), 4.73 (d, J = 12.3 Hz, 1H, H-1'), 4.36 (d, J = 12.5 Hz, 1H, H-
1), 4.43 (d, J = 7.9 Hz, 1H, H-1), 4.10 (dd, J = 5.0, 5.0 Hz, 1H, H-6), 3.43 (dd, J = 10.2
Hz, 1H, H-6), 3.37 (dd, J = 9.6, 9.6 Hz, 1H, H-4), 3.07 (m, 1H, H-5), 2.46 (m, 2H, H-
A2, B2), 1.04-1.14 (m, 12H, H-A3, A4, B3, B4); 3C NMR (126 MHz, CsDs, Figure
S82, Appendix I1): 6c 175.5, 174.8, 137.6, 137.3, 126.1-128.3, 101.1, 100.5, 78.5, 72.0,
71.5, 70.6, 68.3, 66.1, 33.9, 18.8, 18.7; COSY, HSQC, and HMBC data are shown in
Figures S83 — S85, Appendix Il; HRFD-MS m/z 499.2317 [M + H]* (calcd for C24H2507

m/z 499.2332 [M + H]") (Figure S14, Appendix I).

3.3.2.2. Synthesis of 1-O-benzyl-4,6-O-benzylidine-3-O-(8-methylnonanoyl)-4-D-

TN,
(0]
o OBn
:< OH
(0]

(CHy)g

glucose (11)

To a mixture of DCC (58.8 mg, 0.28 mmol) and DMAP (8.7 mg, 0.07 mmol) and
6 (100.0 mg, 0.28 mmol), 8-methylnonanoic acid (17.5 pL, 0.14 mmol) in anhydrous

CH2Cl> (10 mL) was added. The mixture was stirred for 24 h at room temperature. After
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evaporating volatile components in the reaction mixture, the obtained crude material
was subjected to liquid-liquid extraction with CH2Cl> (50 mL) and sat. NaHCOs (50
mL x 2), followed by washing the organic layer with 1 M HCI (50 mL x 2) and H20
(50 mL x 2). After drying over Na>SO4 and evaporating, purification was performed
using silica gel column chromatography (EtOAc-n-hexane, 30:70) followed by a
preparative TLC (CHCl3, 100%) to yield a colorless oil, 11 (48.6 mg, 0.09 mmol, 34%).
'H NMR (500 MHz, CDCls, Figure S86, Appendix I1): du 7.46 (m, 2H, Ar-H), 7.27—
7.41 (m, 8H, Ar-H), 5.53 (s, 1H, H-7), 5.23 (dd, J = 9.4, 9.4 Hz, 1H, H-3), 4.97 (d, J =
11.6 Hz, 1H, H-1"), 4.69 (d, J = 11.6 Hz, 1H, H-1"), 4.60 (d, J = 7.6 Hz, 1H, H-1), 4.41
(dd, J = 5.0, 5.0 Hz, 1H, H-6), 3.84 (dd, J = 10.2, 10.2 Hz, 1H, H-6), 3.70 (d, J = 9.5
Hz, 1H, H-4), 3.66 (dd, J = 8.3, 3.9 Hz, 1H, H-2), 3.55 (m, 1H, H-5), 2.53 (s, 1H, H-
20H), 2.40 (t, J = 7.4 Hz, 2H, H-B2), 1.65 (m, 2H, H-B3), 1.50 (m, 1H, H-B8), 1.32
(m, 2H, H-B4), 1.29 (m, 2H, H-B5), 1.23 (m, 2H, B6), 1.13 (m, 2H, H-B7), 0.86 (d,
J=6.6 Hz, 6H, H-B9, B10); *C NMR (126 MHz, CsDs, Figure S87, Appendix 11): dc
173.9, 136.9, 136.6, 128.0-129.2, 102.5, 101.5, 78.5, 73.5, 73.3, 71.7, 68.7, 66.6, 38.9,
34.4, 29.5, 29.0, 27.9, 27.2, 25.1, 22.6; COSY, HSQC, and HMBC data are shown in
Figures S88 — S90, Appendix Il; HRFD-MS m/z 513.2862 [M-H]" (calcd for C3oHa0O7

m/z 513.2852 [M-H]*) (Figure S15, Appendix I).

3.3.2.3. Synthesis of  1-O-benzyl-4,6-O-benzylidine-2-O-isobutyryl-3-O-(8-

methylnonanoyl)-A-D-glucose (12)

Ph_? o o
(0]
o OBn
O
O:<

(CHy)s O
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To 11 (48.6 mg, 0.09 mmol) dissolved in anhydrous pyridine (5 mL) at 0 °C,
isobutyryl chloride (50.0 pL, 0.47 mmol) was added, and the reaction mixture was
stirred for 24 h. Then it was neutralized with 1 M HCI and evaporated using a rotary
evaporator. The obtained crude material was partitioned between EtOAc (30 mL) and
1 M HCI (30 mL x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL x 2). The
organic layer was washed with H>O (30 mL), dried over Na.SO4 and evaporated to give
an oil, which was subjected to silica gel column chromatography (EtOAc-n-hexane,
15:85) to yield colorless oil, 12 (43.1 mg, 0.07 mmol, 78%). *H NMR (500 MHz, C¢Ds,
Figure S91, Appendix Il): on 7.58 (m, 2H, Ar-H), 7.05-7.25 (m, 8H, Ar-H), 5.60 (dd,
J=09.6, 9.6 Hz, 1H, H-3), 5.46 (dd, J = 7.9, 7.9 Hz, 1H, H-2), 5.20 (s, 1H, H-7), 4.74
(d, J =12.3 Hz, 1H, H-1"), 4.38 (d, J = 12.3 Hz, 1H, H-1"), 4.37 (d, J = 7.9 Hz, 1H, H-
1), 4.10 (dd, J = 4.9, 5.0 Hz, 1H, H-6), 3.45 (dd, J = 4.1, 4.6 Hz, 1H, H-6), 3.42 (d, J =
6.1 Hz, 1H-4), 3.12 (m, 1H, H-5), 2.50 (m, 1H, H-A2), 2.23 (m, 2H, H-B2) 1.58 (m,
2H, H-B3) 1.44 (m, 1H, H-B8) 1.10-1.16 (m, 12H, H-B4, B5, B6, A3, A4) 1.07 (m,
2H, H-B7) 0.86 (d, J = 6.6 Hz, 6H, H-B9, B10); 3C NMR (126 MHz, CeDs, Figure
S92, Appendix I1): 6c 174.9,172.2,137.5,137.3, 126.2-128.8, 101.3, 100.5, 78.5, 72.1,
71.6, 70.6, 68.3, 66.2, 38.9, 34.0, 29.5, 29.0, 27.9, 27.2, 24.9, 22.5, 18.8, 18.7; COSY,
HSQC, and HMBC data are shown in Figures S93 — S95, Appendix Il; HRFD-MS m/z

583.3283 [M + H]" (calcd for C3sHas0s m/z 583.3271 [M + H]") (Figure S16, Appendix

).
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3.3.2.4. Synthesis of 13aand b

OBn

OBn

13a, 1,6-O-dibenzyl-2,3-O-diisobutyryl-s-D-glucose; To 10 (129.0 mg, 0.27
mmol) in anhydrous CH2Cl> (10 mL) at 0 °C, TFA (26.1 pL, 0.78 mmol) and Et3SiH
(125.7 pL, 0.78 mmol) were added. The reaction mixture was stirred for 1 h at room
temperature. The reaction mixture was diluted by adding EtOAc (20 mL) and subjected
to liquid-liquid extraction with EtOAc (20 mL) and sat. NaHCOs3 (30 mL x 2), followed
by washing the organic layer with 1 M HCI (30 mL) and H20O (30 mL). The obtained
organic layer was dried over Na>SO4 and evaporated under reduced pressure. Next,
purification was performed by silica gel column chromatography (EtOAc-n-hexane,
30:70) to yield an oil, 13a (61.8 mg, 0.12 mmol, 48%), colorless oil, *H NMR (500
MHz, CsDe, Figure S96, Appendix I1): on 7.04—7.29 (m, 10H, Ar-H), 5.41 (dd, J = 8.1,
8.0 Hz, 1H, H-2), 5.22 (dd, J = 9.6, 9.6 Hz, 1H, H-3), 5.53 (s, 1H, H-7), 4.77 (d,
J=12.4Hz, 1H, H-1"), 4.46 (d, J = 12.4 Hz, 1H, H-1"),4.37 (d, J = 7.8 Hz, 1H, H-1),
433 (d, J = 4.8 Hz, 1H, H-7), 3.63 (m, 1H, H-4), 3.61 (m, 2H, H-6), 3.22 (m, 1H, H-
5), 2.38-2.50 (m, 2H, H-A2, B2), 1.06-1.12 (m, 12H, H-A3, A4, B3, B4); 3C NMR
(126 MHz, CeDs, Figure S97, Appendix I1): 6c 177.1,175.1, 138.5, 137.8, 127.7-128.7,
100.0, 76.0, 75.0, 73.6, 71.5, 70.5, 70.3, 34.3, 19.1; COSY, HSQC, and HMBC data
are shown in Figures S98 — S100, Appendix Il; HRFD-MS m/z 500.2400 [M]" (calcd

for C2gH3s0s m/z 500.2410 [M]") (Figure S17, Appendix I).
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13b, 1,6-O-dibenzyl-2-O-isobutyryl-3-O-(8-methylnonanoyl)-f-D-glucose; To 12
(43.1 mg, 0.07 mmol) in anhydrous CH2Cl, (5 mL) at 0 °C, TFA (7.4 pL, 0.22 mmol)
and EtsSiH (35.8 pL, 0.22 mmol) were added. The reaction mixture was shaken for
1 h at room temperature. The reaction mixture was diluted by adding EtOAc (25 mL)
and subjected to liquid-liquid extraction with EtOAc (25 mL) and sat. NaHCO3 (30 mL
x 2), followed by washing the organic layer with 1 M HCI (30 mL) and H2O (30 mL).
The obtained organic layer was dried over Na:SO4 and evaporated under reduced
pressure. Purification was performed by silica gel column chromatography (EtOAc-n-
hexane, 20:80) to yield an colorless oil, 13b (22.5 mg, 0.04 mmol, 52%), *H NMR
(500 MHz, CeDs, Figure S101, Appendix Il) o 7.25 (m, 4H, Ar-H), 7.05-7.18 (m, 6H,
Ar-H), 5.42 (dd, J = 7.9, 8.0 Hz, 1H, H-2), 5.25 (dd, J = 9.5, 9.3 Hz, 1H, H-3), 4.77 (d,
J=12.2 Hz, 1H, H-8), 4.46 (d, J = 12.3 Hz, 1H, H-8), 4.38 (d, J = 8.0 Hz, 1H, H-1),
431 (d,J =5.2 Hz, 2H, H-1"), 3.64 (dd, J = 9.5, 9.5 Hz, 1H, H-4), 3.59 (dd, J = 4.7,
1.6 Hz, 2H, H-6), 3.21 (m, 1H, H-5), 2.57 (s, 1H, H-40H) 2.49 (m, 1H, H-A2), 2.23
(m, 2H, H-B2), 1.60 (m, 2H, H-B3), 1.46 (m, 1H, H-B8), 1.18 (m, 2H, H-B4), 1.10—
1.14 (m, 12H, H-B5, B6, B7, A3, A4), 0.87 (d, J = 6.6 Hz, 6H, H-B9, B10); 3C NMR
(126 MHz, Ce¢Ds, Figure S102, Appendix Il): oc 174.8, 173.5, 138.1, 137.5, 127.2—
128.4,99.7, 75.8, 74.6, 73.3, 71.3, 70.8, 70.1, 70.0, 38.9, 34.1, 29.5, 29.1, 27.9, 27.2,

24.9, 22.5, 18.8, 18.7; COSY, HSQC, and HMBC data are shown in Figures S103 —
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5105, Appendix Il; HRFD-MS m/z 585.3368 [M + H]* (calcd for CssHsOg m/z

584.3349 [M + HJ]") (Figure S18, Appendix I).

3.3.2.5. Synthesis of 14aand b

OBn

14a, dibenzyl pennelliiside A, 1,6-O-dibenzyl-2,3,4-O-triisobutyryl-S-D-glucose;
To 13a (61.8 mg, 0.12 mmol) dissolved in anhydrous pyridine (5 mL) at 0 °C,
isobutyryl chloride (63.2 pL, 0.60 mmol) was added. The reaction mixture was stirred
for 24 h, neutralized with 1 M HCI, and evaporated using a rotary evaporator. The
obtained crude material was partitioned between EtOAc (30 mL) and 1 M HCI (30 mL
x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL x 2). The organic layer
was washed with H20 (30 mL), dried over Na>2SOs, and evaporated to give an oil, which
was subjected to silica gel column chromatography (EtOAc-n-hexane, 20:80) to yield
a yellow oil 14a (28.7 mg, 0.05 mmol, 41%). [0]®p = +29.1 (¢ 0.5, CHCIl3), *H NMR
(500 MHz, Ce¢Ds, Figure S106, Appendix Il) oy 7.21-7.28 (m, 4H, Ar-H), 7.11-7.19
(m, 4H, Ar-H), 7.07 (t, J = 7.2 Hz, 2H, Ar-H), 5.44 (dd, J = 8.5, 6.2 Hz, 1H, H-2), 5.43
(dd, J = 9.0, 8.4 Hz, 1H, H-3), 5.29 (dd, J = 10.0, 9.8 Hz, 1H, H-4), 4.74 (d, J = 12.7
Hz, 1H, H-8), 4.44 (d, J = 12.4 Hz, 1H, H-8), 4.36 (d, J = 7.1 Hz, 1H, H-1), 4.32 (d,
J =12.2 Hz, 2H, H-1"), 3.47 (m, 2H, H-6), 3.39 (m, 1H, H-5), 2.41 (m, 1H, H-A2),
2.39 (m, 2H, H-B2, C2), 1.07 (d, J = 6.8 Hz, 6H, H-A3, A4), 1.06 (d, J = 7.1 Hz, 6H,
H-B3, B4), 1.01 (d, J = 7.0 Hz, 3H, H-C3), 0.97 (d, J = 7.0 Hz, 3H, H-C4); 13C NMR

(126 MHz, CsDs, Figure S107, Appendix II): dc 175.5, 174.6, 174.5, 138.3, 137.4,
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127.2-128.4, 99.5, 73.5, 73.2, 72.9, 71.3, 70.0, 69.2, 33.9, 18.4-18.9; COSY, HSQC,
and HMBC data are shown in Figures S108 — S110, Appendix II; HRFD-MS m/z

570.2818 [M]") (calcd for C32Ha209 m/z 570.2829 [M]* (Figure S19, Appendix I).

v/(

14b; dibenzyl pennelliiside B, 1,6-O-dibenzyl-2,4-O-diisobutyryl-3-O-(8-
methylnonanoyl)-$-D-glucose; To 13b (22.5 mg, 0.04 mmol) dissolved in anhydrous
pyridine (5 mL) at 0 °C, isobutyryl chloride (20.3 pL, 0.19 mmol) was added. The
reaction mixture was stirred for 24 h, neutralized with 1 M HCI, and evaporated using
a rotary evaporator. The obtained crude material was partitioned between EtOAc (30
mL) and 1 M HCI (30 mL x 2), and between EtOAc (30 mL) and sat. NaHCO3 (30 mL
x 2). The organic layer was washed with H,O (30 mL), dried over Na>SOs, and
evaporated to give an oil, which was subjected to silica gel column chromatography
(EtOAc-n-hexane, 20:80) to yield colorless oil, 14b (12.3 mg, 0.02 mmol, 49%), [a]*b
=-13.3 (¢ 0.6, CHCl3), *H NMR (500 MHz, CeDs, Figure S111, Appendix I1) 61 7.23—
7.28 (M, 4H, Ar-H), 7.12-7.18 (m, 4H, Ar-H), 7.07 (t, J = 7.6 Hz, 2H, Ar-H), 5.49 (dd,
J=9.6, 8.2 Hz, 1H, H-3), 5.46 (dd, J = 8.8, 8.5 Hz, 1H, H-2), 5.31 (dd, J = 9.5, 8.8 Hz,
1H, H-4), 4.75 (d, J = 12.2 Hz, 1H, H-8), 4.45 (d, J = 12.3 Hz, 1H, H-8), 4.39 (d, J =
7.7 Hz, 1H, H-1), 4.33 (d, J = 12.3 Hz, 2H, H-1"), 3.48 (m, 2H, H-6), 3.42 (m, 1H, H-

5), 2.46 (m, 1H, H-A2), 2.34 (m, 1H, H-C2), 2.22 (t, J = 7.5 Hz, 2H, H-B2), 1.59 (m,
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2H, H-B3), 1.47 (m, 1H, H-B8), 1.13-1.23 (m, 6H, 1H-B4, B5, B6), 1.07—1.13 (m, 6H,
H-A3, A4), 1.05 (d, J = 7.0 Hz, 3H, H-C3), 1.00 (d, J = 7.0 Hz, 3H, H-C4), 0.88 (d, J
= 6.6 Hz, 6H, H-B9, B10); 3C NMR (126 MHz, CsDs, Figure S112, Appendix 11): dc
175.0,174.9,172.7, 138.6, 137.7, 127.7-128.6, 99.8, 73.9, 73.6, 73.3, 71.7, 70.3, 69.7,
69.6, 39.3,34.3, 34,3, 34.2,29.9, 29.4, 28.3, 27.5, 25.2, 22.8, 19.0, 18.8; COSY, HSQC,
and HMBC data are shown in Figures S113 — S115, Appendix II; HRFD-MS m/z

654.3774 [M]") (calcd for C3gHs409 m/z 654.3769 [M]* (Figure S20, Appendix I).
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3.4. Results and discussion

3.4.1. Total synthesis of pennelliiside D

Pennelliiside D (1) was newly isolated from S. pennellii via its benzylated derivative,
1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-(2-methylbutyryl)-4-D-glucose (Figure 7) as
explained in Chapter 2. Its planar chemical structure was revealed as 3,4-O-
diisobutyryl-2-O-(2-methylbutyryl)-D-glucose using *H NMR, *C NMR, and COSY,
HSQC, HMBC, and NOESY correlations. However, the absolute configuration of the
fatty acid moiety, 2-methylbutyryl attached to C-2 in the glucose moiety was unknown.
In order to identify its absolute configuration, in this chapter syntheses of two possible

isomers of (S) and (R) dibenzyl pennelliiside D were performed.

Total synthesis of 2 was initiated with commercially available p-D-glucose pentaacetate
(3) as reported by Degenstein et al., 2015 [95] (Scheme 3). At first, the benzyl group
was substituted with the acetate group present at C-1 position in 3 with benzyl alcohol
and boron trifluoride etherate. Compound 5 was obtained by removing all other acetate
groups in 4. Next, protection of C-4 and C-6 carbons in 5 with benzaldehyde dimethyl
acetal and p-toluenesulfonic acid was done to afford 6. Isobutyryl chloride was
selectively esterified at the C-3 position by reacting 6 with isobutyryl chloride at 0 °C.
Then, condensation of 7 with (S)-2-methylbutanoic acid was conducted under a
nitrogen gas atmosphere, which gave the desired compound 8(S). Cleavage of 4,6-O-
benzylidine moiety of 8(S) using EtsSiH and TFA was done to yield 9(S), which was
followed by esterification with isobutyryl chloride to give preferred dibenzyl
pennelliiside D, 2(S). (Table 3, Figures S3 — S11, Appendix I, and S33 — S49, S55 —
60, and S63 — S68, Appendix I1). The molecular formula and molecular weight of 2(S)

were similar to those of the natural 2, which were CzsHa409 and m/z 584.2995 [M]*
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(calcd m/z 584.2995 [M]"), according to HRFD-MS data (Figure S11, Appendix 1),
respectively. Similarly, synthesis of (R) configured compound, 2(R) was done starting
from 7, which was conjugated with (R)-2-methylbutanoic acid to yield 8(R) as shown
in Scheme 3. Cleavage of 4,6-O-benzylidine moiety in 8(R) was done which was then
esterified with isobutyryl chloride to yield desired (R) configured compound, 2(R). The
molecular formula and molecular weight of 2(R) were similar to those of the natural 2
and synthesized 2(S), which were Cs3H4409 and m/z 584.2968 [M]" (calcd m/z 584.2985
[M]%), respectively, using HRFD-MS data (Figure S12, Appendix I). Structures of all
synthesized compounds were elucidated using *H NMR, *C NMR (Table 3), and
COSY, HSQC, and HMBC correlations together with FD mass analysis (Figures S10,

S12, Appendix I, and Figures S50 — S54, S61- S62, S69 — S74, Appendix II).

The comparison of *H NMR and **C NMR data of natural and synthesized compounds
(S/R), showed good accordance between natural and synthesized (S) isomer of dibenzyl
pennelliiside D (2(S), Table 1 and 3). In the *H NMR, the differences between
synthesized (S/R) with the natural compound were found in the resonances around
0 1.65 and ¢ 1.32 as shown in Figure 10. Furthermore, a significant difference was
shown when comparing specific rotation values with 2(R), while natural 2 and
synthesized 2(S) showed almost the same value. The specific rotation values measured
for natural 2 and synthesized 2(S), and 2(R) were [a]*p = -10.5, -10.7, and -21.3 (c 0.6,
MeOH), respectively. Based on the above observations, it was confirmed that the
absolute configuration of the 2-methylbutyryl fatty acid moiety in natural 2 was (S),
and its structure as 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-((S)-2-methylbutyryl)-45-D-

glucose (Figure 11).
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In order to further confirm the structure, debenzylation was carried out for 2(S). By
debenzylation of synthesized 2(S) with palladium black under a hydrogen gas
atmosphere (Scheme 3), synthesized 1 (5.9 mg) was obtained as a colorless oil. The
molecular formula and molecular weight were similar to those of the natural 1, which
were C19H3209 and m/z 405.2133 [M+H]" (calcd m/z 405.2125 [M+H]"), using HRFD-
MS data (Figure S13, Appendix I). Summarized *H NMR and *C NMR data of
synthesized 1 are shown in Table 4. 'H NMR, *C NMR, COSY, HSQC, and HMBC
data are shown in Figures S75 — S80 in Appendix Il. Similar to the natural 1, partial
assignment of H and C corresponding to the « and £ anomers of D-glucose for
synthesized 1 is shown in Figure S78 in Appendix I1. Comparison of *H NMR and *3C
NMR spectra of the natural and synthesized 1 also showed similar data (Tables 2 and
4, and Figures S27 — S32 and S75 — S76, Appendix Il) and revealed the chemical
structure of 1 to be 3,4-O-diisobutyryl-2-O-((S)-2-methylbutyryl)-D-glucose (Figure

11).

3.4.2. Synthesis of the benzylated derivative of pennelliisides A and B

Previously pennelliisides A and B were isolated and identified from S. pennellii
(Figure 9) [28]. Their chemical structures were revealed as 2,3,4-O-triisobutyryl-D-
glucose and 3-O-(8-methylnonanoyl)-2,4-O-diisobutyryl-D-glucose by analyzing 1D
and 2D NMR spectroscopy, respectively. Since chemical synthesis brings more
advantages to agriculture, medicine, and the food industry, in this chapter, chemical

syntheses of their benzylated derivates were conducted.

Synthesis of dibenzyl pennelliiside A was begun with previously synthesized

intermediate, 6 (Scheme 3). Compound 6 was subjected to the esterification with
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isobutyryl chloride to attach the fatty acid moiety to both C-2 and C-3 positions.
Cleavage of 4,6-O-benzylidine present at C-4 and C-5 in 10 was done with Et3SiH and
TFA followed by another esterification with isobutyryl chloride to yield dibenzyl
pennelliiside A (14a). The molecular formula and molecular weight were obtained as
Cs2H4209 and m/z 570.2818 [M]* (calcd m/z 570.2829 [M]), respectively, using
HRFD-MS data (Figure S19, Appendix 1) which showed the similar values reported for
those of the natural dibenzyl pennelliiside A. Additionally, optical rotation of the
dibenzyl pennelliiside A was measured to be [a]®°p = +29.1 (c 0.5, CHCI3) which

showed a good correspondence with reported dibenzyl pennelliiside A [28].

Similarly, the synthesis of dibenzyl pennelliiside B (14b) was commenced with
selective esterification at C-3 by reacting 6 with 8-methylnonanoic acid to yield 11.
Next, 11 was reacted with isobutyryl chloride to get 12. As same as the previous
synthesis, cleavage of 4,6-O-benzylidine present at C-4 and C-5 in 12 was done
followed by esterification with isobutyryl chloride to yield desired dibenzyl
pennelliiside B (14b). HRFD-MS analysis revealed the molecular formula and
molecular weight as CssHs409 and m/z 654.3774 [M]* (calcd m/z 654.3769 [M]Y),
(Figure S20, Appendix 1) which showed the same data as reported dibenzyl
pennelliiside B. Chemical structures of all synthesized compounds were confirmed with
'H NMR, C NMR, and COSY, HSQC, HMBC, and NOESY correlations (Figures
S111 — S115, Appendix Il). The optical rotation of dibenzyl pennelliiside B was
measured to be [a]*°p = -13.3 (c 0.6, CHCI3s) which showed relevant values to those

previously reported values [28].
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It has been already proven that the removal of benzyl groups can be accomplished as
Scheme 1 to obtain pennelliisides A and B. Based on the above, it is possible to mention

that formal total syntheses were accomplished.
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Figure 10. Expanded key 'H-NMR spectrum for the H-A4 resonances of natural

dibenzyl pennelliiside D (2) and its synthesized isomers (S/R). (A) *H-NMR spectrum

of natural dibenzyl pennelliiside D (500 MHz, CsDs); (B) *H-NMR spectrum of the

synthesized isomer (S) (500 MHz, CsDs); (C) *H-NMR spectrum of the synthesized

isomer (R) (500 MHz, CsDs).
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Figure 11. The absolute configuration of pennelliiside D and its benzylated derivative.
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Table 3. 'H NMR (500 MHz) and C NMR (126 MHz) spectroscopic data of
synthesized (S) and (R) isomers of dibenzyl pennelliiside D (2) in CsDe¢ (6 in ppm, J in
Hz).

Synthesized (S) isomer of
dibenzyl pennelliiside D (2)

Synthesized (R) isomer of

Position Type dibenzyl pennelliiside D (2)

Oc oy (Jin Hz) Oc 0y (J in Hz)

1 CH 100.3 4.38,d(7.6) 100.2 4.38,d(7.9)
2 CH 71.8 5.46, m 71.9 545, m

3 CH 73.5 548, m 73.6 547, m

4 CH 70.1 5.30,dd (9.6, 9.5) 70.0 5.30,dd (9.8, 9.5)
5 CH 74.3 342, m 74.3 342, m

6 CH, 69.9 347, m 69.9 347, m

la CH, 70.7 4.75,d (12.2) 0.7 4.75,d (12.2)
1b' 4.45,d(12.2) 4.45,d (12.2)
2' C 138.0 138.0

3 CH 128.1-128.6  7.26,t(7.3) 128.1-128.7  7.26,t(7.3)
4' CH 128.1-128.6  7.12-7.19, m 128.1-128.7 7.12-7.19, m
5' CH 128.1-128.6  7.08,t(7.3) 128.1-128.7  7.08, t (7.0)
6' CH 128.1-128.6  7.12-7.19, m 128.1-128.7 7.12-7.19, m
7' CH 128.1-128.6  7.26,t(7.3) 128.1-128.7  7.26,t(7.3)
Al C 174.7 174.9
A2 CH 41.9 2.28 m 41.6 229, m
A3 CH, 17.2 1.08,d (7.1) 17.1-19.6 1.07,d (7.1)
A4 CH, 27.2 1.32,1.69, m,m 27.3 1.33, 1.68, m, m
A5 CH, 12.2 0.81,t(7.4) 12.1 0.81,t(7.4)
Bl C 176.2 175.3
B2 CH 34.6 241, m 34.5 241, m
B3 CH, 19.2-19.5 1.08, d (7.0) 17.1-19.6 1.07,d (7.1)
B4 CH, 19.2-19.5 1.08, d (7.0) 17.1-19.6 1.07,d (7.1)
Cl C 175.3 175.3
C2 CH 34.5 231, m 34.5 2.30,m
C3 CH, 19.2-19.5 1.02,d (7.0) 17.1-19.6 1.02,d (7.0)
C4 CH, 19.2-19.5 0.98,d (7.0) 17.1-19.6 0.98,d (7.0)
la" 4.33,d(5.5) 4.33,d(5.4)
1b" CH, 739 4.33,d (5.5) 739 4.33,d(5.4)
2" C 139.0 139.0

3" CH 128.1-128.7  7.26,t(7.3) 128.1-128.7  7.26,t(7.3)
4" CH 128.1-128.7  7.12-7.19, m 128.1-128.7 7.12-7.19, m
5" CH 128.1-128.7  7.08,1(7.3) 128.1-128.7  7.08,t(7.0)
6" CH 128.1-128.7  7.12-7.19, m 128.1-128.7 7.12-7.19, m
7" CH 128.1-128.7  7.26,t(7.3) 128.1-128.7  7.26,t(7.3)
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Table 4. 'H NMR (500 MHz) and *C NMR (126 MHz) spectroscopic data of
synthesized (S) isomer of pennelliiside D (1) in CDCls (¢ in ppm, J in Hz).

o Anomer S Anomer
Position Type — 5. (Jin Hz) 5 5. (J in Hz)
C H C H

1 CH 904 5.48,d (3.6) 96.1 4.72,dd (7.1, 6.1)
2 CH 714 4.85,dd (6.8,3.6)  73.5 4.87,dd (7.7, 6.9)
3 CH 69.0 5.65,dd (10.9,9.9) 71.4 5.37,dd (10.4, 9.6)
4 CH 688 5.01,dd (10.9,9.7) 68.8 5.05,dd (10.4, 8.1)
5 CH 697 4.06, m 74.7 3.55,m

6 CH, 613 3.71,3.55, m 61.3 3.71,3.55, m
Al C 176.6 176.6

A2 CH 411 224-2.42. m 41.1 224242, m

A3 CH;, 164-194 1.03-1.17,m 16.4-19.4 1.03-1.17,m
A4 CH, 267 1.41,1.62, m 26.7 1.41,1.62, m

A5 CH; 117 0.85, m 11.7 0.85, m

Bl C 176.0 176.0

B2 CH 342 2.50, m 34.2 2.50, m

B3 CH;, 164-194 1.03-1.17,m 16.4-19.4 1.03-1.17,m
B4 CH;, 164-194 1.03-1.17,m 16.4-19.4 1.03-1.17,m

Cl C 176.9 176.9

C2 CH 342 2.56, m 342 2.52,m

C3 CH; 16.4-194 1.03-1.17,m 16.4-19.4 1.03-1.17, m
C4 CH; 16.4-194 1.03-1.17,m 16.4-19.4 1.03-1.17, m
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59



Dibenzyl pennelliiside A

OBn
Isobutyryl
Ph /
\~0 chlorlde
b # . "o 2 0B
HO OBn Pynd]ne, 0°C o Et3SiH/TFA R o n
6 o 75% CH,Cl,
48-52% o
13a,b
DCC, DMAP, | 8.methylnonanoic
CHaCly 34% acid Isobutyryl |Pyridine, 0 °C
chloride 41-49%
Ph
{ Isobutyryl ; o] OBn
chlorlde
OH Pyrldme, 0°C o (o}
78% R OBn
(CHz)e CHZ 6 6]
\ [¢)
11 12
Dibenzyl pennelliiside B
14a,b

13b R- f&)kj\

(CH)s

o)
14b R= f&o )k(cg)s\

o
13a R- ;&OJY

o
14a R=;{O)H/

Scheme 4. Synthesis of dibenzyl pennelliisides A and B.

60



3.5. Conclusions

In the present study, the chemical synthesis of pennelliisides was aimed. In order to
identify the correct absolute configuration of the fatty acid moiety of 2-methylbutyryl
present at C-2 in pennelliiside D, total synthesis of its (S) and (R) isomers of dibenzyl
pennelliiside D were conducted with S-D-glucose pentaacetate as the starting material.
By comparing *H NMR and *3C NMR of both (S) and (R) isomers together with the
comparison of specific rotation values of the compounds, the absolute configuration of
the fatty acid moiety, 2-methylbutyryl was found to be (S) configuration. Thus, its
chemical name was assigned as 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-((S)-2-

methylbutyryl)--D-glucose.

Additionally, in this study, the chemical syntheses of benzyl derivatives of previously
reported pennelliisides A and B were presented. Their chemical syntheses were started
from 1-O-benzyl-4,6-O-benzylidine-5-D-glucose, which was the key intermediate

compound used for the synthesis of pennelliiside D.
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CHAPTER 4

BIOLOGICAL ACTIVITIES OF ACYL GLUCOSES

4.1. Introduction

Plants have been used extensively for many years for enriching human life. For
example, medicinal plants have been used to treat various diseases since ancient times.
With the civilization and the development of science and technology, studying the
biological activities of plants and identifying new compounds became more important
research areas. Today numerous types of medicines, and compounds for agriculture and
the food industry have been invented through studying the biological activities of

compounds in plants.

Acyl sugars show various biological activities. Apart from its agricultural and
medicinal applications, it has been reported that acyl sucrose showed a root-growth
inhibitory effect on velvetleaf [96]. Thus, in the chapter, the root-growth inhibitory

activity of the pennelliiside D and its constituent fatty acid was investigated.

Moreover, it is well known that S. pennellii responds to drought (dehydration) and water
stress thus, it is used as a model tomato plant for breeding purposes [97]. Ziaf et al.,
2011 [98] have reported SpERD15 gene from S. pennellii that gradually increases the
MRNA accumulation by drought, salinity, cold, ABA, gibberellic acid, and ethylene
treatments. Egea et al., 2018 [97] have shown the ability of S. pennellii leaves to avoid
water loss and oxidative damage by studying physiological and molecular mechanics.
However, no reports have been reported on how the endogenous amounts of acyl

glucoses are changed by water or drought stresses.

62



Trichomes in plants are important parts of the plants since they defend the plant against
pathogen or herbivore attacks. Some studies have shown that jasmonic acid (JA), a
plant hormone correlates with trichome density and plant defenses [99]. JA is a
naturally occurring phytohormone that ubiquitously exists in seed plant species [100].
Many studies demonstrate that JA is a modulator of numerous plant physiological
processes that are related to development and defense responses [100-102]. Wounding,
herbivores, or pathogen attacks activate the JA biosynthesis pathway [101]. It has been
reported that herbivore feeding and JA treatment induce trichome density in newly
formed leaves [103]. Additionally, it has been reported that the application of methyl
jasmonate (MeJA) also induces trichome density in new leaves, and increases acyl
sugar content [104]. Thus, it was suggested that JA is an essential component to control

trichome defenses.

Similarly, salicylic acid (SA) is known as a plant hormone that shows several
physiological and biochemical effects. These include flowering induction, inhibition of
phosphate and potassium uptake, plant growth and development, vegetative growth,
thermogenesis, photosynthesis, and defense responses [105,106]. Methyl salicylate
(MeSA), a volatile organic compound, is an inactive form of SA, which plays a critical
role in plant defense signaling [107], and is known as a long-distance phloem signaling
molecule [105]. It has been reported that MeSA provides volatile signals to the
neighboring plant upon pathogen infections [108]. Although some studies have been
reported on the increment of acyl sugar amounts and changes in trichome content with
JA treatment, there are no reports on changes in acyl sugars or trichome density with

SA or MeSA treatments.
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In the present study, in order to understand the biological effects of pennelliisides, a
root-growth inhibitory for pennelliiside D and its constituent fatty acid, and changes in
pennelliisides accumulation on water stress and plant hormone treatment such MeJA

and MeSA were conducted.

4.2. Objective

The objective of this study is to investigate the biological activities of pennelliisides
A-D by conducting the root-growth inhibitory test, giving water stress, and treating

with airborne MeSA and MeJA.
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4.3. Experimental procedure

4.3.1. Rooth-growth inhibitory test

In order to investigate the root-growth inhibitory effects of pennelliiside D and its
constituent fatty acids, A. thaliana seeds were used. The seeds were sterilized with 1%
tween and sodium hypochlorite for 30 min and washed with water to remove damaged
and decolorized seeds. MS medium was prepared with 1/20 strength, and it was
adjusted to pH 6.3 with 0.2 mM potassium hydroxide. Ten solutions were prepared, and
gellan gum (1.5%) was added to each MS medium. All mediums were autoclaved at
120 °C for 15 min. Next, 0.2 M stock solutions of natural and synthesized 1, and (S)-2-
methylbutanoic acid were prepared separately. Then another two concentrations of
0.1 M and 0.02 M solutions of the compounds were prepared from their stock solutions.
In order to reach the final concentrations of 10 uM, 50 uM, and 100 uM of each
compound in the plates, 10 uL of each compound was added to the MS medium from
above prepared 0.2 M, 0.1 M, and 0.02 M solutions separately. Immediately, the
mediums were poured into plates and allowed to cool to room temperature. As the
control, A, thaliana seeds were germinated on the MS medium without adding any
compound. The seeds were planted on each medium, and the plates were placed
vertically and left in a 16 h light and 8 h dark photoperiod at 23 °C. The root length of

each seed was measured after 13 days.

4.3.2. Water stress treatment

S. pennellii plants were used for the experiment. Seeds were germinated in a plant
growing chamber at 25 °C under 16 h of light and 8 h of dark photoperiod for 30 days.
Six plants were kept in a container, and they were irrigated with 300 mL of water every

two days. The water level was always 3 — 4 cm in height (Figure 12). As the control,
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six plants were irrigated with 200 mL of water every four days. The stress was given
for 10 days. Then, the shoots of the plants were harvested, crushed with liquid nitrogen,
and extracted with EtOH. The extract was filtered, and the filtrate was concentrated
under reduced pressure. Samples were re-extracted with 6 mL (2 mLx3) of 80% MeOH
and loaded into a cartridge column of Bond Elut C18 (Varian, CA, U.S.A). The elute
was evaporated to complete dryness under reduced pressure. Finally, samples were
prepared by dissolving the residue in 300 uL of 80% MeOH. Principal component
analysis was performed by LC-TOF-MS system in positive mode. Conditions applied

for the LC-TOF-MS analysis were shown in Table 5.

Control Water stress treated plants

Figure 12. Plants treated with water stress

4.3.3. Treatment of airborne MeSA and MeJA

Plants of the S. pennellii were grown in a chamber at 23 °C with 16 h light and 8 h dark
photoperiod for 30 days. Six plants were kept in a closed chamber with three glass
bottles that were turned upside down. Then, a piece of filter paper containing 1 mg of
MeSA in MeOH was placed on top of the glass bottles as an airborne signal as shown
in Figure 13. This treatment was kept for 24 h. MeOH was used instead of MeSA for

control samples. The same procedure was followed for airborne MeJA treatment.
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Shoots of the plants treated with airborne MeSA, MeJA, and without treatment were
harvested, weighed, immediately crushed with liquid nitrogen, and extracted with
EtOH. Then the extract was filtered, and the filtrate was concentrated under reduced
pressure. Samples were re-extracted with 6 mL (2 mLx3) of 80% MeOH and loaded
into a cartridge column of Bond Elut C18 (Varian, CA, U.S.A). The elute was
evaporated to complete dryness under reduced pressure. Finally, samples were prepared
by dissolving the residue in 300 puL of 80% MeOH. Principal component analysis was
performed by LC-TOF-MS system in positive mode. Conditions applied for the LC-

TOF-MS analysis were shown in Table 5.

Filter paper containing
either MeSA or MeJA

Figure 13. Experimental setup for the airborne MeSA/MeJA treatment
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4.4. Results and discussion

4.4.1. Root-growth inhibitory effect

According to the experiment conducted by Nakashima et al., 2020 [28], the
constituent fatty acids of pennelliisides, 8-methylnonanoic acid, and isobutyric acid
showed root-growth inhibition activity in A. thaliana. Therefore, in this study, root
growth-inhibitory activity against natural derived, synthesized 1 and its constituent
fatty acid, (S)-2-methylbutanoic acid, was assessed. A. thaliana seeds and 10 uM, 50
UM, and 100 uM concentrations of compounds were used in this experiment. As the
control, A. thaliana seeds were germinated in the MS medium without adding any
compound. The data revealed that neither compound showed root growth-inhibitory
activity at any tested concentration (Figure 14). Figure 15 shows the photographs of A.
thaliana plants grown in MS medium after 13 days. Nakashima et al., 2020 [28] have
reported similar results that pennelliisides A, B, and C did not show any root-growth
inhibition activity. Collectively, the results may well support that longer chain carbon

fatty acids of acyl sugars show a root-growth-inhibitory effect.

4.4.2. Responses to water stress

Wild plants often face various environmental stresses such as water stress and
drought stress. Although it is known that acyl sugars provide broad protection against
insects, there is a lack of knowledge regarding how acyl sugar profiles vary with water
stress. Therefore, S. pennellii plants were subjected to water stress for 10 days, and the
accumulation of pennelliisides A-D was explored. Based on LC-TOF-MS analysis,
compounds did not show any significant difference compared to those of control
(Figure 16). Since pennelliisides B and C show similar retention times (14.124, 13.786

min, and 14.366, 13.554 min, respectively), it was hard to determine the relative
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abundance corresponding to pennelliisides B and C exactly. However, overall results
suggest that water stress to S. pennellii plants may not affect to the endogenous amount

of pennelliisides.

4.4.3. Responses to airborne MeSA and MeJA

MeSA and MeJA are known as airborne signals in plants. In order to understand
the effect of airborne MeSA and MeJA on acyl sugar profile, accumulation of
pennelliisides A-D was observed upon exposure of S. pennellii plant to airborne MeSA
and MeJA. Interestingly, based on LC-TOF-MS analysis, Pennelliiside D showed a
significantly higher relative abundance upon exposure to airborne MeJA and MeSA
compared to those of control (Figure 17). Neither pennelliisides A-C were detected
upon airborne MeSA or MeJA treatment. These results suggest that pennelliiside D may
accumulate upon airborne MeSA and MeJA signals. However, further testing is
required to understand the metabolism of pennelliiside D upon airborne MeSA and

MeJA treatments, as well as the relationship with SA and JA signaling.
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Figure 14. Root growth inhibitory effect of pennelliiside D (1) and its constituent fatty
acids. (A) and (B) root length of natural and synthesized pennelliiside D (1), and (C)
root length of (S)-2-methylbutonic acid. Error bars indicate + SE (n = 12; results are

from one representative experiment); Welch’s t-test, NS: Not significant.
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Figure 15. Photographs of root growth inhibitory effect of pennelliiside D (1) and 2-

methylbutanoic acid.
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Figure 16. Evaluation of pennelliisides A-D in S. pennellii upon water stress. Plants
were given water stress for 10 days. The upper part of the plants was harvested and
extracted with EtOH. Samples were analyzed using LC-TOF-MS. Each value is
represented as the mean = SD of six independent replicates. Results are from one

representative experiment. Welch's test, NS: Not significant.
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Figure 17. Evaluation of pennelliiside D in S. pennellii upon airborne MeSA and MeJA.
Plants were exposed to airborne MeSA and MeJA for 24 h separately. The upper part
of the plants was harvested and extracted with EtOH. Samples were analyzed using LC-
TOF-MS. Each value is represented as the mean = SD of six independent replicates.
Results are from one representative experiment. Welch's test, **: p < 0.01, ***: p <

0.001.
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4.5. Conclusions

In the present study, the biological activities of pennelliisides A-D were
investigated. Based on the root-growth inhibitory activity test results, pennelliiside D
and its constituent fatty acid, 2-methylbutanoic acid did not show any root elongation
activity. With reference to the previously reported root-growth inhibitory activity of
pennelliisides A-C, the results provide evidence that longer chain fatty acids of acyl
sugars show root-growth inhibitory effects. Water stress was given to S. pennellii to
investigate whether the regulation of pennelliisides has a relationship with water stress.
None of the compounds showed a significant difference in relative abundance
compared to those of controls, which implies that there may not be a relationship with
water stress tolerance. Additionally, pennelliiside D showed a higher relative
abundance upon airborne MeSA and MeJA which suggests that pennelliiside D
correlates with SA and JA signaling. However, further testing is required to confirm

these results more.
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CHAPTER 5
CONCLUSIONS

In this thesis, isolation, identification, and structural elucidation of acyl glucoses
from S. pennellii were studied. In order to identify the correct absolute configuration of
the identified compound, total synthesis was carried out. Apart from that, other
previously identified acyl glucoses, pennelliisides A and B were synthesized. Finally,
the biological activity of the isolated compound and its synthesized compounds was

evaluated.

Because of the availability of a wide diversity of acyl sugars, their chemical structures
are complex and diverse. Thus, isolation and identification of acyl sugars were carried
out in this study. Since acyl glucoses undergo anomerization at C-1 in the glucose
moiety, the isolation and identification of acyl sugars are difficult. In the present
research, a new acyl sugar, pennelliiside D was isolated using a strategy to prevent the
anomerization into either one of the isomers. Anomerization in acyl sugars was fixed
into either one of the isomers by treating the ethanol extract of S. pennellii with TriBOT
to attach the benzyl groups with free hydroxyl groups present at the glucose moiety.
Then separation was done by silica gel column chromatography followed by HPLC
separation to yield a new benzylated derivative of pennelliiside D. The structural
determination of dibenzyl pennelliiside D was conducted by 1D and 2D NMR
spectroscopy, and it was revealed that the chemical structure of dibenzyl pennelliiside
D was to be 1,6-O-dibenzyl-3,4-O-diisobutyryl-2-O-(2-methylbutyryl)-A-D-glucose.
Then, benzyl groups were removed under a hydrogen gas atmosphere with

palladium/carbon to yield pennelliiside D. Its structure was confirmed as 3,4-O-
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diisobutyryl-2-O-(2-methylbutyryl)-D-glucose based on the analysis of 1D and 2D

NMR spectroscopy.

Although the planner structure of pennelliiside D was determined as above, it was not
performed to determine the absolute configuration of the 2-methylbutyryl fatty acid
moiety in pennelliiside D. Thus, the total syntheses of two possible isomers of (R) and
(S) of 2-methylbutyryl fatty acid moiety in pennelliiside D were carried out starting
from pB-D-glucose pentaacetate. By comparing the spectroscopic data and the specific
rotation values of natural dibenzyl pennelliiside D with those of synthesized dibenzyl
pennelliiside D, the absolute configuration of the acyl moiety in pennelliiside D was
identified to be (S). Then, deprotection of benzyloxy groups was carried out to yield
pennelliiside D, 3,4-0-diisobutyryl-2-0O-((S)-2-methylbutyryl)-D-glucose.
Additionally, in this study, benzylated derivatives of two identified acyl sugars,
dibenzyl pennelliisides A and B, were synthesized. Their chemical synthesis was
started from 1-O-benzyl-4,6-O-benzylidine-f-D-glucose, which was the intermediate

compound used for the synthesis of pennelliiside D.

The root-growth activity of pennelliiside D and its constituent fatty acid moieties were
examined using A. thaliana, which revealed that neither the compound nor the fatty
acid moieties showed root-growth-inhibitory activity at any tested concentration. These

results were reported in Masimbula et al., 2022 [109].

Since, it has been reported that the ability of airborne MeSA and MeJA to induce the
endogenous amount of other secondary metabolites [108], there is a possibility to
induce the accumulation of pennelliisides upon airborne MeSA or MeJA in tomatoes.
Thus, to investigate the biological activities of pennelliisides, the accumulation of

pennelliisides upon contact with airborne MeSA and MeJA was examined.
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Interestingly, pennelliiside D showed a higher relative abundance upon contact with
both airborne MeSA and MeJA, which suggest the possibility of positive regulation of
the endogenous amount of pennelliiside D upon treatments of airborne MeSA and
MeJA. In order to investigate the endogenous amount of accumulated pennelliisides
using UPLC-MS/MS, the synthesis of deuterium-labeled pennelliisides can be

conducted using the synthetic schemes developed in this study.

Additionally, water stress was given to S. pennellii plants to investigate whether the
endogenous amounts of pennelliisides have a correlation with water stress tolerance.
Neither compound showed a significant difference in accumulation compared to their
controls which suggest that there may not be a correlation between pennelliisides A-D

with water stress.
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CHAPTER 6

GENERAL EXPERIMENTAL PROCEDURES

6.1. Equipment and their conditions

Optical rotations were obtained with a JASCO P-2200 polarimeter. NMR spectra
were recorded in CeDs, CD3OD, and CDCIz using a JNM-EX 270 FT-NMR
spectrometer (JEOL, *H NMR: 270 MHz) and AMX 500 Bruker system (*H NMR: 500
MHz, *C NMR: 126 MHz). Assignment of *H and *3C was performed by examining
the data of *H NMR, 3C NMR (referenced for CsDs, CDsOD and CDCls at 6n 7.16,
3.31 and 7.24, and oc 128.4, 49.2 and 77.2, respectively), COSY, HSQC, HMBC, and
NOESY spectra. FD-MS analysis was performed on a JMS-T100GCV (JEOL)
instrument. Chromatographic analysis was performed using an HPLC system
(InertSustain, A21omax NM) equipped with a Shisheido Capcell park C18 column (4.6 x
250 nm, 5 um, 2 mL/min, MeOH-H-0, 80:20) and a Cadenza CK-C18 column (6 x 250
nm, 3 um, 2 mL/min, MeOH-H>0, 80:20). LC-TOF-MS analysis was performed using
Waters ACQUITY UPLC BEH C18 1.7 um column (2.1 x 100 mm; Waters, Milford,
MA, USA) and Waters Micromass LCT Premier XE Mass Spectrometer (Waters,
Milford, MA, USA).

All moisture-sensitive reactions were performed under a nitrogen gas atmosphere.
All chemicals used in the study were of analytical grade and purchased from Sigma—
Aldrich, Tokyo, Japan, Kanto Chemical Co., Inc, Tokyo, Japan, and Cayman Chemical,

Michigan, United States.
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6.2. LC-TOF-MS analysis condition for airborne MeSA and MeJA, and water stress

treatments

Table 5. LC-TOF-MS analysis condition

(A) MS configuration

Cone voltage (V) 35
Aperture voltage (V) 0
Frequency (scans) 5

Mass (m/z) 100 — 1000
Time (min) 0-185

(B) Conditions of LC

Column temperature 40°C
Sample temperature 20°C
Time (min) Flow rate (mL/min) %A %B Curve
0.2 0.25 90.0 10.0 6
15.50 0.25 0.0 100.0 6
18.80 0.25 0.0 100.0 6
19.00 0.25 90.0 10.0 6
20.00 0.25 90.0 10.0 6

A: 20% ag. MeOH + 0.05% AcOH
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B: 100% MeOH + 0.05% AcOH

(C) Pseud molecular ions for pennelliisides A-D and their retention times in the analysis

of LC-TOF-MS in positive mode

Compound [M-H20]+ Retention time
(m/2) (min)
Pennelliiside A 373.2302 9.645
Pennelliiside B 457.2955 14.124
13.786
Pennelliiside C 457.3134 14.366
13.554
Pennelliiside D 387.2457 10.254
8.998
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Figure S1: HRFD-MS spectrum of natural dibenzyl pennelliiside D (2).
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Figure S5: HRFD-MS spectrum of compound 6.
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Figure S6: HRFD-MS spectrum of compound 7.
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Figure S7: HRFD-MS spectrum of compound 8(S).
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Figure S8: HRFD-MS spectrum of compound 8(R).
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Figure S9: HRFD-MS spectrum of compound 9(s).
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Figure S11: HRFD-MS spectrum of synthesized dibenzyl pennelliiside D [2(S)].
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Figure S12: HRFD-MS spectrum of compound 2(R).
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Figure S13: HRFD-MS spectrum of synthesized pennelliiside D (1).
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Figure S15. HRFD-MS spectrum of compound 11.
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Figure S16. HRFD-MS spectrum of compound 12.
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Figure S17. HRFD-MS spectrum of compound 13a.
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Figure S18. HRFD-MS spectrum of compound 13b.
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Figure S19. HRFD-MS spectrum of compound 14a.
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Figure S21: 1H NMR spectrum of natural dibenzyl pennelliiside D (2) (500 MHz, C /D).
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Figure S22: 13C NMR spectrum of natural dibenzyl pennelliiside D (2) (126 MHz, C /D).
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Figure S24: HSQC spectrum of natural dibenzyl pennelliiside D (2) (500 MHz, C/D).
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Figure S25: HMBC spectrum of natural dibenzyl pennelliiside D (2) (500 MHz, C/D).
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Figure S26: NOESY spectrum of natural dibenzyl pennelliiside D (2) (500 MHz, C D).
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Figure S27: ]H NMR spectrum of natural pennelliiside D (1) (500 MHz, CDCl,).
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Figure S28: "C NMR spectrum of natural pennelliiside D (1) (126 MHz, CDCL,).
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Figure S29: COSY spectrum of natural pennelliiside D (1) (500 MHz, CDCI,).
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Figure S30: COSY spectrum of natural pennelliiside D (1) (500 MHz, CDCl,).
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Figure S31: HSQC spectrum of natural pennelliiside D (1) (500 MHz, CDCI,).
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Figure S32: HMBC spectrum of natural pennelliiside D (1) (500 MHz, CDCI,).
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Figure S33: '"H NMR spectrum of compound 4 (270 MHz, CDCl,).
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Figure S34: 13C NMR spectrum of compound 4 (126 MHz, CDCl,).
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Figure S35: '"H NMR spectrum of compound 5 (270 MHz, CD,0D).
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Figure S36: “C NMR spectrum of compound 5 (126 MHz, CD,0D).
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Figure S37: '"H NMR spectrum of compound 6 (500 MHz, CDCI,).
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Figure S38: “C NMR spectrum of compound 6 (126 MHz, CDCI,).
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Figure S39: COSY spectrum of compound 6 (500 MHz, CDCI,).
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Figure S40: HSQC spectrum of compound 6 (500 MHz, CDCl,).
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Figure S42: 'H NMR spectrum of compound 7 (270 MHz, C D).
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Figure S43: 13C NMR spectrum of compound 7 (126 MHz, C /D).
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Figure S45: BC NMR spectrum of compound 8(S) (126 MHz, C D).
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Figure S46: COSY spectrum of compound 8(S) (500 MHz, C /D).
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Figure S47: HSQC spectrum of compound 8(S) (500 MHz, C /D).

143



MJ ﬂ M J\JJ]LJU M ppm Bz B3

N

!

B4

o e P

L 4

o @ . e -go - 100

120

—140

- 160

o9 oS o = £

R D e e e
5.5 5.0 45 4.0 3.5 3.0 25 2.0 1.5 1.0 ppm

Figure S48: HMBC spectrum of compound 8(S) (500 MHz, C /D).
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Figure S49: NOESY spectrum of compound 8(S) (500 MHz, C/D,).
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Figure S51: 13C NMR spectrum of compound 8(R) (126 MHz, C.D,).
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Figure S53: HSQC spectrum of compound 8(R) (500 MHz, C.D,).
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Figure S55: 'H NMR spectrum of compound 9(S) (500 MHz, C.D,).
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Figure S56: 13C NMR spectrum of compound 9(S) (126 MHz, C.D,).
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Figure S57: COSY spectrum of compound 9(S) (500 MHz, C /D).

153

T
2.5

T
2.0

T T
1.5 1.0

8.0
ppm



—100

~120

~140

- 160

—180

7.0

6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 1.5 1.0
Figure S58: HSQC spectrum of compound 9(S) (500 MHz, C.D,).
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Figure S59: HMBC spectrum of compound 9(S) (500 MHz, C.D,).
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Figure S60: NOESY spectrum of compound 9(S) (500 MHz, C D).
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Figure S61: 'H NMR spectrum of compound 9(R) (270 MHz, C.D,).
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Figure S62: 13C NMR spectrum of compound 9(R) (126 MHz, C.D,).
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Figure S63: lH NMR spectrum of synthesized dibenzyl pennelliiside D [2(S)] (500 MHz, C D).
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Figure S64: BC NMR spectrum of synthesized dibenzyl pennelliiside D [2(S)] (126 MHz, C.D,).
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Figure S65: COSY spectrum of synthesized dibenzyl pennelliiside D [2(S)] (500 MHz, C/D,).
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Figure S66: HSQC spectrum of synthesized dibenzyl pennelliiside D [2(S)] (500 MHz, C.D,).
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Figure S67: HMBC spectrum of synthesized dibenzyl pennelliiside D [2(S)] (500 MHz, C D).
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Figure S68: NOESY spectrum of synthesized dibenzyl pennelliiside D [2(S)] (500 MHz, C,D,).
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Figure S69: H NMR spectrum of compound [2(R)] (500 MHz, C.D,).

165



W
AR AR AAARRARRN ARRARAN [NARRRARAN NAARRARRN ARRARAN [AARRRARRN [ARRRARRN RN [NARRRARRN AR [NARARARAN AR RN [NARARARAN RRRARAN |
170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 ppm

Figure S70: "C NMR spectrum of compound [2(R)] (126 MHz, C,D,).
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Figure S71: COSY spectrum of compound [2(R)] (500 MHz, CD,).
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Figure S72: HSQC spectrum compound [2(R)] (500 MHz, C/D,).
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Figure S73: HMBC spectrum of compound [2(R)] (500 MHz, C.D,).
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Figure S74: NOESY spectrum of compound [2(R)] (500 MHz, C /D).
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Figure S75: '"H NMR spectrum of synthesized pennelliiside D (1) (500 MHz, CDCL,).
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Figure S76: 13C NMR spectrum of synthesized pennelliiside D (1) (126 MHz, CDCI,).
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Figure S77: COSY spectrum of synthesized pennelliiside D (1) (500 MHz, CDCl,).
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Figure S78: COSY spectrum of synthesized pennelliiside D (1) (500 MHz, CDCl,).
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Figure S79: HSQC spectrum of synthesized pennelliiside D (1) (500 MHz, CDCI,).
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Figure S80: HMBC spectrum of synthesized pennelliiside D (1) (500 MHz, CDCl,).
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Figure S81: '"H NMR spectrum of compound 10 (500 MHz, C.D,).
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Figure S82: “C NMR spectrum of compound 10 (126 MHz, C.D,).
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Figure S84: HSQC spectrum of compound 10 (500 MHz, C /D).
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Figure S85: HMBC spectrum of compound 10 (500 MHz, C /D).
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Figure S86: '"H NMR spectrum of compound 11 (500 MHz, CDCL,).
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Figure S87: 13C NMR spectrum of compound 11 (126 MHz, CDCI,).
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Figure S88: COSY spectrum of compound 11 (500 MHz, CDCl,).
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Figure S89: HSQC spectrum of compound 11 (500 MHz, CDCI,).
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Figure S90: HMBC spectrum of compound 11 (500 MHz, CDCl,).
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Figure S91: '"H NMR spectrum of compound 12 (500 MHz, CD,).
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Figure S92: “C NMR spectrum of compound 12 (126 MHz, C D).
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Figure S93: COSY spectrum of compound 12 (500 MHz, C.D,).
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Figure S94: HSQC spectrum of compound 12 (500 MHz, C D).
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Figure S95: HMBC spectrum of compound 12 (500 MHz, C D).
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Figure S96: '"H NMR spectrum of compound 13a (500 MHz, C /D).
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Figure S97: “C NMR spectrum of compound 13a (126 MHz, C D).
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Figure S98: COSY spectrum of compound 13a (500 MHz, C/D,).
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Figure S99: HSQC spectrum of compound 13a (500 MHz, C D).
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Figure S100: HMBC spectrum of compound 13a (500 MHz, C /D).
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Figure S101: 'H NMR spectrum of compound 13b (500 MHz, C/D).
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Figure S102: “C NMR spectrum of compound 13b (126 MHz, C.Dy).
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Figure S103: COSY spectrum of compound 13b (500 MHz, CD,).
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Figure S104: HSQC spectrum of compound 13b (500 MHz, C/D).

200




I, I UM LLLJ I8 ,MJ N

ppm
0

- 20

(¥

°
'ol -8

- - 40

- 60

- 80

. - - 100

120

140

160

-180

200

\ T T T T T T T T T T \ T T T T T T
80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 10 05 00 -05 ppm

Figure S105: HMBC spectrum of compound 13b (500 MHz, CD,).
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Figure S106: '"H NMR spectrum of compound 14a (500 MHz, C D).
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Figure S107: 3C NMR spectrum of compound 14a (126 MHz, C¢Ds).
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Figure S108: COSY spectrum of compound 14a (500 MHz, CeDs).
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Figure S109: HSQC spectrum of compound 14a (500 MHz, CeDs).
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Figure S110: HMBC spectrum of compound 14a (500 MHz, CeDs).
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Figure S111: *H NMR spectrum of compound 14b (500 MHz, CsDs).
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Figure S112: 3C NMR spectrum of compound 14b (126 MHz, CsDs).
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Figure S113: COSY spectrum of compound 14b (500 MHz, CsDs).
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Figure S114: HSQC spectrum of compound 14b (500 MHz, CsDs).
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Figure S115: HMBC spectrum of compound 14b (500 MHz, CsDs).
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