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ABSTRACT

Fossil-based resources currently provide the energy and feedstock chemicals to sustain
our ways of living. A transition from crude oil to biorenewables is essential to provide
sustainable energy sources and alternative routes for fine chemicals in the future. Such
transition is challenging due to the over-functionalized nature of biomass-based
molecules, as they have an oxygen-containing group in almost every carbon. In turn,
the fossil-based chemicals we currently use are under-functionalized, therefore the
methods for exploiting these resources are very different. In light of this, selected
current methods for defunctionalization of biomass-based molecules are surveyed in
this thesis, followed by review on the synthetic manipulation of quinic acid, a biomass-

derived cyclitol.

Quinic acid occurs widely in plants and microorganisms and can serve as starting
material in the synthesis of chiral compounds. This thesis studies the valorization of
quinic acid and is focused on the removal of hydroxyl groups permitting the formation
of chiral building blocks for use in the synthesis of natural products.

The wuse of tris(pentafluorophenyl)borane combined with hydrosilanes is a
contemporary tool in the site selective deoxygenation of biomass-derived feedstocks
and was explored in the valorization of quinic acid. The borane-catalyzed hydrosilylation
through a silyloxonium intermediate led to formation of unforeseen synthetic fragments
by diversification of reaction conditions. The divergent defunctionalization provided
access to chiral aldehydes, alcohols and tetrahydrofuran derivatives and eventually
expanded to the formal synthesis of homocitric acid. The deoxygenation mechanism
was rationalized by Density Functional Theory calculations.

O,0-Silyl migrations across quinic acid derivatives were observed during the
deoxygenation experiments. Such migrations were further studied and optimized,
resulting in selective formation of silylated regioisomers. The migration reactions were
observed to be dependent on the reaction conditions and silyl substituents. One of the
regioisomers obtained was further modified to build the first total synthesis of an
African ant cyclitol and the formal synthesis of kidney disease drug VS-105.



A redesigned concise total synthesis of epimeric natural carbasugars isolated
trom Streptomyces lincolnensis is presented in this thesis. The synthesis had as key steps the
regioselective reduction of quinic acid and the epimerization of one of the intermediates
to create a divergent point.

Lastly, several quinic acid derivatives were synthesized, and their biological properties
briefly assessed, leading to the identification of a particular derivative as a promising

lead for the development of glioblastoma multiforme chemotherapeutic agents.

The findings presented in this thesis deepen the versatility of quinic acid as a chiral
scaffold. Although quinic acid has been used as a chiral pool molecule for decades,
application of modern synthetic methods provides a powerful tool for diversification of
common intermediates. The protocols presented also expand the group of chiral
fragments that can be obtained from biorenewables. The facility of creating a divergent
point also enables studying how structural modification of quinic acid derivatives
correlates with the bioactivity.
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TIIVISTELMA

Energiantuotantoon ja kemikaalien valmistukseen kiytettivit raaka-aineet ovat padosin
fossiilisia. Tulevaisuudessa nimi on korvattava biopohjaisilla raaka-aineilla. Siirtyma on
kuitenkin haastava, silli biomassapohjaiset molekyylit ovat erittdin funktionalisoituja eli
lihes jokainen hiiliatomi muodostaa sidoksen happea sisdltdviin funktionaaliseen
ryhmddn. Talli hetkelld kiyttimdmme fossilipohjaiset kemikaalit ovat puolestaan
alifunktionalisoituja, joten resurssien hyédyntimismenetelmit ovat hyvin erilaiset. Téssa
viitoskirjassa tutkitaan menetelmid biomassapohjaisten molekyylien, kuten kiinihapon
defunktionalisoimiseksi ja kiyttdmiseksi synteesissa.

Kiinihappoa esiintyy laajasti kasveissa sekd mikro-organismeissa ja sitd voidaan kiyttid
lihtbaineena kiraalisten molekyylien synteesissd. Tdmin viitGskirjan kokeellisessa
osuudessa tutkittin kiinihapon kiytt6d synteesin lihtSaineena ja keskityttiin erityises ti
hydroksyylityhmien  selektiiviseen ~ poistamiseen.  Néin  saadaan  aikaiseksi

yksinkertaistettuja kiraalisia fragmentteja, joita voidaan kayttid luonnonainesynteesissa.

Tris(pentafluorofenyyliboraanin  kéytté  silyylihydridien kanssa on nykyaikainen
menetelmd ~ happea  sisaltivien funktionaalisten ryhmien  poistamiseen
biomassapohjaisista molekyyleistd. Tdssd viitoskirjassa titdi menetelmdd tutkittiin
kiyttien lihtbaineena kiinihappoa. Reaktio-olosuhteita muuttamalla boraanikatalysoitu
hydrosilylointi tuotti uusia synteettisid fragmentteja silyylioksonium-vilituotteen kautta.
Haarauttava defunktionalisointimenetelma  tuotti kiraalisia aldehydejd, alkoholeja,
tetrahydrofuraanijohdannaisia ~ seki homositruunahapon muodollisen  synteesin.
Reaktiomekanismia tutkittiin tiheysfunktionaaliteorian avulla.

Deoksygenaatiokokeiden aikana  havaittiin kiinihappojohdannaisten O,0-
silyylivaelluksia. Vaellusreaktioiden tutkiminen ja optimointi johti regioisomeetien
selektiiviseen muodostumiseen. Vaellusten havaittiin riippuvan reaktio-olosuhteista ja
kaytetyistd  silyylisubstituenteista. ~ Yhtd  regioisomeerid  kiytettiin ~ lihtéaineena
afrikkalaisista ~ muurahaisista  eristetyn luonnonaineen kokonaissynteesissd  sekd

munuaislidke VS-105:n muodollisessa synteesissa.
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Tissd viitoskirjassa on my6s esitetty Streptomyces lincolnensis  -bakteerista  eristettyjen
epimeeristen karbasokerien lyhyt kokonaissynteesi. Synteesin keskeisind vaiheina oli
kiinihapon regioselektiivinen — pelkistys sekd vilituotteen — epimerisointi  toiseksi

luonnonaineeksi.

Viitoskirjan viimeisessd osassa on esitetty useiden kiinihappojohdannaisten synteesi ja
lyhyt arviointi niiden biologisista ominaisuuksista. Tamidn avulla tunnistettiin

potentiaalinen johdannainen glioblastooma multiformen kemoterapeuttiseen hoitoon.

Timid viitoskirjatutkimus monipuolistaa kiinthapon kayttéd kiraalisten molekyylien
lihtSaineena. Vaikka kiinthappoa on kiytetty synteesin lihtdaineena vuosikymmenten
ajan, tyOssid esitettyjen modernien menetelmien soveltaminen mahdollistaa yhden
vilituotteen  haarauttamisen useiksi uusiksi tuotteiksi. Ndin voidaan laajentaa
biomassasta saatavien kiraalisten  fragmentten monimuotoisuutta.  Synteesin
haarauttaminen mahdollisti my6s molekyylikirjastojen rakentamisen. Niiden avulla
tutkittiin, miten kiinihappojohdannaisten rakenteelliset erot vaikuttavat niiden

bioaktivisuuteen.
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1 INTRODUCTION TO VALORIZATION OF
BIOMASS

Biomass is a term for matter of organic origin, which can be turned into energy
sources. Well-known commodities from biomass are biofuels and -gases, but
biomass is also a valuable source of small functionalized chiral molecules. Nature-
derived enantiopure building blocks are useful for organic synthesis and constitute a
group of molecules called chiral pool In general, chiral pool means a set of
compounds which are abundant and available from natural sources, but the broader
definition also includes molecules procurable from resolution of racemates, chemical
or enzymatic enantioselective procedures, and natural derivatives succinctly
manipulated.! Natural molecules such as carbohydrates, amino acids and carbacycles
among others can be used as starting materials in organic synthesis to provide the
carbon skeletons of the target molecules and mostimportantly, the chirality.

Most synthesis targets invariably bear from at least one to dozens of stereocenters,
and their installaton is undoubtedly the most difficult part of organic chemistry.2
Starting the synthesis from chiral pool molecules can avoid the difficulty in the
construction of some of the stereogenic centres in the target molecule. The chiral
pool is a powerful tool for building complex molecules as its use improves the
efficiency in organic synthesis.3 4 Resorting to the chiral pool might circumvent the
use of expensive and hazardous chemical transformations. For instance, asymmetric
catalysis often requires expensive and toxic transition metal -based catalysts and
screening of the reaction conditions.5 On the other hand, one cannot always find a
suitable chiral pool molecule that has close structural relation or stereoconfiguration
to the target, and asymmetric catalysis might be a solution. Hence, both chiral pool

and asymmetric catalysis should be considered when optimizing organic syntheses .6

Natural organisms, such as plants, animals, and fungi, produce secondary
metabolites for multiple purposes, such as self-protection.”10 While these secondary
metabolites can often be potential drugs, their therapeutical use might be infeasible

due to the small amounts available from natural sources. The synthetic preparation



of such natural molecules from simple building blocks is called total synthesis. The
synthesis of a previously prepared intermediate, which has a known pathway to the
target molecule such as natural product or drug molecule, is called formal synthesis.
The production of natural products in desirable scale, the diversification and
optimization of the structure aiming at superior biological activity are among the
benefits of total synthesis. The main requitements of total synthesis are the
efficiency, ze. high chemical yield and step economy, as well as the atom economy
and minimum waste.!! Use of chiral building blocks derived from chiral pool
(chirons) is highly recommendable as it allows fulfilling these requitements and
provides a resource-efficient biomass use (one of the main principles of circular

bioeconomy).

Obviously, the valorization of highly functionalized biomass-based molecules is
challenging and requires development and endeavor.3 From a synthetic chemist’s
petspective, a better nomination for biomass-based molecules could be “zoo highly
Sfunctionalized molecnles”. Handling those molecules is challenging due to the overmuch
functionality (mainly OH-groups), namely regarding their polarity and the reactions
that are tolerated by the presence of such functional groups. Additionally, the same
functional groups can influence the chemoselectivity of reactions.!2 Over the years,
we have learned to construct complex structures from simple building blocks, but
do we know how to efficiently deconstruct the complexity? And can we do it only

partly, or selectively?

This thesis will focus on the recent development in the valorization of biomass-
derived compounds, with the main research objective being the selective
deoxygenation of hydroxyl groups of quinic acid and expand the utlity of such
polyol in the total syntheses of natural products.

After presenting the class of biomass-derived molecules that are most relevant to
this thesis, a survey on methods for removal of oxygen-containing groups from
polyols is introduced in Chapter 2. In Chapter 3, the most pertinent synthetic
transformations of chiral pool molecule, quinic acid, are presented to underlie the
experimental part of this work. Chapter 4 briefly presents the methods and materials
used in thesis, although details can be found in Publications I-IV and its respective
supplementary materials. Chapter 5 introduces the divergent deoxygenative synthesis
strategy to chirons derived from quinic acid. In Chapter 6 a study of O,0O-silyl group
migrations in quinic acid derivatives and the use of these synthetic intermediates ate



discussed. Chapter 7 comprises a concise total synthesis of two natural carbasugars,
followed by a discussion on the synthesis of a potential chemotherapeutic agent
derived from quinic acid for treatment of glioblastoma multiforme in Chapter 8.

1.1 Carbohydrates and carbacycles in nature

Biomass consists primarily of carbohydrates, which can be divided into
monosaccharides and di-, oligo- or polysaccharides, where monosaccharide units are
joined together.!3> Monosaccharides and disaccharides are commonly referred as
sugars. The basic unit of carbohydrates contains carbon, hydrogen and oxygen,
usually as six-membered ring with empirical formula (CH20), where n=3.
Monosaccharides can exist in three isomeric structures, from which the 6-membered
pyranose form is usually the most stable (Scheme 1). The cyclic forms can exist as
two anomeric structures, according to the relative otientation of the hydroxyl group
in the anomeric carbon. Those can be interconverted by isomerization and this is
called mutarotation. In the pyranose forms, the anomer is called o if the 1-OH is on
the same face as the hydroxymethyl unit (CH2OH) and B if it is on the opposite face.
These isomeric forms of sugars affect deeply their reactivity, and the presence of the
oxygen atom in the ring differentiates the synthetic manipulation of sugars from
other natural polyols introduced in following chapters.

a) Isomerization of D-glucose through pyranose, open chain and furanose form

OH
HO O ~OH OH OH O HO. A~ .O. OH
. ] HO - H
HO" “OH -
OH OH OH HO OH
pyranose open chain furanose
b) Mutarotation of D-glucose opposite
—same face ~<
R \Of the ring i \fatﬁg [r)ifng
2 S A (e}
HO HO HO /4
3 HO 1 o—and B— OH
B-D-glucose anomers a-D-glucose
Scheme 1. a) Isomerization of D-glucose. b) Mutarotation of D-glucose.

Carbohydrates have various biological functions including metabolism, energy
storage, and acting as structural components of glycoproteins, glycolipids and other
conjugates.!* Compounds structurally similar to carbohydrates are good alternatives
when improving their biological properties. These types of molecules are called



carbohydrate mimetics. Carbasugars, previously called pseudo-sugars, have a similar
structure to sugars but lacking an oxygen in the ring, thus precluding the
isomerization through open chain form (Figure 1). Carbasugars are not very
abundant in nature but are biologically interesting since they can mimic sugars in

biological processes.!4.15

When the oxygen from the pyranose or furanose ring of sugars is substituted by a
methylene unit (such as in carbasugars) the molecule is classified as carbacycle. This
broad term refers to any compound that is cyclic and has only carbons in the ring
structure (Figure 1. 1). Simple examples of carbacycles could be cyclopentane,
cyclohexane and benzene. However, carbacycles found from natural sources are
usually more complex (see molecules 1-5), containing three-dimensionally arranged
functional groups such as OH-bearing sterecogenic centers. Examples of such
compounds are cyclitols (also called as pseudo-carbasugars), that are also under the
wide carbacycle classification.!> Cyclitols ate cyclic polyols with three or more
hydroxyl groups attached to different carbons of the carbacycle core and may
contain other functional groups like amine and carboxyl groups (Figure 1. 1).

carbacycles cyclitols sugars
: HO, ,COH S0 °
‘H  Ho j‘OH HO" i‘OH HO" ; “OH  HO
OH

2 5, 5a- carba -a-D-
artemisinin quinic acid sh|k|m|c acid myo- |n05|to| talopyranose a-D- talopyranose

Figure 1. Classification and examples of carbacycles, cyclitols, carbasugars and sugars. Antimalarian
drug artemisinin 1 is a carbacycle because of all-carbon ring. Quinic acid 2, shikimic acid 3,
myo-inositol 4 and 5a-carba-a-D-talopyranose 5 are carbacycles and cyclitols i.e. cyclic
polyols. 5a-Carba-o-D-talopyranose 5 is also a carbasugar due to its relative structure of
sugar o-D-talopyranose 6.

Functionalized carbacycles are widely found in nature, either directly as one
carbacycle unit or more often as subunit of larger natural products.!® 16 As
mentioned before, these polyols may have important biological activity themselves,
but some of the most abundant ones can be used to synthesize diverse chiral
fragments or even complex chiral natural products. This thesis will focus on the
diversification of natural cyclitol quinic acid (2). Chapter 3 will introduce this highly
valuable feedstock chemical, its transformations and use in total syntheses and finally

our efforts towards its valorization.



2 DEOXYGENATION OF BIOLOGICALLY SOURCED
POLYOLS

The urgent global need for transition from fossil-based resources towards renewable
energy sources and sustainable fine chemical production sources has challenged the
chemistry community.!719 Despite the rather short transition time, the efforts done
in developing methods for removing oxygen from biologically sourced primary
chemicals (e.g. polyols) have afforded a notable diversity of secondary target
molecules. Chapter 2.1 shortly summarizes the methods that can be used in C-O
bond cleavage to yield industrially important chemicals. Chapter 2.2 focuses on the

partial deoxygenation of C—O bonds to produce advanced building blocks.

2.1 Catalytic deoxygenation of biomass-derived feedstocks

The aim of this chapter is to introduce methods for the transformation of primary
chemicals from biomass-based feedstocks into secondary target molecules. The
recent efforts done in the conversion of biomass into fuels and feedstock chemicals
is showed by the 20% annual increase of the publications on this topic.20:2! In most
cases the secondary products are simple molecules derived from extensive C-O
bond cleavage. This section will not cover the literature comprehensively, but instead
briefly introduce the most common strategies for the removal of oxygenated
functionalities from common biomass-based feedstocks, namely (Scheme 2):

hydrogenation, dehydration, deoxydehydration and hydrodeoxygenation.
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Scheme 2. Methods for C—O bond cleavage of biomass-based polyols: a) hydrogenation; b)
dehydration; c) deoxydehydration and d) hydrodeoxygenation and examples primary chemicals
and their secondary target molecules.

The homogeneous and heterogeneous catalytic hydrogenation methods of
unsaturated substrates are usually selective and effective (Scheme 2. Scheme 2a).22
However, the difficult recovery of homogenous catalysts in biorefineries benefit the
use of heterogenecous catalysts. Raney nickel is widely used as catalyst in the
hydrogenation of sugars into hexitols. Also, platinum- and ruthenium-based catalysts
are alternatives for Raney nickel, due to their high activity. The metal-catalyzed
hydrogenation of sugars has been industrially used for the production of sugar
alcohols such as sorbitol and mannitol, while xylose has been converted into xylitol
and furfural 20 Hydrogenation of biomass-based carboxylic acids, such as lactic acid,
succinic acid and levulinic acid yields Cs, C4 and Cs building block chemicals,
respectively.!8 In addition, the ionic hydrogenation of glycerol, a by-product of



biodiesel production, is a path to produce 1,3-propanediol, an important building
block in polymer chemistry.!?

The dehydration of bio-based chemicals produces building blocks with alkene units,
which can be further converted into alkanes #a hydrogenation (Scheme 2b).18
Industrially, dehydration is carried out at high temperatures under strongly acidic
conditions. As examples, the dehydration of glycerol yields important industry
chemical acrolein, a source material of 1,3-propanediol and acrylic acid?3 and sugar

dehydration (xylose and glucose) can lead to furfural and 5-hydroxymethyl furfural 24

Deoxydehydration (DODH) removes two adjacent hydroxyl groups from vicinal
diols yielding alkene unit (Scheme 2c). Due to the @s-diol specificity, rhenium-
catalyzed DODH yields secondary targets with high selectivity. Toste ¢ a/. reported
full deoxydehydration of natural polyols with CH3ReO3 catalyst in combination with
simple alcohols as external reductants.?5 These improved conditions yielded simple
hydrocarbons by cleaving all or most of C—O bonds from biomass-based polyols
such myo-inositol, glycol, and sorbitol.

Hydrodeoxygenation reactions use molecular hydrogen to cleave the C—O bond,
involving a dehydration followed by hydrogenation or hydrogenolysis (Scheme 2d).
Depending on the reaction pathway, glycerol hydrodeoxygenation yields C3 alcohols
or carbonyl compounds.2¢ The acid-catalyzed double-dehydration of sugar alcohols
followed by hydrogenolysis can produce deoxygenated CO6 targets up to fully
deoxygenated hexane.?’

The presence of hydroxyl and alkene functions in the common products of the
reactions presented in Scheme 2 (right-hand side column) allows further
functionalization. However, when considering the synthesis of complex molecules
such as drugs and natural products, the secondary target molecules displayed in
Scheme 2 are too simple: the above-described methods usually lead to over-
defunctionalization of the biomass-derived molecules, as most of such methods are
stercoablative. Synthesis of advanced intermediates bearing stereogenic centers from
biomass-based molecules requires milder methods, controllability, and site-

selectivity. The next chapter will introduce the achievements in that area.



2.2  Partial deoxygenation of polyols

The seminal works on the B(Cel's)3-catalyzed hydrosilylation by Yamamoto and
Piers28-30 has found to be very functional in the selective C—O bond cleavage of
silmple alcohols and complex polyols. Scheme 3 describes the catalytic cycle of
hydrosilylation of a hydroxyl function. The C—O bond cleavage with this catalytic
system is feisty towards primary and secondary alcohols but reports of tertiary
hydroxyl cleavage are few and the substrate scope strictly limited2. 3! Besides

alcohols, also carbonyl functionalities are reduced into alcohols, and further, up to

alkanes.
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Scheme 3. Catalytic cycle for B(CeFs5)3/R3SiH deoxygenation of alcohols, R=alkane, R'=H or
alkane

As demonstrated by Gagné, silyl hydrides can provide extensive deoxygenation of
silylated sugars (Scheme 4a). Initially an iridium-catalyst>2 and later B(Csl'5)3,33 yielded
different ratios of hexanes in presence of excess of Et2SiHz (Scheme 4a). B(Cels)3-
catalyzed reaction was notably faster and efficient, which allowed the use of less
reactive tertiary silanes. By manipulating the reaction conditions, a partial
deoxygenation of glucose 9 and glucitol 11 derivatives into 1,6-deoxy glucitol 10 was
conducted (Scheme 4b). The silyl protecting groups as well as the size of the silyl
hydride revealed to be pivotal for the chemoselectivity. These findings launched an

extensive campaign on B(CeFs)3-catalyzed partial deoxygenation of sugar derivatives.



a) Iridium- and B(CgF5);s-catalyzed hydrosilylative reduction of glucose to hexanes
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b) Initial findings of partial deoxygenation of sugar derivatives catalyzed by B(CgFs)3
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Scheme 4. a) Full deoxygenation of carbohydrates to hexanes. b) Initial findings of partial

deoxygenation of sugar derivatives.

An elaborated elegant fashion for partial and selective deoxygenation of C—O bonds
in C¢Og polyols was later reported (Scheme 5).3¢ Several silyl ethers detived from
hexols (12) were reduced to trioxygenated species (13), while the selectivity of the
reaction was rationalized by substrate-controlled cyclic silyloxonium intermediate
(Scheme 5a). In cyclic 1,2-deoxy glucose 14 the reaction started with ring opening.
Surprisingly, the cleavage of silyl-activated primary hydroxyl (at C6) was minor, and
competing intramolecular cyclization took place (Scheme 5b). This intermediate led
to unexpected deoxygenation of secondary hydroxyl over more reactive primary one

(15).

Bicyclic dehydrated sugar derivatives (silylated isosorbide and isomannide (17)) were
shown to produce diverse synthons depending on the choice and amounts of silyl
reducing agent (Scheme 5¢).34 The deoxygenation of such sugar derivatives seemed
to have a complex reaction mechanism 2« anchimeric assistance, to yield unexpected
products chemoselectively. The manipulation of the reaction conditions and change
of the substrate’s protecting groups was shown to deeply impact the outcome of the

reaction.



a) An example of reduction of hexols (galactitol) into trioxygenated species
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Scheme 5. Selected examples of Gagné’s work on chemoselective partial deoxygenation of

silylated sugar derivatives. a) Reduction of hexols. b) Reduction of 1,2-deoxy glucose. c)
Diversification of isomannide.

Recently the site-selectivity of C—O bond cleavage in cyclic sugar derivatives (20)
was demonstrated to depend on the fluoroarylborane catalyst (Scheme 6).3> The
choice of catalyst (B(C¢l's)s or BAr3s5.cr3) changed the deoxygenation outcome with
the less-hindered and less Lewis-acidic BArs s.cr3 cleaving preferentially the exocyclic
C—O bond whereas B(C¢Fs)s catalyzed the endocyclic C—O bond cleavage (Scheme
6a).

Changing the site-selectivity of C—O bond cleavage of isosorbide 23 was carried out
by varying the protecting group and the reductant amount (Scheme 6b).3¢ Apart from
previous reductions/deoxygenations, catecholborane (HBCat) was used as a hydride
source. HBCat together with silyl or BCat-protecting groups enabled the
chemoselective substrate manipulation after careful optimization. For example,

when isosorbide was protected with BCat (23-BCat), catechol borane in presence of
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10 mol-% B(C¢lFs)s reduced only primary positions (24), though excess of reductant
was used (6.0 equiv.). Use of 2 equivalents of HBCat allowed the reduction of 23-
SiEts into 25 in 62% vyield. Notably, the selectivity of the reaction changed when
replacing the borane reducing agent by the hydrosilane (cf. 23—25 and 23—28;
Pg=SiEts, 2 equiv. ofhydride source). With bulky triphenylsilyl protecting group (23-
SiPh;) the reduction cleanly yielded 27 using 1 equivalent of HBCat.

a) Borane-catalyzed site-selective C(sp®)-O bond cleavage

osi osi
1 ) i
RO~ OSi borane catalyst R2 0, , R’
or
) ) B(CgFs)3 or BArg s5.crs R
Sio OSi Et;SiH (x equiv.) Sio ) OS], 5
0Si - = 0S;j 12
20 21 22
Si = Et;Si or Me,EtSi R? = CHs or H
=CH,0Sior H
SiO f{ 5
Sio™
0Si 0Si OSi _013’5
(x =5.0) (x = 5.0) (x=5.0) (x )

b) Site-selective C(sp®)-O bond cleavage with HBCat and effect of protection group
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Scheme 6. a) Site-selectivity of two fluoroarylboranes. b) Protecting group influence in the

deoxygenation of sugar-derivatives.

2.3 Conclusions on biomass deoxygenation

Reaching fuels and feedstock chemicals from natural sources has been accomplished
through various processes. The methods described in Chapter 2.1 are mostly scalable
and of industrial applicability, mainly leading to simple products. Notwithstanding
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the importance of such transformations due to their catalytic, protecting-group free
and atom economic nature, they concurrently lead to loss of most functional groups
and stereoinformation. While the products obtained with such methods might well
serve the energy industry and the production of stock chemicals, transformations
capable of partial deoxygenate biomass-derived molecules would be desirable when
aiming at the syntheses of complex targets.

The research around the partial deoxygenation of biomass-based chemicals has
provided ample information on how sugar derivatives behave in B(C¢l's)s-catalyzed
C-0O bond cleavage. Such extensive studies inspire to develop methods for the
selective deoxygenation of quinic acid, hauling this research area forward. This field
of chemistry is still developing and directing the reactivity to certain functional
groups, as for example in the selective deoxygenation of secondary hydroxyls over
primary ones, which still requires improvements. Despite the availability of some of
those methods, the anchimeric assistance as the basis for selectivity render those
processes substrate-dependent and hence not applicable to variable biomass-based
molecules. In addition, the current available methods still demand for improving the

atom economy and diminishing waste by obviating the use of protecting groups.

Considering the available methods for partial deoxygenation of biologically sourced
polyols, the fluoroarylborane catalyzed C(sp3)—O bond cleavage of silyl ethers serves
as a versatile method to reduce the OH-functionalities in sugar derivatives. Previous
extensive studies have revealed that the chemoselectivity of the deoxygenation can
be manipulated by:

The amount of the reductant,

The electronic and stereochemical character of the reductant,

The clectronic character of the borane catalyst (B(CeFs)s vs. BAr35.cr3),
Protecting groups of the substrate, and most importantly

et I * A

The substrate stereoconfiguration.

Despite the considerably large substrate scope of sugar-derivatives, the application
of this method to other classes of biomass-based molecules has remained somewhat
unexplored. Considering the well documented substrate-dependence outcome of the
borane-catalyzed C—O cleavage of silyl ethers, studying the deoxygenation of other
chiral pool molecules such as cyclitols is of significance in the quest for biomass-

derived carbon skeletons for preparation of fine chemicals.
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3 SYNTHETIC APPLICATIONS OF QUINIC ACID

3.1 Production and availability of quinic acid

Quinic acid was first isolated in the end of 18t century after being found as an
impurity of quinine.3” The structure of quinic acid was assigned by Fisher ¢/ 4/ in
1932,38 and later confirmed by X-ray analysis.?® Quinic acid and its acyl derivatives
have been found to be abundant in many natural sources including coffee beans,
cinchona tree’s bark, other plants and fruits as well as food wastes.16 Currently, quinic

acid and some of its derivatives are commercially available with high enantiomeric

purity.

Quinic acid 2 is a side product of the shikimate pathway (Scheme 7), which produces
biologically important aromatic compounds, such as amino acids phenylalanine,
tyrosine and tryptophan.40 Shikimic acid 3 is an intermediate in the biosynthesis of
aromatics in bacteria and plants, but the absence of its pathway in mammals forces
those organisms to obtain the essential aromatic amino acids from their diet. The
carbon source of this pathway is D-glucose 29, which with transketolase enzyme
forms D-erythrose-4-phosphate 30 (Scheme 7). Condensation with phosphoenol
pyruvate 31 in the presence of DAHP synthase followed by DHQ synthase yields
the common intermediate 3-dehydroquinic acid 33. Lastly, quinic acid

dehydrogenase reduces the 3-dehydroquinic acid to D-quinic acid 2.

Depart from IUPAC rules of atom numbering, quinic acid’s numbering shown in
Scheme 7 (numbering of Publication I and II) will be used through this thesis.
Publications III and IV use different atom numbering, which was cither originated
from the isolated natural products or introduction of substituents that alter the group

precedence.
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Scheme 7. a) Biosynthetic pathway of quinic acid and shikimic acid by shikimate pathway. b)

Atom numbering of quinic acid used in this thesis and in the original Publications I-IV. DAHP = 3-
deoxy- D-arabino-heptulosonic acid 7-phosphate; DHQ = 3-dehydroquinic acid.

3.2  Reactions of quinic acid

3.2.1  Protection of hydroxyl groups

The chemoselective modification of quinic acid often requires the protection of
hydroxyl group(s), which can be also done for solubility enhancement in different
solvents. Quinic acid 2 or quinide 35 (Scheme 8), are sparsely soluble in most organic
solvents, although soluble in polar solvents such as water, alcoholic solvents and
DMSO. Such limited solubility in organic solvent greatly restricts the
transformations applicable to these cyclitols. This chapter introduces the one-step
protection routes applied to quinic acid 2 or to quinide 35. The purpose of this
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chapter is to give an overview of the reactivity order of quinic acid’s hydroxyl groups

in order to later perform selective synthetic transformations.

Quinic acid can go through an esterification reaction, either inter- or intramolecular.
The intermolecular esterification of quinic acid with methanol (36, R=Me) has been
reported with various acid catalysts, 4143 although also other alcohols have been used
(Scheme 8). The intramolecular esterification (ze. lactonization) has raised more
attention since this transformation effortlessly mask both carboxylic acid and
secondary 4-OH moieties. Therefore, quinide 35 is commonly used as starting
material as it still allows further manipulation of ss~hydroxyl groups or other
chemical transformations. The lactonization occurs under acidic conditions#445 and
the discovery of quinide 35 from natural sources indicates the spontaneous

lactonization in biological environment.46

o)
HO, HO, ,CO.H HO, ,CO,R
’ 0o intramolecular g intermolecular .
o H* “ H*, ROH “
HO™ ™Y HO™ ™ YoH HO™ ™ “OoH
OH OH OH
35 2 36
Scheme 8. Intramolecular and intermolecular esterification of quinic acid.

The direct monoprotection of quinic acid 2 or its ester derivative 36 remains rare
due to selectivity issues on equivalent hydroxyl groups. The formation of some
regioisomers (chlorogenic acid derivatives 37, Scheme 9) is more selective with
cinnamoyl chlorides, but complex mixtures are generally achieved, as characterized
by LC-MS.47 Regioselective esterification of 5-OH (38) was achieved by enzymatic
synthesis with Candida antarctica lipase A with different esters and anhydrides.*8
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R"=H, Ar = 3,4-dihydroxyphenyl 36 R' = alk
Scheme 9. Selective monoesterification of quinic acid.
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The monoprotection of quinide 35 favors the protection of C6-hydroxyl group. The
locked conformation of the lactone places C6-hydroxyl group equatorial and C5-
hydroxyl group in axial position. The reactivity of equatorial hydroxyl groups over
axial ones has been also reported previously for carbohydrates and simpler
cyclohexanol derivatives.#%: 50 The regioselectivity in the monosilylation of secondary
hydroxyl groups can be controlled by the modification of the reaction conditions.
Thermodynamic conditions favor the 5-OH silylation delivering a mixture of
monosilylated compounds in a 1:2 ratio (39:40, 84% overall yield) at 90 °C (Table 1,
entry 1). Contrastingly, the same reaction performed at 0 °C provides the isomers in
a 97:3 ratio (39:40, 82% overall yield).>! The type of silyl groups also impact the
isomer ratio, as smaller TBDMS-group show great selectivity towards protection of
Co6-hydroxyl group (39-TBDMS) (Table 1, entry 3). In contrast, TBPDS-analog
delivers only 30% of 39-TBDPS (entry 4) together with 40-TBDPS (20%). In this
thesis study, the selective TBDPS-protection of 6-OH was achieved in 91% yield,
clearly indicating the importance of the solvent (entry 5).

The monoprotection of quinide 35 can be extended beyond the selective silylation.
Catalytic regioselective sulfonylation of C6 hydroxyl with tosyl chloride affords 39-
Ts exclusively (Table 1, entry 6)52 and 6-OH protection with benzyl can be

performed in a regioselective manner (39-Bn, entry 7).53

Table 1. Monoprotection of quinide 35.
o o) o)
e A y
to:i( OI 5 07\ 2 o conditions PgO ;é\OH . HO ;é\OH
oL o o
OH 35 " 30 P9 40
Entry Conditions Pg Yield (%) (39/40)
1 TBDMS-CI, DMAP, EtsN, BusNI, DMF, 90 °C  TBDMS 54 (39)
2 TBDMS-CI, DMAP, EtsN, BusNI, DMF, 0 °C ~ TBDMS 80 (39)
3 TBPMS-CI, imidazole, DMF TBDMS 83(39)
4 TBDPS-Cl, imidazole, DMF TBDPS 30 (39)+20 (40)
5lal TBDPS-CI, imidazole, CH3CN TBDPS 91 (39)
6 TsCl, NMI, chiral benzazaborole, Na2COs3 Ts >99 (39)
71b] TsOH, DMF, CsHs, then Bu2SnO/BnBr Bn 81(39)

lalUnpublished data. P’Reaction started from quinic acid, with simultaneous lactonization and protection.

A recent example of monoprotection of quinide 35 was presented by Li ¢f al as part
of a site-divergent hydroxyl protection in polyols.>* The selectivity of axial (C5) and
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equatorial (C6) hydroxyl propargylation varied according to the enantiomer of the
ligand used along with copper catalyst. Both regioisomers 41 and 42 were synthesized
with high selectivity and good yield (Scheme 10).

i R L o Ligand vyield (%)  41:42
S 0 R=Ph L1 74% 1:8
{BuO 0)\\\ R OFé\OH R - Ph ont LA oo o
CulCHsCMIBFs R=pPhCF, L1 7% 114
on 4

o)
o) (5 mol%) R = p-PhCF; ent-L1 829 >19:1
HO OH L1 (10 mol-%)
borinic acid, Et3N

o ‘ o
OH 35 HO OH o) NN o
\‘/o 3/ \7
R 42 Me L1 Me
Scheme 10. Site-selective propargylation of quinide 35.

While protecting groups should be inert towards the reaction conditions they are
submitted to, their presence can have a deep impact on the reactivity of the molecule.
For instance, the protection of diols in the form of cyclic structures rigids the
substrate, which hampers flexibility and restrain conformation changes.
Occasionally, the impact of increased rigidity may be irrelevant or even beneficial for
the subsequent synthetic steps.>> 56 On the other hand, large acyclic protecting
groups may favor other conformations and thus allow disparate reactivity.>”- >8 In the
following paragraphs are presented examples of di- or triprotection of quinic acid’s

or quinide’s hydroxyl groups.

In 2000, Gotor et al. exploited the protection of C4- and C6-hydroxyl groups of 43
and prepared TBDMS-derivative 44 in a single step (74 %, Scheme 112)%9 This
protection strategy allowed the synthetic manipulation of 5-OH in later stage. The
singe-step acetylation of all secondary hydroxyl groups of 43 allowed the
manipulation of tertiary hydroxyl in Panza’s synthesis of carba-L-rhamnose and
Bianco’s synthesis of a sialic acid derivative (Scheme 11a).41, 60 Along with these,

protection of all secondary hydroxyl groups of 43 can be done with TMS-group.¢!

Applying a single molecule to protect two hydroxyl groups simultaneously (ze cyclic
protecting group) may improve the protection’s regioselectivity in cases of polyols
because the second protection is facilitated by the intramolecular attack. For
example, selective 5,6-OH protection of 36 with acyclic groups is unknown, but

facile protection of these two hydroxyls can be achieved with cyclic protecting
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groups such as dimethyl acetal 4662, benzylidene acetal 4763, orthoester 4804 and
cyclohexane 499 groups (Scheme 11b).

Protection of frans-diol (4,5-OH) can be performed by introduction of butane- or
cyclohexane diacetal groups yielding bicyclic 50 or its tricyclic counterpart 51
(Scheme 11b). Protection of 4-OH and 5-OH gives access to functionalization of 6-

OH and this protection strategy has been adapted in the syntheses of various natural
products.65-69
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OH OPg iii) TMS-CI, HMDS, 80%
43 45
b) Cyclic protecting groups in 36
protection of 5,6-OH
HO, ,CO,R HO, ,CO,R HO, ,CO.R HO, ,COR
O\\‘QOH O\"@OH O\" j ‘OH o\" :\f ‘OH
o o N )VO 0
(6]
46 Ph 47 48 49
90% 85% 99% 92%
protection of 4,5-OH
N
ROQ_ o oo RO,C _H O
HO o ] HOM i
6 O
:H O 50 e L0
HO / 99% H H O 51

Scheme 11.
groups of quinic acid hydroxyl groups.

a) Acyclic protecting groups of quinic acid hydroxyl groups. b) Cyclic protecting

Vicinal ¢is-diol protection (5,6-OH) on quinide 35 with acyclic protecting groups has
not been reported. Indeed, such kind of protection proved to be challenging when
attempting the preparation of cytotoxic agents against glioblastoma (Chapter 8).
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Quinide 35 silylation with TBDPS-CI in presence of base provided the desired
disilylated compound (56, Scheme 12b) in only 38% yield along with mono- and
trisilylated analogues. Instead, the 5,6-diol protection has been performed in good
yvields with various cyclic protecting groups (single-step lactonization and 5,6-OH
protection, compounds 52-55) (Scheme 12a).7074 Such protection has also been
previously achieved with triphosgene yielding 57,75 while for this thesis work the
same product was obtained using the safer carbonyldiimidazole.’¢ Sulfur-containing
protection groups were additionally explored to yield sulfite 58 and sulfate 59.76

a) Single-step lactonization and 5,6-OH protection with cyclic protecting group

O _
HO, ,COMH H*, protecting group source: HO, 52, X = C(Me),
corresponding ketone or acetal o) :i i i glﬁPh
HO" ™ ~OH yields g ’ ,

SR 55,X=C
&H 80-98% Q : P

2
) Products available with 5,6-OH protectlon of 35 with cyclic protectlng groups (see Chapters 5and 8)

e, Cf jo RN

OTBDPS u
56 ° 58 7 59
Scheme 12. Protection of vicinal 5,6-diol moiety of quinide 35 a) previously b) in this work.

The protection of all hydroxyl and carboxyl groups of 2 or 36 can be achieved by
the installation of silyl (60),”7 methyl (61)78 or acetyl groups (62)” (Scheme 13). The
protection of the three hydroxyl groups of quinide (35) has been done by
introduction of TMS (63)77 and benzoyl (64)* groups. While small silanes are
typically used in the OH-protection of quinic acid derivatives, larger silyl groups
TBDPS and TBDMS (65 and 66, respectively) could be installed in high yields during
the selective deoxygenation study (Chapter 5).76

PgO/I COZPg AcO, COzMe
Pgo" i ~OPg AcO™ j "OAc Pgo" j j
OAc

OPg OPg osi
60, Pg = TMS 63, Pg = TMS 65, Si = TBDMS
61, Pg = Me 64, Pg = Bz 66, Si = TBDPS

(see Chapter 5)

Scheme 13. Products available by full protection of quinic acid 2 and quinide 35.
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Scheme 14 collects the plausible structures available by selective or full protection of
quinic acid in an attempt to summarize the available protecting strategies. The scarce
or no use of protecting groups is preferred, albeit they might provide the only way
to hide the reactivity of certain functionalities in highly functionalized molecules
such as quinic acid. When aiming at the modification of polyols to produce added-
value molecules, unexpected chemo- and regioselectivity and protecting group
migrations (see Chapter 6) might present great opportunities for achieving

regioisomers unavailable by direct protecting strategies.

Protecting groups of two hydroxyl groups

HO, ,CO.R HO, ,CO.R HO, 002 g

Protecting group of one hydroxyl group T / T
o) o] o]

: HO, ,CO,H 3 HO, HO,
el oS Ne e,
T HO OH! VN Q" HO™ ™

qunmc aC|d

Protecting groups of three or
more hydroxyl groups

HO, ,CO.R ! cyclic protecting group Q!
@U : acyclic protecting group () :
"™ 0 O YO QY oo
Q
Scheme 14. Quinic acid derivatives by single-step protection strategy. Protecting groups are

presented in generic form.

3.2.2  Deoxygenation of quinic acid

As discussed in Chapter 2, the selective deoxygenation of naturally sourced polyols
is a competitive tool for synthesizing chirons from abundant renewable matter.
Despite the chiral pool strategies relying on natural carbacycles such as quinic acid,
a toolbox for the deoxygenation of these natural polyols has remained unrevealed.
However, the use of quinic acid in organic synthesis often requires removing some
of the hydroxyl groups. Moreover, the development of new deoxygenation methods
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is important when considering the imperative transition from fossil-based to

biomass-based feedstocks in the context of fine chemistry.

Practical, reliable and facile procedures for carbacycles’ deoxygenation are somewhat
limited. Heretofore, Barton—McCombie reaction has been a single method utilized
for the sclective C-O bond cleavage of quinic acid along with elimination—
hydrogenation sequence (Scheme 15). Generally, Barton—McCombie reaction is very
operable and high-yielding towards secondary as well as tertiary hydroxyl groups.®
The drawbacks of this reaction are the two-step procedure and the use of toxic

organotin hydride reagent.

a) Barton—-McCombie deoxygenation

S S

OH X~ Y, base oAY BusSnH, AIBN H
R“k\zl"\’3 hydroxyl activation RVK\R‘“’ Barton-McCombie R1+R3
R with xanthate group R2 deoxygenation
Y =im, SMe, OPh,
NHPh, etc.

b) Deoxygenation via sulfonylation—elimination—hydrogenation sequence

\ //

OH P H
H
RH)\ _X "y, base __base | R_~, Hp cat. | %)\ 3
R® hydroxyl activation % ellmlnatlon TRj\R hydrogenation R’ a2 R

R? with sunfonyl group R2

Scheme 15. General representation of the currently available methods for oxygen removal
from quinic acid: a) Barton—-McCombie reaction and b) sulfonylation—elimination-hydrogenation
sequence.

Each hydroxyl group of quinic acid has been previously removed using the Barton—
McCombie deoxygenation. The tertiary hydroxyl group of quinic acid was cleaved
with Barton—McCombie deoxygenation in the total syntheses of (+)—palitantins! and
immunosuppressant FK50682 (70, Figure 2). Further, molecule’s 70 secondary 4-OH
was deoxygenated in the formal total synthesis of cyclohexane fragment of
enacyloxins (69).83 Moreover, secondary hydroxyls 5-OH or 6-OH were cleaved in
the syntheses of 19-nor-vitamin D and several other vitamin D analogues (67 and
68).84, 85

Besides the reported Barton—McCombie deoxygenation of the tertiary hydroxyl of

quinic acid, this functionality has been manipulated to allow the vicinal diol
cleavagest. 87 (77 and 78) and reduction of corresponding epoxide with LiAlH4 (76).88

21



As presented in left hand side hoop of Figure 2, the complete selective
deoxygenation of the carboxylic acid moiety is still a reverie (molecules 71 and 72).
Such method would be a handy tool to access chiral C7 fragments with a tertiary
stereocenter bearing hydroxyl and methyl groups. This type of moiety embellishes
several natural products (for example 76 as a subunit of aquayamycin®¥) but the
straight deoxygenation of primary hydroxyl group in neopentyl alcohol detivatives is

yet unknown.

The structures presented in right hand side hoop of Figure 2 are achieved by the
elimination of hydroxyl groups or oxidative cleavage of the vicinal diols. Quinic acid
can also be seen as a biomass-based alternative for the production of commodity
chemicals, which are industrially used to produce other important feedstock
chemicals. For example, the metal-free extensive oxygen removal has yielded
biomass-based benzoic acid 738 and hydroquinone 74.90

The dehydration of 4-OH or 6-OH by sulfonylation of hydroxyl group followed by
treatment with strong base has yielded key intermediates for total syntheses (e.g. 75
and 78, Figure 2).67.9193 Further, the double bond could be hydrogenated?!. 94 or used
as a versatile platform for conjugate addition?2, a-functionalization?s. 96 and Diels—

Alder reaction?7.

Deoxygenation Other oxygen-removing methods

1(sp”)

Figure 2. Structures of molecules obtained from removal of oxygenated functionalities from quinic
acid. Structures are simplified and shown without protecting groups.
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3.2.3  Oxidative C-C cleavage

Quinic acid can be considered as a starting material in reaching diverse skeletons
besides carbacycles. The presence of the vicinal diol moieties provides access to
oxidative C—C bond cleavage by Malaprade and other oxidative reactions. Such
transformation delivers chiral acyclic building blocks upon C5-C6 cleavage, while
reduction of C1 carboxylic acid moiety allows C1-C2 cleavage to provide chiral
cyclohexanone derivatives (Scheme 16).

The Malaprade reaction consists on the glycol cleavage with a non-toxic and stable
reagent periodic acid (or its salts).98 It is relatively selective for 1,2-diols which can
form cyclic periodate intermediate (cs-diols), leaving the other diol functions
unmodified. Use of periodate absorbed in wet silica gel broadens the substrate scope
dramatically due to the possibility of using non-polar solvents. Other iodine-based
reagents as well as chromium, ruthenium and lead reagents are able to execute the
glycol cleavage. Alternatively, use of Pb(OAc)4 (known as Criegee reaction) can be
considered. Although the use of lead is less robust than the periodic salts, it has
enhanced reactivity and better solubility in organic solvents thus enabling the
cleavage of cumbersome substrates.

While oxidative cleavage reactions of C1-C2 and C5-C6 diols of quinic acid
derivatives have been documented (and will be presented next), the C3—C4 and C6—
C7 cleavages have not been reported. Nevertheless, considering that elimination
reactions of different hydroxyl groups (namely C4¢7 and C6%9) are widely known for
quinic acid, the installation of C=C bonds prone for yyz-dihydroxylation and further
C—C cleavage would provide chiral linear C7 fragments.
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a) General representation of glycol cleavage. Suitable diol moieties can be achieved by alkene oxidation
R' R2 HO  OH o] %
ﬁ oxidation R1}—§ R2 glycol cleavage RAK )L R

R', R2=H, alkyl, aryl R, R? = H, alkyl, aryl R', R? = H, alkyl, aryl, OH

b) Possibilites of glycol cleavage on quinic acid derivatives: general representation

//‘7\

o :10 OH
A R o
C1-C2 cleavage ) C5-C6 cleavage 0
Q™ chiral HO‘(3' ~~Noy  acyclic product o7e ! 5
cyclohexanone p 2 R
{ OH
Q =e.g.OPg, H R Q =eg.OPg, H
R=H, OH

Scheme 16. a) A general representation of glycol cleavage. b) Possibilities of oxidative C-C

cleavage in quinic acid derivatives.

Maycock’s and co-workers’ total synthesis of (+)-negamycine 87 from quinic acid
employed both C1-C2 and C5-C6 cleavages to achieve the linear structure of the
natural product (Scheme 17).100 The reduction of lactone 52 provided triol 79 and
was followed by NalOs-mediated oxidative C—C cleavage to yield ketone 80 in 95%
yield. Secondary C4 hydroxyl was protected with Bz-group, which promoted
climination as the cyclic rigid isopropylidene-group forced the molecule to adapt a
boat conformation and triggered axial OBz-elimination. The temperature-controlled
reduction of C2-ketone yielded 1:3 mixture of alcohols ((5)-81 and (K)-81) and
suppressed elimination. Isopropylidene removal yield ss-diol 83, that was converted
into a linear dialdehyde by Criegee cleavage and instantly reduced with NaBHa4 to
form primary alcohol 84. Regioselective protection of primary hydroxyl group at C5
was solved by base-mediated protecting group migration. The desired 1,4-Bz shift
was achieved exclusively (84—85), and the migration reaction allowed the selective
use of TBDMS- and BOM-protecting groups (86) in a later stage of the synthesis.
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OH

0 (0]
HO, . HO. ,~oH
o LiAIH, Nalo, 1) BzCl, DMAP, 90%
6
, THF oH Hp0, pH5-6 OH 2) NaBHy, EtOH v >">0p,

o)

0" . o . k
)VO 83% )VO 95% )V 5
52 (S)-81, 24%

(R)-81, 74%

o)

BzCl, pyr ¥ 90%

OH Hining's oy 0Bz 1,2-ethanedithiol 9Bz
982 OH hase 082 OBz 1) Pb(OAC),, 98% BFyOEt,
88% o aN° 2)NaBH, . 99%
85 0Bz 84  OH  EtoH, 97% HO o 0Bz Q E 0Bz
i) TBDMS-CI )V
; 83

Hiining's base
ii) BOM-CI, DMAP
Hining's base, 79%

Me O NH2 OH

TBDMSO OBz OBOM
— HO)K/N A ™~ NH,
86 OBz 87, (+)-negamycin
Scheme 17. Total synthesis of (+)-negamycin. Glycol cleavage was the key reaction to achieve

the linear structure.

The vicinal ¢s-diol cleavage of quinic acid derivatives has led to the formation of
some interesting chiral building blocks bearing the cyclopentane core, as summarized
in Scheme 18. The cyclopentenone 91 and its analog 96 can be seen as an
intermediate for prostanoid and pentenomycin syntheses.!01.102 The C—C cleavage
product 92 was utilized in the synthesis of chiral carbocycle nucleosides 94 and 95.102

Stoodley 1983

#—NH
1

o) pyrrolidine HO ‘
2 (0] H ‘
NalOy _ —( _acetate_ b ;
O O “'OH 3
HO™ > 0Bz 91 !
OH intemediates !
88, 4 steps from 2 in prostanoid !
and pentenomycin,
synthesis i
Maycock 1980, 1993 ;
[\ o 3
S__S '
S !
ij\ NalO, B — 1 'OPg !
HO™ ™ 0Bz S96
OH R = guanine R
92, 5 steps from 2
Scheme 18. Carbacycles synthesized by C1-C2 and C5-C6 glycol cleavage of quinic acid.
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Quinic acid can be also transformed into acyclic nitrogenase cofactor homocitric
acid 111 (figure 3) by glycol cleavage.193. 104 The deoxygenation of secondary 4-OH
of 97 gave cis-diol 89, which could undergo oxidative cleavage to yield trimethyl
homocitrate 99 along with its lactonic form 100 (Scheme 19). Alternative route for
intermediate 98 is presented as part of this thesis’ experimental work in Chapter 5

along with studies of oxidative glycol cleavage of some new synthetic intermediates.

HO, ,COzMe 1) thiocarbonyldi-  HO., ,COzMe HO, ,COMe MeO,C
imidazole i) NalO4—silica .o
—_— —_— + MeOZC o\
. 2) BugSnH, AIBN |, 7 ii) Hy0p, HCO,H  MeO,C ©

o Y YoH o CO,Me

o Opmmie oy :
97 98 trimethyl homocitrate dimethyl homocitric

lactone
Scheme 19. Synthesis of homocitrates 99 and 100 by glycol cleavage.

The oxidative C—C cleavage of diols is widely used as part of total synthesis routes
by trimming the terminal diol moieties and cleaving the cyclic vicinal-diol moieties.?8
Along with examples presented above, the glycol cleavage in quinic acid derivatives
has been exploited in the total synthesis of (—)-malyngolide!> and in the synthesis of
chiral furanone building blocks.106 Further oxidation of quinic acid (e.g. oxidation of

C7 position) reveals new possibilities to synthesize acyclic products.107.108

3.3 Quinicacid in total syntheses

Like presented in previous chapters, the abundance of available synthetic
manipulations of quinic acid makes it an attracting starting material for syntheses of
natural products. In 1997 Barco ¢f a/. summarized quinic acid’s applications in total
syntheses37 and the natural product syntheses between 1998 and 2008 was updated
by Enev ¢f a/19 The following chapter will focus on the total syntheses after these
two excellent reviews to introduce the latest accomplishments. The template created
from quinic acid will be highlighted without going into deeper discussion of later-
stage modifications.

The recent growing interest on circular bioeconomy and on utilization of biomass-
based compounds has given new impetus to the use of chiral pool in total
synthesis.!10 After 2008 a dozen of natural products or subunits of natural products

has been synthesized from quinic acid and the structures are shown in Figure 3.
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These natural products are structurally diverse and quinic acid skeleton spans from
the major cores of carbasugars (+)-pericosines A and and C (109 and 110)!!! to
subunits of complex natural products (101-108).

OH O

102
(—)-bactobolin A

Y o
= OMe : 103
rapamycin

CO,Me
.\\X

HO OH
105 OH
(-)-guignardone B 109, (+)-pericosine A, X=Cl

110, (+)-pericosine C, X=OMe

cl OH Me Me
M\/H/MWWYO//' CO,H
: H,N__O OH X OH ClI o} O/
:\ HO
HO N 0 107, lla, X=B-OH, a-H
106, cyclobakuchiol A 108, I[Va, X=0 enacyloxin lla and IVa

Natural products synthesized in this thesis work

HO
HO CO,H HO,, ~

- CO,H oH :

HO,C . ™
111 HO' 112,C2=(S) 14
. ! H 113,C2=(R,
homocitric acu_:l 0 ® African ant
(formal synthesis) natural carbasugars cyclitol

Figure 3. Natural products where quinic acid has been used to construct complex structures (the
quinic acid-derived carbons are highlighted in red). The natural products synthesized in
this thesis work are presented in the bottom section.

The E-ring of (+)-rubellin C was built up from enone 115 (Scheme 20).92. 112

Previously described ketone 80 was synthesized from quinic acid in 3 steps. Enone

115 was later exploited in copper-catalyzed 1,4-addition of benzylic Grignard reagent

to yield intermediate 116. The hydrogenation of enone’s 115 double bond delivered
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the six-membered carbon skeleton as terpene core for synthesis of cyclobacuchiol A
106 (Figure 3).70

The synthesis of (—)-bactobolin 102 also encompassed a quinic acid-derived enone
intermediate (Scheme 20). The protection of #rans-diol (4-OH and 5-OH) gives
access to the selective manipulation of 6-OH, this permitting the synthesis of enone
118 (diasterecomer of 115) using a similar reduction—Malaprade oxidation—climination
sequence as in the synthesis of (+)-rubellin.67. 113 In the construction of the bicyclic
bactobolin core 121, enone 118 was converted into silyl enol ether for vinylogous

Mukaiyama-reaction to yield 120.

Reduction—Malaprade—elimination sequence to enones 115 and 118

a) Enone (115) for synthesis of (+)-rubellin C and cyclobacuchiol A

0o o]
2 3 steps ij\ Et3N, MsClI é >
(see Scheme 17) "™ OH SN

: o '
0 )VO\ e
80 15 key fragment O)<

of (+)-rubellin

b) Enone (118) for synthesis of (-)-bactobolin A

(0] 1) MeLi, CuCN,
iProNEt TMS Cl
50 NaBH, __DMAP _
then NalOy o ACZO Pd(OAc
O \OMe
Meo”> M€ "ote e
Me Mé bute M& Bite
17 118 119
1) TBDMSOTf
i-PrNEt
(0] 2) 0
cl
HO, = )K(
<~—— Cl_X o TiCl, Cl
cl O._-=Me
< OMe
Me OMe
120
Scheme 20. Diastereomeric enone fragments (115 and 118) were the key intermediates of

total syntheses of a) (+)-rubellin and cyclobakuchiol and b) (-)-bactobolin.

The total syntheses of (—)-guignardone B (105) and of halaven C14-C26 fragment
(131) utilized diacetates 124 or 125 as intermediates (Scheme 21). The TMS-protected
lactone (122 or 123) was reduced to hemiacetal with DIBAL-H followed by
acetylation to yield the fragments (124 or 125) suitable for further manipulation.
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Synthesis of 6-oxabicyclo[3.2.1]octane core 128 of (—)-guignardone started by
converting diacetate 124 into thiosemiacetal 126, which treatment with Raney nickel
yvielded cyclic ether 127. 114 Acetal deprotection of 127, elimination and subsequent
oxidations led to 6-oxabicyclo[3.2.1Joctane core 128. The equivalent bicyclic
oxabicyclo[3.2.1Joctane precursor 127 was synthesized in the scope of this thesis
(Chapter 5, chiron 180) in five steps from quinic acid.

In halaven C14-C26 fragment 131 synthesis, diacetate 125 was exposed to Lewis-
acid mediated C-glycosidation (125—129) (Scheme 21).115 This reaction followed by
treatment with base yielded polycyclic pyran fragment 130, which served the
construction of C20 and C23 stereocenters of halaven. After multiple side-chain
manipulations and other chemical transformations, chiral substituted THI-
derivative 131 was obtained to be further involved in the synthesis as C14—C26 unit.

a) Synthesis of diacetate (125 or 126) for the construction of halaven and guignardone fragments

Ho ™sg P Acg QA
do TMS-C, imidazole do 1) DIBAL-H @o
S —— _— =
- CH,CI . 2) Ac,O/AcOH -
0 2Cl o ) Ac, o
o 6 o)
R)g 52,R = Me R)i 122, R = Me R)TQ 124, R = Me
53,R = Cy 123,R = Cy 125,R = Cy
b) Preparation of guignardone C, D-rings
Aco OAC Aco  SPh AcO HO
0 M ) _ Raney 0 . °© 0
§ PhSH . nickel . -
o o o
)io )YO )YO o}
124 126 127 128

c) Preparation of halaven C14—C26 fragment

1) SiMes
AcO QAc

QMe
{ N N o 850 O Nome
4 O, .
@o _coMe _ % . L e
6 -,
o ¢ BHyELO © ‘0 o OH “,. O
S Tf,0 COMe 67 R 1 o)
)TO 2 (o] R OR?2
R R 2) NaOMe R 131

125 129

Scheme 21. a) Analogous diacetate fragment’s (124 or 125) syntheses. b) Preparation of (-)-
guignardone B subunit. ¢) Preparation of halaven subunit.

Esters 134 and 137 can be seen as subunits of rapamycin and enacyloxins (Figure 3).
Both synthesis strategies relied on Barton—McCombie deoxygenation. Treatment of
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benzylidene acetal 54 with NBS followed by tertiary hydroxyl activation with
thiocarbonylimidazolide ~ group  allowed the double Barton—-McCombie
deoxygenation (133) in the synthesis of rapamycin. In enacyloxin synthesis the
Barton—-McCombie deoxygenation was performed in two stages (52—135 and
136—137) to achieve the desired synthetic intermediate deoxygenated at C2 and C4.

a) Synthesis of ester 134, a subunit of rapamycin

Ho o 2 0 0y OMe
- % i) Im,C=S
O  NBS, CCly O CgHg reflux 0O MeOH, H;S0,4
N B — e —
0" (PhCOL)p, A Br (i) BuzSnH - NoH
O 0Bz AIBN 0Bz OBz
Ph 54 132 toluene, reflux 133 134

b) Synthesis of ester 137, a subunit of enacyloxins

HO (o] (@) OMe O OMe
g i) Im,C=S i) Im,C=S
do __imidazole, __NaOMe _ imidazole,
C2H4CI2 reflux MeOH C,H4Cly, reflux

Q S (ii) BusSnH, AIBN 0 OH (i) BusSnH, AIBN HO"'
)V xylene, reflux %(O xylene, reflux OH
135 136 (iii) TFA, H,0 137
Scheme 22. Formal total syntheses of enacyloxin and rapamycin exploited Barton-McCombie

deoxygenation to yield esters 134 and 137. a) Synthesis of 134. b) Synthesis of 137.

The formal total synthesis of (+)-homocitric acid 111, total syntheses of African ant
cyclitol 114 and carbasugars 112 and 113 (Figure 3, bottom) will be discussed in
Chapters 57 as part of the experimental work of this thesis.

3.4  Use of quinic acid in medicinal chemistry

Quinic acid has been exploited in drug discovery and the examples gathered in this
chapter are the synthesis of Tamiflu, vitamin D analogues and a study of C7
substituted quinic acid derivatives as enzyme inhibitors.

Tamiflu is an important anti-influenza drug and industrially synthesized from
shikimic acid 3 (available from extraction of star anis). Both shikimic acid and
Tamiflu can be synthesized from quinic acid. Because of their structural similarity,
multiple syntheses of shikimic acid from quinic acid have been attempted after the
first report by Dangschat and Fischer in 1938.116 Later, the syntheses of 3 or its
epimers and methyl esters has been reported by groups of Géro, Grewe and
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Hanessian amongst others.!17 The shortest synthesis route for (—)-methyl shikimate
140 by Géro ¢ al. is presented in Scheme 23.118 Selective benzoylation of secondary
hydroxyls of methyl quinate 43 gave an intermediate 138, which was dehydrated with
SO2CL to afford protected shikimate 139. Deprotection of 139 gave (—)-methyl
shikimate 140.

HO, ,CO,Me HO, ,CO,Me CO:Me CO:Me
@ BzCl @ S0,Cl, @\ @\
pyridine pyridine NaOMe

. —_— . —_— . —_— -
HO" ™~ YOH 85%  BzO" Y ~OBz 78%  BzO“ Y YOBz MeOH  HO" Y~ “OH
OH OBz OBz OH
43 138 139 140

(-)-methyl shikimate

Scheme 23. Synthesis of (—)-methyl shikimate from methyl quinate by Géro et al.18

Quinic acid was explored as a starting material as an alternative to shikimic acid in
the synthesis of Tamiflu (Scheme 24).119.120 In Rohloff’s Tamiflu 149 (oseltamivir
phosphate) synthesis, the vicinal diol moiety of methyl quinate (43) was protected
with acetonide, followed by secondary 4-OH mesylation and tertiary hydroxyl
dehydration to yield intermediate 141.120 Perchloric acid-catalyzed transketalization
yielded 142 and an elegant reductive regioselective ketal opening exposed secondary
hydroxyl 5-OH (143) readily for epoxide formation (144) upon treatment with base.
The correct stereochemistry and amine functions of Tamiflu was achieved wa
epoxide opening with sodium azide (145) followed by formation of aziridine 146 and
its regioselective opening with sodium azide (147). Finally, the acetylaton of 5-NH,
azide reduction and subsequent phosphorylation yielded 149.
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HO, ,COoH CO,Et CO,Et CO,Et

. 3-pentanone i) BH3-SMe,
—_—, HCIO, TMSOTf
HO' H OH 30% o\\ Y OMs 95% O OMs oY OMs

OH %6 o e
2 141 142 143

ii) NaHCO3,EtOAHl 60%

from 142
CO,Et CO,Et CO,Et CO,Et
2 NaN; 2 2 NaN3 z
NH4CI(( MesP NH,CI
- - -
o "Ny o 97% 0" Y N,y 86% oY -
NH, NH OH ©
147 | Ac0 146 145 144
pyridine
CO,Et 1) Lindlar/H, CO,Et
2) 85% H3PO, 149
. . 37% from 144 . . Oseltamivir phosphate
o N3 o' ‘NHz-HsPO4  Tamifiu™
1ag NHAC NHAC
Scheme 24. Oseltamivir phosphate (Tamiflu™) synthesis from quinic acid.

Vitamin D derivatives’ southern fragments have been synthesized from quinic acid
by oxidative C1-C2 cleavage and deoxygenation or oxidation of secondary hydroxyl
group at C5 (Scheme 25).12L, 122 The overlapping of the hydroxyls’ stereochemistry
of quinic acid with the vitamin derivatives provided the facile construction of kidney
disease drug VS-105 150 and proliferation inhibitor 19-nor-vitamin-D3 analogues
(151). An alternative route for the preparation of the A-ring precursors is presented
as part of this thesis work in Chapter 6.

Cc1-C2 HO, ,CO.H
glycol cleavage >

OH 5-OH deoxygenation \‘.
or oxidation HO® 7% "OH

OH

19-nor-vitamin D3
150
VS-105 HO OH
Scheme 25. Simplified retrosynthetic analysis of VS-105 and 19-nor-vitamin Ds3.
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Gonzilez-Bello and co-workers studied dehydroquinic acid analogues as potential
inhibitors of 3-dehydroquinate dehydratase. The substitution of unnatural position
of quinic acid (C7) has been exploited by selective epoxidation yielding valienamine
analogues 154-159 (Scheme 262).123 The diastereomeric aminosugar-mimetics were
shrewdly synthesized taking the advantage of anchimeric assistance and steric bulk:
epoxide 153 is selectively formed from 152 while lactone moiety hinders the Re-face
and hydroxyl group (5-OH) directs the epoxidation. Respectively, in 156 the
selectivity of epoxide formation is an# to tertiary hydroxyl due to steric bulk by silyl
groups. Moreover, the halogenation of C7 position (164 and 165) has yielded
antimicrobial agents, time-dependent irreversible inhibitors of type I dehydroquinase
from E. coli (Scheme 26b).51, 124

a) Synthesis of aminosugar mimetics and y-amino acids

o O HO R
(0] o Ti(OiPr),, 0 fo) TBDM%O". HO, ~
3 iPrOH, CgHg z Z _ K — )
TBDMSO TBDMSO 6 TFA-H,-N . OH
OH " 63% O OH : =
OH
152 153 154, R = CH,OH
/ 155, R = CO,H
less hindered
face TBSQ CO,Me HO R
\ UHP, TFAA on HOW 2
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Scheme 26. Synthesis of C7-substituted quinic acid derivatives. a) Synthesis of aminosugar

mimetics. b) Synthesis of halogenated quinic acid derivatives.

Natural products and their derivatives play a notable role in medicinal chemistry.
From the new drugs discovered between 1981 and 2014, half of them are related to
natural products either as such, or more often, as natural product mimetics or

variants.!0 For modern biological research purposes, a structural diversification of
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natural products raises an opportunity for improving their activity.!25 The
optimization of the chemical structure and building up large libraries of natural
product congeners can increase the efficiency and hopefully lower the toxicity of
drug candidates. The facile structural diversificaion of quinic acid facilitates the
construction of libraries in the quest for finding more biological active substances
(see also Chapter 8).
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4 MATERIALS AND METHODS

All reactions were performed in oven-dried glassware with magnetic stirring under
argon atmosphere, unless otherwise stated. The reactions performed in elevated
temperatures were heated using a silicon oil bath. Low temperature reactions wete
performed in a Dewar flask filled with isopropanol and liquid nitrogen or brine/ice
or water/ice baths. Dry solvents (THF, Et2O, CH2ClL) were obtained by passing
deoxygenated solvents through activated alumina columns (PureSolv micro solvent
purification system). Acetonitrile was left standing over 3 A molecular sieves (beads)
and used without further drying. Reactions were monitored through thin-layer
chromatography (TLC) with commercial silica gel plates (Merck silica gel, 60 F254).
Visualization of the developed plates was performed under UV light at 254 nm and
by staining with cerium ammonium molybdate, phosphomolybdic acid, potassium

permanganate or vanillin stains.

4.1  Compound characterization

Flash column chromatography was performed on silica gel 60 (40—63 pm) as
stationary phase. lH NMR spectra were recorded at 300 MHz and 13C NMR spectra
were recorded at 75 MHz on a 300 MHz Varian Mercury spectrometer at room
temperature, using CDCls, D20, CD30D or DMSO-dg as solvent. Alternatively, 'H
and 13C spectra were recorded at 500 MHz and 125 MHz respectively in a JEOL
ECZR 500 instrument at room temperature. Chemical shifts (8) are reported in ppm
referenced to TMS peak (8 0.00). Alternatively, the residual peak from the deuterated
solvent was used as reference: CDCls (8 7.26), D20 (6 4.79), DMSO-ds (6 2.50),
CD3OD (6 4.78) for 'THNMR and CDCl3 (8 77.16), DMSO-ds (8 39.52), CDs0D
(6 49.00) for 3CNMR, or acetone in D20 (6 2.50 in 1H NMR, and & 30.89 in 13C
NMR). The following abbreviations were used to describe peak splitting patterns: s
= singlet, d = doublet, t = triplet, m = multiplet. Coupling constants | were reported
in Hertz (Hz).
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High-resolution mass spectra were recorded on a Waters ESI-TOF MS
spectrometer. Specific rotations were obtained on a Polax-2L. (Altago) polarimeter
equipped with a sodium lamp (A = 589 nm) utilizing a 100 mm cell. Single crystals
suitable for X-ray diffraction analysis were obtained by slow evaporation method.
The single crystal x-ray diffraction data was collected at 120(2) K on an Agilent
SuperNova dual wavelength diffractometer with micro-focus x-ray source and Atlas
detector and using multilayer optics monochromatized Cu-Ka (A = 1.54184 A)

radiation.

4.2  Computational details

All calculations were performed using the Gaussian 09 software package, without
symmetry constraints. The optimized geometries in Publication I were obtained
employing the M06-2X functional with a standard 6-31G(d,p) basis set and solvent
effects (CH2Cl) were considered using the Polarizable Continuum Model (PCM).
Single point energy calculations were performed using the M06-2X functional and a
standard 0-311++G(d,p) basis set. The optimized geometries in Publication III were
obtained using the PBE1PBE functional, keeping the standard 6-31G(d,p) basis set
in gas phase. Transition state optimizations were performed with the Synchronous
Transit-Guided Quasi-Newton Method (STQN). Frequency calculations were
performed to confirm the nature of the stationary points, yielding only real frequency
for the minima and one imaginary frequency for the transition states. Each transition
state was further confirmed by following its vibrational mode downhill on both sides,
and obtaining the minima presented on the energy profile. A Natural Population
Analysis (NPA) and the resulting Wiberg indices were used to study the electronic
structure and bonding of the optimized species and calculate as implemented on
Gaussian 09. The electronic energies (En) obtained at the PBE1PBE/6-31G(d,p)
level of theory in Publication Iwere converted to free energy at 298.15 K and 1 atm
(Gb1). The free energy values presented along the text (Gi2) were derived from the
clectronic energy values obtained at the M06-2X/6-311G(d,p)// MO06-2X /6-
31G(d,p) level, including solvent effects (Erz), according to the following expression:

Gb2 = Er2 + Gu1 — Ep1.

Further details for each computational study are presented in Publication I and
Publication III.

36



4.3 Experimental section

This chapter briefly describes the general synthetic procedures and preparation of
key compounds presented in Chapters 5 and 6 (Publications I and II). Synthetic
procedures of compounds described in Chapters 7 and 8 (Publications III and IV)
are shown in the copies of original publications in the end of the thesis. Further
details and synthetic procedures for all compounds including spectral

characterization can be found from Supporting material of each publication.

4.3.1 General procedure for B(CsFs)3/R3SiH deoxygenation

Mesylated quinic acid derivative 174 or 179 (0.09-0.14 mmol) was dissolved in dry
CH2Cl> (0.05-3 M) under argon. B(CelFs)s (1-10 mol%) was added followed by
addition of Et38iH (1.05—4 equiv.) at room temperature. The mixture was stirred at
room temperature for 1 hour and the reaction was quenched by addition of EtsN (3
drops). Volatiles were removed under reduced pressure and the residue obtained was

purified using flash column chromatography.
Characterization of key compounds:

175: TH NMR (500 MHz, CDCl3) 8 7.80 (dd, ] = 8.0, 1.4 Hz, 2H), 7.69 (dd, ] = 8.0,
1.3 Hz, 2H), 7.63 (dd, ] = 8.0, 1.3 Hz, 2H), 7.52 (dd, ] = 8.0, 1.3 Hz, 2H), 7.45 (dd,
J = 5.6, 4.3 Hz, 2H), 7.40 (ddd, ] = 8.3, 4.9, 1.5 Hz, 4H), 7.37-7.31 (m, 6H), 7.30—
7.18 (m, 8H), 7.06 (t, ] = 7.7 Hz, 2H), 3.97 (bs, 1H), 3.21 (d, ] = 10.5 Hz, 1H), 2.96
(ddd, ] = 12.4, 3.8, 2.4 Hz, 1H), 2.85 (dd, J = 104, 0.7 Hz, 1H), 2.56 (s, 3H), 2.51 (t,
] =124 Hz, 1H), 1.97 («d, ] = 13.8, 3.8 Hz, 1H), 1.68 (d, ] = 13.8 Hz, 1H), 1.45—
1.39 (m, 1H), 1.19 (m, 1H), 1.17 (s, 9H), 0.98 (s, 9H), 0.87 (m, 10H). 13C NMR (125
MHz, CDCls) 8 136.4, 1362, 136.2, 136.1, 136.0, 135.9, 1352, 135.1, 134.4, 134.3,
1339, 133.0, 129.8, 129.8, 129.7, 129.6, 129.6, 129.5, 127.7, 127.7, 127.7, 127.6,
127.6, 127.5, 75.8, 72.5, 70.5, 70.4, 39.4, 36.9, 27.9, 27.8, 27.3, 27.2, 26.9, 19.7, 19.6,
18.9; HRMS [M+CIJ- 7/ 3 caled for CseHr0O48Si3C1989.3890, found 989.3878; [a] 32
-19.3 (c = 0.06 g/ml, CH2CL).

176: 1H NMR (500 MHz, CDCls) & 7.84 (dd, ] = 8.0, 1.3 Hz, 2H), 7.69 (dd, ] = 8.0,

1.3 Hz, 2H), 7.64-7.60 (m, 6H), 7.47 (dd, ] = 8.0, 1.3 Hz, 2H), 7.42-7.32 (m, 14 H),
729 (t, ] = 7.5 Hz, 4H), 7.21 (t, ] = 7.6 Hz, 2H), 412 (bs, 1H), 3.48 (ddd, ] = 11.5,
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3.8, 2.2 Hz, 1H), 3.38 (ddd, ] = 23.4, 9.8, 5.9 Hz, 2H), 1.86 (q, /] = 11.8 Hz, 1H),
1.53-1.48 (m, 2H), 1.37 («d, ] = 12.7, 3.4 Hz, 1H), 1.28-1.19 (m, 2H), 1.11 (s, 9H),
1.01 (s, 9H), 1.00 (s, 10 H). 3CNMR (125 MHz, CDCls) 8 136.5, 136.2, 136.1, 136.0,
135.8, 135.8, 135.1, 134.8, 134.5, 134.4, 134.2, 134.2, 129.6, 129.6, 129.6, 129.4,
129.4,127.7,127.7, 127.6, 127.5, 127.5, 127.5, 75.4, 72.2, 68.9, 39.2, 32.3, 31.3, 27.4,
27.3, 27.0, 22.4, 19.6, 19.4, 19.2. HRMS [M+Na|* /% caled for CssHgsO3Si3Na
883.4374, found 883.4448; [a]3® — 3.9 (c = 0.06 g/ml, CH>CL).

180: 1H NMR (500 MHz, CDCl5) 8 7.69 (dd, ] = 8.0, 1.3 Hz, 2H), 7.60~7.54 (m, 6H),
750 (dd, J = 8.0, 1.3 Hz, 2H), 7.45-7.26 (m, 18H), 7.17 (dd, J = 7.9, 7.4 Hz, 1H),
3.99-3.96 (t, ] = 5.5, 1H), 3.80-3.68 (m, 1H), 3.23 (dd, ] = 7.4, 2.0 Hz, 1H), 2.81 (d,
] =74 Hz, 1H), 2.03 d, J= 10.6 Hz, 1H), 1.85 (td, ] = 11.5, 1.8 Hz, 1H), 1.64 (ddd,
J =105, 6.1, 2.7 Hz, 1H), 142 (ddd, ] = 11.4, 5.7, 2.5 Hz, 1H), 1.32-1.22 (m, 1 H),
0.99 (s, 9H), 0.91 (s, 9H), 0.88 (s, 9 H). 13C NMR (75 MHz, CDCl3) & 136.4, 136.2,
136.1, 136.0, 1359, 135.8, 135.0, 134.8, 134.5, 134.1, 133.9, 133.5, 129.9, 129.8,
129.7, 129.5, 129.5, 127.8, 127.7, 127.7, 127.6, 127.6, 127.5, 78.6, 77.4, 75.1, 71.7,
9.8, 43.4, 37.8, 274, 27.1, 27.1, 19.6, 19.2, 19.0. HRMS [M+Na]* /% caled for
CssHgsO4S3Na 897.4167, found 897.4183; [a]3® —22.2 (¢ = 0.09 g/ml, CH2CL).

43.2  General procedure for Malaprade reaction

Vicinal diol 180 (obtained by complete cleavage of silyl groups) or 187 (0.07-0.08
mmol) was dissolved in acetonitrile-water mixture (ratio 3:2, 0.2—-0.3 M) at room
temperature. The solution was cooled down to 0 °C, sodium periodate (1.2 equiv.)
was added, and the solution was stirred at room temperature for 1 hour. The reaction
was filtrated through a silica pad and rinsed with acetonitrile. Volatiles were removed

under reduced pressure to yield corresponding dialdehyde.

Characterization of key compounds:

181 (in equilibrium with corresponding hydrate): 'H NMR (500 MHz, DO, MeOH
used as reference) 8 9.72 (t, ] = 2.0 Hz), 5.28 (dd, /] = 6.1, 5.2 Hz), 496 d, ] = 5.4
Hz), 494 d, | = 5.3 Hz), 418-4.08 (m), 3.94 (dd, ] = 9.7, 1.5 Hz), 3.84-3.80 (m),
3.75 d, ] = 9.7 Hz), 341 (d, ] = 1.3 Hz), 2.94 (qd, ] = 16.9, 2.1 Hz), 2.26 (ddd, ] =
13.6, 6.5, 1.5 Hz), 2.13 (ddd, ] = 13.5, 6.4, 1.5 Hz), 2.05 (dd, | = 14.5, 5.1 Hz), 2.02—
1.99 (m), 1.98-1.96 (m), 1.95-1.85 (m). 3C NMR (125 MHz, D20, MeOH used as
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reference) & 205.64, 91.68, 91.50, 89.01, 81.04, 80.88, 79.71, 78.91, 78.43, 78.12,
50.55, 44.28, 40.73, 40.15. HRMS [M+Na]* »/z caled for C7H1004Na 181.0477,
found 181.0488.

188: 1H NMR (500 MHz, CDCls) 8 9.77 (t, ] = 1.4 Hz, 2H), 3.60 (dd, ] = 10.0, 4.6
Hz, 1H), 3.47 (dd, ] = 10.0, 6.3 Hz, 1H), 2.54-2.48 (m, 3H), 2.35 (ddd, ] = 16.9, 5.8,
1.6 Hz, 1H), 2.22-2.13 (m, 1H), 1.72 (dq, ] = 14.8, 7.4 Hz, 1H), 1.63 (qd, ] = 7.6, 6.6
Hz, 1H), 0.87 (s, 9H), 0.03 (s, 6H). 13C NMR (125 MHz, CDCls) 8 202.12, 201.99,
65.24, 46.43, 41.62, 35.55, 25.98, 23.50, 18.36, -5.42. HRMS [M+H]* /3 caled for
C13H27038i 259.1729, found 259.1736; [@]3® —18.9 (c = 8.8 mg/ml, CH2CL).

4.3.3  General procedure for silyl migration reaction

Diol 171 or 195 (0.11-0.19 mmol) was dissolved in solvent (0.1-0.2 M) and base (1—
5 equiv.) was added at room temperature. Reaction mixture was heated to desired
temperature, and after stirring, allowed to cool down. The solvent was evaporated
under reduced pressure, and the residue obtained was purified using flash
chromatography, yielding pure 192-194 or 196-198.

Characterization of key compounds:

192: 1H NMR (500 MHz, DMSO-dg) 8 7.80 (d, ] = 6.5 Hz, 2H), 7.66 (d, J = 7.0 Hz,
2H), 7.59 (ddd, ] = 7.9, 5.8, 1.3 Hz, 5H), 7.48 — 7.30 (m, 17H), 7.22 — 7.05 (m, 4H),
474 (d, ] = 3.2 Hz, 1H), 407 (s, 1H), 401 (bs, 1H), 3.84 (d, ] = 11.7 Hz, 1H), 3.64
(bs, 1H), 3.31 (d, J = 9.6 Hz, 1H), 2.73 (d, ] = 9.6 Hz, 1H), 2.10 (t, ] = 11.2 Hz, 1H),
1.88 (d, ] = 13.3 Hz, 1H), 1.66 (dd, ] = 13.3, 2.6, 1H), 1.23 (d, ] = 11.2 Hz, 1H), 1.08
(s, 9H), 0.89 (s, 9H), 0.88 (s, 9H). 13C NMR (125 MHz, DMSO-dg) & 135.8, 135.5,
1354, 1352, 135.1, 134.0, 133.8, 133.5, 1333, 129.8, 129.6, 129.5, 129.4, 127.7,
127.5,127.5, 127.4, 74.9, 71.7, 69.6, 68.6, 68.6, 38.4, 34.1, 26.9, 26.8, 26.8, 19.2, 19.0,
18.5. HRMS (ESI) m/z: [M+Na]* Caled for CssHesOsSisNa 915.4272; found
915.4302. [@]&! +0.6 (c = 0.07 g/ml, CH2CL).

193: 'H NMR (500 MHz, DMSO-de) 8 7.66 (dd, ] = 8.0, 1.2, 2H), 7.63 (dd, ] = 8.0,
1.2, 2H), 7.60 (dd, ] = 8.0, 1.2, 2H), 7.55 (dd, ] = 8.0, 1.2, 2H), 7.42 — 7.34 (m, 10H),
733 — 721 (m, 12H), 4.60 (d, ] = 3.7 Hz, 1H), 4.18 (ddd, ] = 11.8, 4.3, 2.8, 1H), 4.12
(s, 1H), 3.83 (dd, ] = 6.1, 3.7 Hz, 1H), 3.74 (d, ] = 102 Hz, 1H), 347 (dd, ] = 6.0,
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3.4 Hz, 1H), 3.26 (d, ] = 10.2 Hz, 1H), 2.16 (d, ] = 11.8, 2.9 Hz, 1H), 1.84 (1, ] =
11.8 Hz, 1H), 1.62 (dd, J = 13.2, 3.4 Hz, 1H), 1.32 (d, ] = 13.2 Hz, 1H), 1.00 (s, 9H),
0.94 (s, 9H), 0.69 (s, 9H). 13C NMR (125 MHz, DMSO-de) & 135.4, 135.4, 135.3,
135.3, 135.3, 1352, 133.9, 133.8, 133.7, 1334, 132.9, 1329, 129.8, 129.8, 129.6,
129.5, 127.6, 127.6, 127.5, 72.1, 71.8, 71.4, 69.6, 69.1, 37.1, 36.2, 26.9, 27.0, 26.7,
19.1, 19.0, 18.4. HRMS (ESI) m/z [M+Na]* Calcd for CssHesO3sSi3Na 915.4272;
found 915.4233. [a]& —4.3 (c = 0.12 g/ml, CH2CL).

194: 'H NMR (500 MHz, DMSO-de) 8 7.64 (dd, ] = 13.6, 6.8 Hz, 4H), 7.59 (d, ] =
7.1 Hz, 2H), 7.44 —7.34 (m, 10H), 7.31 (dd, ] = 12.7, 7.3 Hz, 5H), 7.18 (, ] = 7.4
Hz, 5H), 7.10 (dd, ] = 15.7, 7.8 Hz, 4H), 4.65 (d, ] = 4.5 Hz, 1H), 429 (s, 1H), 4.05
(bs, TH), 3.90 (m, 2H), 3.71 (bs, 1H), 3.26 (d, J = 10.3 Hz, 1H), 2.29 (s, 1H), 1.87 (t,
J =99 Hz 1H), 1.67 (dd, J = 14.1, 32 Hz, 1H), 1.11 (d, ] = 13.8 Hz, 1H), 1.02 (s,
9H), 0.91 (s, 9H), 0.61 (s, 9H). 13CNMR (125 MHz, DMSO-de) 8 135.8, 135.3, 135.3,
1352, 135.1, 1337, 133.5, 133.3, 133.2, 132.7, 129.6, 129.4, 129.3, 127.7, 127.7,
1275, 127.4, 127.3, 127.2, 744, 72.1, 71.1, 69.7, 65.4, 37.4, 35.9, 26.8, 26.7, 26.5,
19.0, 19.0, 18.3. HRMS (ESI) m/z [M+Na]* Caled for CssHesOsSisNa 915.4272;
found 915.4287. [a]Z? +4.0 (c = 0.07 g/ml, CH2CL).

4.3.4  Gilman reaction

Oleyl bromide 216’ (156 mg, 0.47 mmol, 6 equiv.) was weighed into a dried round-
bottom flask and purged with argon after which Et2O (2 ml) was added and reaction
mixture cooled down to —78 °C. ~BuLi (0.55 ml, 1.7 M in pentane, 0.94 mmol, 12
equiv.) was slowly added and the mixture was stirred for 15 minutes. Suspension of
Cul (15 mg, 0.08 mmol, 1 equiv.; in 0.5 ml of Et20) was added at —78 °C and stirred
for additional 15 minutes before a solution of the epoxide 214 (30 mg, 0.08 mmol,
lequiv.) in diethyl ether (1 ml) was added. The reaction mixture was allowed to warm
up to —20 °C over 45 minutes, diluted with hexane and quenched with sat. aq. NH4Cl
solution (5 ml). After stirring at room temperature for 30 minutes the layers were
separated. The aqueous phase was extracted with EtOAc (3 x 3 ml), the organic
phases were combined, dried with MgSOys, filtered, and the solvent was removed
under reduced pressure. The residue was purified by flash chromatography (CH2Clz)
to yield Gilman product 218 as clear oil (36 mg, 73%). TH NMR (500 MHz, CDCl;s)
8 7.69 (ddd, ] =79, 3.5, 1.5 Hz, 4H), 7.46 — 7.35 (m, 6H), 5.36 (t, ] = 4.9 Hz, 2H),
4.35 (tt, ] = 10.9, 4.4 Hz, 1H), 419 —4.07 (m, 1H), 2.80 (d, ] = 6.6 Hz, 1H), 2.25 (s,
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1H), 2.08 (d, ] = 14.9 Hz, 1H), 2.02 (dd, ] = 12.5, 6.8 Hz, 4H), 1.88 — 1.82 (m, 1H),
1.76 (dd, ] = 14.4, 2.0 Hz, 1H), 1.47 (ddd, ] = 13.6, 11.1, 2.8 Hz, 1H), 1.42 — 1.38
(m, 2H), 1.38 — 1.22 (m, 27H), 1.07 (s, 9H), 0.93 (s, 1H), 0.89 (t, ] = 7.0 Hz, 3H). 13C
NMR (125 MHz, CDCls) & 135.9, 135.9, 134.7, 134.6, 130.1, 130.0, 129.7, 127.7,
75.4, 68.7, 65.4, 652, 56.1, 48.3, 46.6, 44.0, 42.5, 423, 41.8, 40.1, 32.1, 31.7, 31.5,
30.2,29.9, 29.9, 29.8, 29.7, 29.7, 29.5, 27.4, 27.1, 23.0, 22.8, 19.3, 14.3. HRMS (ESI)
m/z [M+Na]* Caled for C41HsO3S8iNa 657.4679; Found 657.4700. [a]3 -17.2 (c
= 0.10 g/ml, CH2Cb).

Diol 218 (30 mg, 0.05 mmol) was dissolved in THF (0.5 ml) and TBAF (0.5 ml, 0.5
mmol, 10 eq.; 1M in THF) was added and the reaction mixture was refluxed for 3
hours. The reaction mixture was allowed to cool down to room temperature, diluted
with EtOAc and quenched with sat. aq. NH4Cl solution (5 ml). Layers were
separated and the aqueous phase was extracted with EtOAc (3 x 3 ml), the organic
phases were combined, dried with MgSOy4, filtered, and the solvent was removed
under reduced pressure. The residue was purified by flash chromatography (EtOAc)
to yield African ant cyclitol 114 as white thick oil (17 mg, 90%). 'H NMR (500 MHz,
CDCl) 6 534 (t, ] = 5.1 Hz, 2H), 4.34 (td, ] = 11.2, 5.5 Hz, 1H), 4.29 (bs, 1H), 3.59
(bs, 1H), 3.18 (bs, 1H), 2.26 (d, | = 12.7 Hz, 1H), 2.08 (dd, /] = 12.7, 1.7 Hz, 1H),
201 (dd, ] =125, 6.7 Hz, 4H), 1.91 — 1.85 (m, 1H), 1.49 — 1.37 (m, 4H), 1.37 - 1.23
(m, 27H), 1.04 (s, 1H), 0.87 (t, ] = 6.9 Hz, 3H). 3CNMR (125 MHz, CDCl3) 8 130.6,
130.5, 76.0, 69.3, 64.0, 46.8, 44.5, 42.6, 40.5, 32.5, 32.3, 30.7, 30.4, 30.3, 30.2, 30.2,
30.2, 23.0, 27.8, 23.6, 23.3, 14.8. HRMS (ESI) m/z: [M+Cl]- Caled for C25H4s03Cl
431.3292; Found 431.3283. [a]? 7.3 (c = 0.03 g/ml, EtOH).
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5 B(CeFs)3-CATALYZED DEOXYGENATION OF
QUINIC ACID DERIVATIVES

5.1 Aim of the study

As discussed in Chapter 2.2, the B(C¢I's)3-catalyzed selective deoxygenation with
hydrosilanes (B(CeFs)3/SiH) applied to sugars produces valuable chiral synthons,
while Chapter 3 showed the potential of quinic acid for the syntheses of complex
structures. While the Barton—McCombie reaction and dehydration—hydrogenation
sequence have been the tools commonly used for decreasing the content of hydroxyl
groups of quinic acid, it was envisioned that the borane-catalyzed partial
deoxygenation could provide new valuable chiral synthons with more user-friendly
chemicals. This chapter gives an overview and presents the most significant
accomplishments of the complete study presented as Publication 1.

5.2 Initial studies

The transposition of the B(Cgls)3-catalyzed selective deoxygenation with
hydrosilanes to quinic acid derivatives should consider the higher reactivity of
primary and secondary hydroxyl groups as they are known to be cleaved smoothly
while tertiary hydroxyls are somewhat tolerant to this transformation.?9. 3!
Additionally, the application of B(C¢Fs);/SiH to carboxylic acid detivatives have
shown to cause full reduction and deoxygenation up to methyl unit.126. 127 Aware of
the substrate and protecting group dependency and aiming at the partial
deoxygenation of quinic acid, the study was started with screening of different
protecting groups of quinide vicinal diol. Since the available protecting groups that
tolerate B(CeFs)3/SiH are limited, stable carbamoyl and sulfone/sulfoxide protected
lactones were prepared. Protected quinides 57 and 59 (along with unprotected
quinide 35) were treated with multiple silyl hydrides, although the lack of solubility
or reactivity hampered the formation of deoxygenated products (Scheme 27). On
the other hand, quinides protected with sulfur groups (166 and 58) were reduced to
silylated diols 167 and 168 (Scheme 27) though this same transformation can be
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performed with other reducing agents such as NaBHa4. Further treatment of the
silylated diols 167 and 168 with B(CsFs)3/SiH proved futile and no deoxygenation

products were observed.

HO, P HO, P SiH (excess)
0 o B(CgFs5)3 (5-10 mol-%) no reaction
. or i CH.Cl or toluene or no proper solubility
HO' ™ o 22 of the starting material
z = r.t. to reflux
OH Xx-0
35 57, X = C=0 SiH = Et3SiH, Et,SiH,
59, X = SO, Ph,SiH, or BuSiHg
rRo,
Et;SiH (2.1-3 equiv.) RO, /~0siEt, _ RO,
0 B(CFs)3 (5 mol-%) B(CeFs)3/SiH
—_—
o CH,Clp o Y osikt, in situ or o
%-0 rt. 0.5-1h \X‘é from isolated ‘X_o-
166, X = SO,, R = TMS 167, X = SO,, R = TMS, 60% 169
58,X =SO,R=H 168, X = SO, R = SiEt;, 65%
Scheme 27. Deoxygenation attempts on quinide and protected lactones with B(CeFs5)3/SiH.

It was suspected that the lack of reactivity observed was due to the rigidity imposed
by the cyclic protecting groups, since only acyclic protecting groups wete previously
reported for the intended transformation in polyols. Moreover, treatment of cyclic
sugar derivatives with B(CsFs)3/SiH promote ting opening which greatly increases
the flexibility of the molecule and is likely to facilitate C—O bond cleavage. The
formation ofdisilyl oxonium ion is crucial for the deoxygenation. In sugar derivatives
the neighboring group participation (silylated hydroxyl groups) supported the
formation of the reactive species leading to deoxygenation instead of the direct
hydride delivery.3* It was suspected that the use of acyclic silyl protecting groups in
quinic acid would also initiate the formation of similar species due to released ring
strain in the molecule leading to cyclic silyloxonium formation (Scheme 28). The
presence of large silyl ethers in positions C2, C5 and C6 of quinide combined with
small silyl hydrides was hypothesized to provide the desired cyclic silyloxonium (TS-
1, Scheme 28a) after opening of the lactone. In such an event, the opening of the
three-membered rings should be conditioned by stereochemical constrains and the
hydride delivery would be expected to occur at C1 and C4. Moreover, large silyl
groups are known to deeply effect the conformation of cyclohexanes by the 1,3-sy-
diaxial repulsion,®®: 128 which could be beneficial for the desired hydride delivery

regioselectivity.
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To test the stated hypothesis on anchimeric assistance by silyl groups, silylated
lactones were prepared (Scheme 28b). Lactones 65 and 66 were exposed to
B(CsFs)3/SiH conditions but no deoxygenation was observed. TBDMS-protected
lactone 65 was reduced to silyl ether 170, but the substrate with larger silyl groups
(IBDPS) showed different reactivity leading to formation of multiple non-isolated
products. This observation confirmed the effect of the silane substituents on the

reactivity of quinic acid derivatives.

a) Hypothesis of neighboring group participation with acyclic silyl protection groups

Si? .
. L® b ) 1 via:
SIO/,_ 0Si Si2\®/ Slg(‘O \SiZ SIO,I' ! si
- Al -~ N R
= | sio osi |/ P OO GR o
Sio™ R sioV >"os; \\-P\R 5i-On TR
o Sio: Z ' R SN H
OSi 0Si PR R R
TS-1 ! o
Si = TBDPS or TBDMS ‘ H
Si? = Et5Si

b) Deoxygenation attempt of Si-protected lactones

Sio, EtaSiH S0, /~osigt,
5 B(CgFs)s (5 mol-%)
Sio" ™Y CHCl Sio" >N NosiEt,
0Si 0Si
65, Si= TBDMS Si = TBDMS, 170
66, Si= TBDPS Si = TBDPS, over reactivity

c) Second hypothesis: Selective deoxygenation of primary hydroxyl groups via cyclic siloxane intermediate

X Ph Ph. Ph
Ph,SiH, |_Ph then Si e
OH BGaFe) oSl o Si-OSiEts

R)\/OH R/K/O Et3SiH R)\

d) Deoxygenation attempt via cyclic siloxane intermediate

. o ) R,SiH, so in situ "
S0, SO/ 0H BCFss g “ReSH,
. 2 2 no
o  LiAlH, (5 mol-%) VR — = ° o )
) — . _— ) /s| - or reaction
Sio" > EO, 0°C giov™>"Son CH:LL sio" "0 in situ or
0oSi osi 0Si from isolated
66 171 172, R=Ph R3SiH
173, R=Et
Scheme 28. Initial studies of deoxygenation with acyclic protecting groups. a) Hypothesis of

anchimeric assistance. b) Reduction of silylated lactones. c) Hypothesis of cyclic siloxane
intermediate. d) Cyclic siloxanes derived from quinic acid and deoxygenation attempts.

The second hypothesis was based on the study of Morandi ¢f @/,'29 where terminal

vicinal diols were deoxygenated #a cyclic siloxane intermediate (Scheme 28c).
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Lactone 66 was reduced to diol 171 and treated with secondary silyl hydrides. The
formation of cyclic silyl ether was rapid on both secondary silanes tested (Ph2SiHo,
EtSiHz, 172 and 173, respectively) but the quinic acid-derived siloxanes proved

unreactive (Scheme 28d).

5.3  Deoxygenation studies

The focus of the work was then turned to the anchimeric assistance of sulfonyl
groups as previously reported by Oestreich ¢f /., since excellent chemoselectivities
on the C-O cleavage of primary alkyl-tosylates were achieved (Scheme 29).130
However, vicinal terminal diols did not yield similar chemoselectivity due to
formation of rearrangement products. A supetior chemoselectivity was expected for
the herein studied system due to its higher complexity when comparing with simple
aliphatic systems.

B(CeF5)3 (cat.)

Sio Et3SiH (1.1 equiv.) Sio R =TBDPS, n=3-5
\‘V'H/\OTS - = \(\/)n/ R:Ar’n=1or5

osi B(CeFs)3 (cat.) osi

Et3SiH (1.1 equiv.) :

oTs 3= - """, OSi +

W \(\47/\/ -
53 : 47

Scheme 29. C(sp?)-0 bond cleavage of primary alkyl tosylates with B(CeF5)3/SiH system.

The treatment of mesylate 174 with different amounts of catalyst and Et3SiH resulted
in formation of 175 and/or 176 in different ratios (Table 2). Full deoxygenation of
the mesylate moieties and excellent selectivity was achieved with excess of Et3SiH
(93%, entry 11) producing protected triol 176 in 93% yield. Although 3-membered
silyloxonium ions are more prone to be opened with hydrides from the less hindered
site,129, 131 the participation of neighboring groups has shown to have a deep impact
on the deoxygenation.3% 130 The stereochemistry of the deoxygenation product 176
was confirmed by crystal X-ray diffraction analysis of derivative 177 (Scheme 30).
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Table 2. Screenings of the quinic acid derivative deoxygenation.

_0si
SiO,,' OMs SiO,,' OMs R
B(CFs)s (cat.), Et;SiH
' (i CH,Cly, rt. ) 6 or O
SiO Y OMs SiO Y SiO Y
0Si Si=TBDPS 0Si 0Si
174 175 176
Entrylal [174] (M)  B(CsFs5)s (mol-%) EtsSiH (equiv.)  Yield (%) 175:176b
1 0.3 5 1.5 38 7.9:21
2 0.05 5 1.5 46 7.8:2.2
3 0.05 1 1.5 44 7.7:2.3
4 0.05 10 1.5 49 8.0:2.0
5l 0.05 5 1.5 78 7.8:2.2
6lel 0.05 5 1.75 74 6.6:34
71lld] 0.05 5 1.5 52 8.1:1.9
8ldl 0.05 5 1.05 37 8.1:1.9
9lel. [e] 0.05 5 1.05 18 0:10
10 0.05 5 4.0 82 2.3:7.7
1100 0.3 5 4.0 93 0:10

[elUnless otherwise noted, 174 (0.14 mmol) and B(CsFs)3 in CH2Cl2, atr.t. followed by dropwise addition of Et3SiH
for 1 h. Pratio determined from isolated yields [cfastaddition of silane, [4reaction performed at10 °C, [lreaction
performed in toluene. 1B(CsFs)3 in CH2Cl2 atr.t. followed by dropwise addition of Et3SiH for 5 min. Solution of 174
(0.11 mmolin CH2Cl2) was added dropwise.

AOSi 1) TBAF, _OR
THF, reflux, 86% (177)
2) EtsN, DMAP, CHyCN

Sio™ Y 0N COCl  RO™
OSi OR
176, Si = TBDPS NO, 177, R=H X-ray of 178
8 % 178, R = COCgH3(NO2),
Scheme 30. Preparation and X-ray crystal structure of protected triol 178.

The reaction of the secondary mesylate at C4 proved to be faster than the primary
mesylate at C1 yielding monomesylate 175, which was further deoxygenated at C2.
The second C—O bond cleavage is likely facilitated by the smaller steric hindrance
and ring strain in the monomesylate, when considering a putative formation of a 3-
membered silyloxonium at C1-C2. Different reaction conditions were screened
aiming at reaching different selectivity. With 1.5 equivalents of silane in presence of
5 mol-% of catalyst, selectivity towards 175 was good but the overall yield remained
poor (entries 1 and 2,[174]=0.3 or 0.05, respectively). The selectivity was not affected
by the catalyst loading (1-10 mol-%, entries 2—4).
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Finally, the fast addition of silane improved the yield of 175 while keeping good
selectivity (entry 5). Slight increase of silane worsened the selectivity (entry 6) while
decreasing temperature or silane equivalents deteriorated the overall yield (entries 7
and 8, respectively). Interestingly, reaction performed in toluene gave full selectivity
to 176 with scanty amount of silane (entry 9), although in very low yield.

Aiming at the selective deoxygenation of 2-OH and to overcome the higher
propensity of C4 towards deoxygenation, 4-OH was protected with different groups
(Scheme 31). Treatment of 179a with Et3SiH first led to formation of secondary silyl
ether (R-O-SiEts) followed by intramolecular cyclization to ether 180. Similar
reactivity was observed with TMS-protected 179b. MOM-protected analog 179c
treated in same conditions yielded methyl ether 179d, which was further cyclized to
cyclic silyl ether 180 upon addition of more silane. Despite the harsh reaction
conditions (5.0 equiv. Et3SiH, 20 mol-% B(Csl's)s, refluxing in toluene), carbamoyl
protected 179e was found to be unreactive and only starting material was recovered

from the reaction.

sio, sio,

. >0OMs B(CeFs)s (2.5-20 mol-%) " 179a, X = H, 71 %, (x = 3.1 equiv.)
‘ Et,SiH (x equiv.) o) 179b, X = TMS, 88 %, (x = 1.5 equiv.)
e e o, [ 179¢, X = MOM, (x = 1.8 equiv.)
Sio™ ™7 TOX CHyClp, rt, 2h Sio™ Y 78 /°|;179d, X = Me, n.d., (x = 1.1 equiv.)
OSi OSi 179e, X = CONHPh, n.r,, (x = 5.0 equiv.),
179, Si = TBDPS 180 reaction performed in toluene
Scheme 31. Deoxygenation of mono mesylates yielded cyclic ether 180. n.d. = not determined,

n.r. =no reaction.

5.4  Valorization of deoxygenation products

Despite the futile attempt on the selective deoxygenation of 2-OH, an intriguing
product 180 was formed in excellent yields, whose reactivity was studied further. The
oxidative vicinal diol cleavage was envisioned to produce unforeseen chiral THE-
derivatives. Deprotection of silyl groups followed by Malaprade reaction yielded
dialdehyde 181, which along with alcohol analog 182, can be seen as interesting
synthetic intermediates due to the presence of two stereogenic centers in the
tetrahydrofuran core (Scheme 32).
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sio,, 1) TBAF OH oH

THF, 75 °C z o S OH
O sealed tube, 90% H NaBH, Hovﬁ\/
sio" 2) NalO, o H EtOH, 0 °C

OSi CH3CN:H,0,0°Ctort. O
180 quant. 181 60% 182

Scheme 32. Modification of cyclic ether 180.

The recent study by Gagné and co-workers on sugar-derivatives reduction revealed
a site-selectivity dependence on the hydride source (R3SiH or HBCat) and the
hydroxyl protecting group (silyl or BCat).3¢ The attempts to expose cyclic ether 180
to reductive B(CeFs)3/SiH conditions proved ineffective as only starting material was
recovered from the reaction. Instead, cyclic ether moiety of 180 was opened with
HBCat yielding alcohol 184 in 87% yield (Scheme 33a). In Gagné’s protocol, bulkier
protecting groups seemed to suppress the reactivity and increase the
chemoselectivity of the reduction. A similar effect was detected in the transformation
of bicyclic tetrahydrofuran 183, as the deprotection of tertiary silyl group and
treatment with HBCat/B(CsFs); yielded 185. Contrastingly, in this system the ether
moiety was disentangled from more hindered position while opening from less

hindered site was favored for sugar-derivatives.

To reveal the stereochemistry of 185, the silyl groups were cleaved, and the NMR
spectra were compared with previously obtained 177. After silylation of the primary
hydroxyl group of 186, the vicinal diol moiety was cleaved with Malaprade reaction.
The similarity of the chiral dialdehyde obtained with Perlin aldehydes 189 suggest
that 188 can be a valuable synthetic fragment (Scheme 33b).132

The value of 184 was exemplified by using it in the formal synthesis of nitrogenase
cofactor homocitric acid 111. The known intermediate of synthesis of homocitric
acid (98)104 was accomplished by oxidation of primary hydroxyl moiety followed by
desilylation (Scheme 33c). Despite the unexecuted experiments, it is noteworthy that
the manipulation of 183 with deuterated catechol borane would provide deuterium

labelled homocitric acid.104
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a) Site-selective reduction of 180 and 183

OH
RO"/. RO, OH /
@O B(CgFs)s (10 mol-%) : : 0 1
‘ B—H !
RS HBCat (x equiv.) RS or O ' / !
Si0 ()S Si0" ™ Si0" N ; (o] :
! 0si 5si ! HBCat :
180, R = S/, x = 4 184 S I ;
183,R=H,x=6 . 5
Si = TBDPS 87 % 41 %
b) Modification of 185
/OH {OH /OTBDMS
: : TBDMS-CI : o OTEDMS
O TBAF: H,O O (2.2 equiv.) O NalO, :
sio THF, 75°C oo EtN, DMAP o' ™" CHsCN:H,0 H
: sealed tube N CH,Cl,, 0 °C = 0°Ctort. o
OSi OH OH
96% 67% quant.
185 186 187
c) Modification of 184 and formal synthesis of homocitric acid
SiO, Sio, ,CHO .
L ~OH . NaClO,, NaH,PO, S0, ,COzH
PCC 2-methyl-2-butene
N - -
Sio" Y DMF, 60 °C  Si0" Y +-BUOH:THF sio™
~ . 0, ~ . :
OSi 80% OSi osi
184 190

K,CO3, Me,SO, | 57%
acetone, r.t. | (over 2 steps)

”””””””””””” ; HO, CO;Me sio, ,CO,Me

: HQ, CO,H 3 TBAF-H,0
. - 5 .
: I HO" ™Y YN

111, homocitric acid 67% Sio*

e 6H 63,'
98 191
Scheme 33. a) Reduction of 180 and 183 with HBCat. b) Protecting group manipulations and C-

C cleavage of 184. c) Formal synthesis of homocitric acid.

5.5  Mechanisticinsight

As previously proposed by Oestreich,!30 a cyclic three-membered silyloxonium is a
likely intermediate in the herein presented system. The easier formation of
silyloxonium at C4—C5 compared to spiro-silyloxonium in C2, seems to control the
extent of the deoxygenation. The spiro-silyloxonium formation after removal of
mesylate from the cyclohexane ring should be less energy demanding, as the 1,3-
diaxial repulsion between the mesylate and the C1-C2 silyloxonium is diminished.
The regioselective hydride delivery to C4 in opening of the C4—C5 silyloxonium can
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be explained by the steric hindrance in C5 imposed by the silyl group at the vicinal
C6 position. The same effect can be seen in C4—C5 epoxide opening selectivities on

quinic acid derivatives with different nucleophiles.133-136

To justify the silyloxonium formation and study the selectivity, a simpler analog of
174 was prepared (174°) and exposed to reduction conditions (Scheme 34). Full
selectivity of tertiary hydroxyl deoxygenation and silyl migration was observed and
176’ was obtained. Alkyl migration!3! or rearrangements that would cause a lack of
chemoselectivity!30 in the reduction were not observed. When Et:SiD was used in
the deoxygenation of both 174’ and 174, the deuterium was delivered to C1 and C4.
Presence of deuterium in the product and the absolute configuration of C4 position
was confirmed by NMR coupling constants, which also proved the direct
silyloxonium opening from the less-hindered site. These observations suggest
different mechanisms for C—O bond cleavage at C4 and C2 of 174. While the former
seems to have undergone a direct silyloxonium opening, the latter can be rationalized
by a 1,2-hydride shift.

0Si Et;SiX (1.5 equiv.) X 176", X =H
1 B(CgFs)3 (5 mol-%) T isolated, 52%
OMs  CH,Cl, rt, 1h o GNMR, 86%
12%%, T d-176", X = D
174" Si=TBDMS isolated, 57%
N o | D1\:/os/'
S'O’:. OMs Et3SiD (x equiv.) ., OMs f
@ B(CoFs)s (5 mol-%) @
—_— or
sio" - oms CH2Clprt, 1h Sio" Y D Sio™ ™ D
Osi Si=TBDPS osi Osi
174 d-175 d-176
x = 1.5 equiv., 45% x = 3 equiv., 95%
Scheme 34. B(CeFs5)3-Catalyzed silyloxonium opening with Et3SiD.

In order to elucidate the reaction mechanism operating in the deoxygenation at C1—
C2, a simplified derivative 2-methylpropane-1,2-diol (sm) was considered as
substrate in a Density Functional Theory (DFT) study (Scheme 35). The interaction
of silylium ion with the mesylate group of the substrate sm is energetically favored
and increases the electrophilic character of the primary carbon, leading to cyclic
silyloxonium ion int2. The 1,2-hydride shift intermediate int3 is energetically more
stable than int2 leading to oxocarbenium ion int4 iz a low energy barrier (2.5
kcal/mol). The hydride delivery to electrophilic oxocarbenium ion requires only 2.5
kcal/mol leading to very stable primary silyl ether int5. The deeper analysis and full

computational details are presented in Publication I and its supporting material.

51



m 7]

m - =
& @ 3z
IT—=1 + B jo
BT 3% o/ @
CHE-S 0
—_— ®() O// (@]

o

“ —

=z )

Za /!

PN
NS}
k‘\(e
NS
-
- ~

5
E S N -
N .
T ~.
i m.‘%’-\m Tl
O ~ 0
o
o
= P =
§(D: -7 ' o %qz_
- : = 2
2 i': g(/)c'n & - 0}09
N To o o) s/
B Ny
i [%} e
] m O |
i &
5 I o”
= T Baie R
L ® &
S o (A" -
— T (@]
%) \
\
in =1
- 5
=3 @ A
- ) ’: T P4 N T ~
3- \[ e | /I@
AT - = 4
’_\/\to@) e IO 8
ZO (] @
@
) +
1
\
!
\
= N 1
£ : =
— < Lo 5= T
I O -7 w AL ®
%} - x~ O
- - ' 1%}
3 - )
o & 20
- +
K
o
-
&n
)
© 5
@
- Ol T
S
s L
2 o
%}

Scheme 35. Free energy profile (M06-2X/6-311++G**//M06-2X/6-31G**) and mechanistic
representation for deoxygenation of model substrate sm, via silyloxonium and 1,2-hydride shift.
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As a conclusion, the B(Cgls); -catalyzed defunctionalization of quinic acid was
developed by the installation of methanesulfonyl groups in the vicinal positions of
silyl ethers. The study utilized a common intermediate which provided several chiral
small molecules seen as value-added building blocks for further synthetic
modifications. The divergent deoxygenation strategy led to a formal synthesis of
homocitric acid. The achieved deoxygenations proved highly stereoselective through
hydride delivery to cyclic silyloxonium ions. Computational and experimental studies
revealed different mechanisms for the two opening of the two cyclic silyloxoniums

involved.
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6 O,0-SILYL GROUP MIGRATIONS IN QUINIC ACID
DERIVATIVES: TOWARDS DIVERGENT
SYNTHESIS

6.1  Aim of the study

In previous attempts on the sulfonylation of 171 (Chapter 5) O,O-silyl migration
reactions across the cyclitol backbone of quinic acid detivative were observed. While
protecting group migration is well-studied in the field of carbohydrate chemistry,!37
a thorough research study on protecting group migration for cyclitols such as quinic
acid is missing. Therefore, this was taken as an opportunity for developing a
divergent synthesis strategy by valorization of new regioisomers that could be
achieved by migration of protecting groups, as presented in Publication II. As the
valorization of biomass becomes more urgent, it is also important to study how the
protecting groups can affect hemisynthesis strategies.

6.2  Silyl group migration in quinic acid derivatives and the effect
of the protecting groups

The study started with treatment of protected diols 171 and 195 with the same
sulfonylation conditions but in the absence of any sulfonyl chloride (Table 3, entry
1). A great selectivity towards 192 and 196 and excellent yields (95%) were observed
for both silyl groups. Elongated reaction times yielded secondary—secondary
migration only with TBDPS-protected alcohol producing a mixture of all three
isomers 192-194 with decent selectivity on 193 (entry 2). Surprisingly, the use of
stronger base EtsN did not activate the migration, and only traces of 192 were
detected (entry 3). Even stronger base NaH promoted the formation of 193 and 194
but the overall yield remained low (entry 4). Despite the previously reported excellent
overall yields for NaH-promoted migrations on sugar derivatives,!38, 139 Jowering the
temperature (data not shown) did not return 193 or 194. Side products detected by

TLC in reactions at higher temperatures are believed to be silyl cleavage products.
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Table 3. Selected experiments for optimization of silyl migration.

1
, HO, -
e Base 29
. . : solver:t and/or and/or .
Si0" oK emperature HOY 7 “osi

6Si time bsi
171, Si = TBDPS 192, Si = TBDPS 193, Si = TBDPS 194, Si = TBDPS
195, Si = TBDMS 196, Si = TBDMS 197, Si = TBDMS 198, Si = TBDMS
, Time Si= TBDPSI! Si= TBDMSIP!
Entyl  Solent  Base(equv) )" 495 193 104 196 197 198
1l THF Imidazole (2.0) 6 95 n.d. n.d. 95 n.d. n.d.
2 THF Imidazole (3.0) 72 14 63 23 92 n.d. n.d.
3 THF EtsN (3.0) 18 traces  n.d. n.d. nd. nd. n.d.
4 THF NaH (3.0) 18 traces 57 17 - - -
5ld] Toluene Imidazole (2.0) 6 93 7 traces 99 n.d. n.d.
6Ll Toluene Imidazole (5.0) 56 traces 78 16 66 25 traces
7l DMF Imidazole (2.0) 18 5 62 33 - - -
8l MeOH EtsN (1.0) 18 98 n.d. n.d. 99 n.d. n.d.
9l MeOH Imidazole (2.0) 18 78 11 traces - - -
10 MeOH DMAP (2.0) 18 traces 65 28 82 12 traces
1 MeOH Imidazole (2.0) 18 5 56 29 68 22 8
EtsN (2.0)
1200 MeOH Imidazole (2.0) 18 traces 50 35 14 49 27
EtsN (2.0)

[elAllreactions were carried outat 0.2 Mof 171 or 195in refluxing temperature, except indicated otherwise.
blisolated yield. [ISubstrate was used at 0.4 M; [MSubstrate was usedat 0.1 M. [l Carried out at 120 °C. iCarried
outatroomtemperature;9IReactionin a sealed tube at100 °C., n.d. - not detected.

The reaction temperature was raised by changing the solvent from THF to toluene
and 193 was detected after only 6 hours (entry 5). Elongated reaction time and
increased amount of the base improved the selectivity tremendously and 193 was
detected with 78% yield (entry 6). The analogous reaction with TBDMS-protected
derivative gave only 25% yield of 197 and traces of 198. Further increase of the
temperature using DMF as solvent (entry 7) resulted in the formation of 194 in
higher yield (33%) but still in moderate regioselectivity.

Et:N along with methanol has promoted the secondary—secondary silyl migrations
in various substrates.!40, 141 The full selectivity towards 192 or 196 was achieved
already at room temperature with one equivalent of EtsN in MeOH (entry 8), which
contrasted with the combined use of THF and EtsN (entry 3) where only traces of
products were observed. Such difference in reactivity clearly points to the

importance of the combination of base and solvent. Next, other bases were screened
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together with MeOH (entries 9—11), which promoted the formation of 194 or 198 in
moderate yields (up to 35% and 27%, 194 and 198, respectively).

The reactivity difference between the facile tertiary—primary and more challenging
secondary—secondary migrations were inferred to originate from the conformation
of the molecule. The 2-O—1-O migratory process should occur regardless the
conformation of the silyl ether as the oxygen groups involved in the migration are
able to adopt a syr-petiplanar conformation. Other migrations were not detected in
absence of tertiary—primary migration. From a careful NMR-study, the
conformations of the regioisomers (192-194) were determined (Scheme 36; see also
Scheme 2 of Publication II, for detailed NMR data). The conformation of 192 was
determined to be 192* by nOe correlations (such as C1-H«C6-H; C6-H«~C5-H
and C5-H<C4-H) and 'H coupling constants. The peaks of C4-H and C5-H were
observed as broad singlets due to the small coupling constants between them, which
well agrees with 60° angle between the two vicinal C—H bonds in equatorial
positions. The #rans-relation between 5-OSi and 4-OH in 192* does not favor the
migration process, as suggested by the failed migration observed in experiments
done at room temperature. High selectivity towards 193 was only achieved at
elevated temperatures, which supports the event of a required ring flip prior to the
migration. The s relation between 6-O and 5-O in 193 should allow the silyl
migration (193—194) on both conformations but the moderate reactivity towards
193 may be caused by a higher stability ofisomer 193 where the secondary silyl ether
groups are kept more distant. The conformations of 193 and 194 were determined
by nOe correlations (for 193*: C1-H«C6-H; C6-H—C5-H and C5-H«C4-H; for
194*: C2-OH«+>C6-OH; C6-OH«+>C4-H) and 'H coupling constants (for 193* e.g.
small coupling constants (3.4 Hz and 3.7 Hz) between C4-H and C5-H indicates the
60° angle between the two vicinal C—H bonds in equatorial positions; 11.8 Hz
coupling constant between C6-H and C7-H indicates the 180° angle between the
vicinal C-H protons).
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r [ring flip] . osi
2 e - A 28 __osi
$i0 Nosi ———> SiO oH s"’m/\OSi s o
H OSi OH
SIO‘ t/ans | on
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' i Sio N S0 osi |*
OH o4 cis O?H,’O\H 6-0-5-0] Qg | cis
194 L ®Si &0

Scheme 36. Proposed ring flip during secondary—secondary (5-O—4-0) migration. The most

stable conformations determined by NMR-analysis are marked with *.

The different reactivity observed for the two sets of protected derivatives seems to
be better explained by electronic factors rather than by stereochemical ones. The
different electronic nature of the phenyl groups compared to alkyl onesis envisioned
as the cause for the different propensity towards migration in the studied system,
considering that the bulkier TBDPS group undergoes migration easier than the
smaller TBDMS.142

6.3  Total synthesis of African ant cyclitol

Ants of the genus Crematogaster are known to produce venom in their Dufour
glands.!43 Different species of Crematogaster have a distinctive feature to produce
venoms which have long alkene chain with either E- or Z-configurations. In 2002
an African species of Crematogaster ants (C. nigriceps) were studied by Brackman ez al.
and unforeseen 1-alk(en)yl-1,3,5-trihydroxycyclohexanes (114, 200-204, Iigure 4)

were found.143

C-C couplin epoxidation
3 o i HO,C
HO, 2
j—
- P o OP
HO"'6 9 9

Natural product family isolated from faﬂy acid 206
Kenyan Crematogaster nigriceps -ants deoxygenat\on Protected quinic acid
M4, m=4,n=7 202, m=8,n=3 derivative with
2000 m=4,n=5 203, m=6,n=5 naked 6-OH

201, m=2,n=7 204, m=6,n=3

Figure 4. Retrosynthetic analysis of African ant cyclitols.
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The cyclitol backbone of the natural ant venoms has a great functional group ovetlap
with quinic acid and the alkenyl side chains were recognized to be derivatives of
common fatty acids. Retrosynthetically, C1-C1’ disconnection would result in a fatty
acid and epoxide 205 (Figure 4). The epoxide moiety is known to form under basic
conditions from quinic acid derivatives (206, Figure 4; X=0OTs),88 while the
regioselective deoxygenation of C5 hydroxyl group could be achieved from silyl
migration product 193.

With rearrangement product 193 in hands, the deoxygenation of secondary hydroxyl
at C5 was targeted. The B(Cel's)s-catalyzed deoxygenation was firstly considered
(Chapter 5) as a continuation of the previous study. However, concerns about
regioselectivity issues on the silyloxonium ring opening (Scheme 37, also see
examples of opening C4—C5-epoxide with different nucleophiles!33-136), moved the
focus to the Barton—McCombie deoxygenation as a safer way to reach the desired
deoxygenation (Scheme 38).

Plausible silyloxonium ring opening desired regioisomer
OSi
unfavorable
: Rt
_ AOST B(CeFs)s si® OS @ ,
Si0 Et,SiH 0 0Si
i on EBSM | NACKOH |
SiO Sio
a osi
OMs b.
a.
o 3 favorable Sio
H H (b.) SiO

OSi
undesired regioisomer

Scheme 37. Proposed silyloxonium ring formation and regioselectivity of B(CsF5)3-catalyzed
deoxygenation to two possible regioisomers.

In the initial attempts to install the carbonothioyl unit, the hindered secondary
hydroxyl group of 193 was unreactive towards thiocarbonyldiimidazole (TCDI) at
room temperature, and silyl migration took place at elevated temperatures due to the
released imidazole. Similar problems were faced when attempting formation of a
methyl xanthate ester 207 (Scheme 38a). Despite the low reaction temperatures,
strong basic conditions caused silyl migration and mixtures of difficultly separable
xanthates 207 and 208 (~4:1, respectively) were formed. As shown in Table 3
(Chapter 6.2), the migration can be controlled by the choice of the base. Benefitting
from this information, pyridine was used along with phenyl chlorothionocarbonate
under mild heating (Scheme 38b). The migration was not observed under these

59



conditions and xanthate 209 was formed in 89% yield followed by clean Barton—
McCombie deoxygenation to give alcohol 210 in 91% yield.

a) Si-migration reaction and formation of mixture of methyl xanthate esters

HO, )
- 0Si HO, /~osi HO., /~osi
NaH, CS,, Mel S
v THF, —10 °C . .
Sio" 0Si ' Sio" 0Si s o 0Si

OH 0. _S osi

~N
193 207 [ 208
S =4 =1

b) Selective xanthate formation and Barton—-McCombie deoxygenation

HO,
HO, ) S . 3 .
osi | (50equiv) OS5 BugsnH (7.0 equiv)  HO, o~
cl” >oPh AIBN (0.7 equiv.) @
o osi ,
Si0" ™ Sio"

osi  Pyr(10.0 equiv.) sio™ Y toluene, .
SH C,H,4Cly, 50 °C, 18 h OYS 80°C, 1h OSi
193 89% 209  OPh 91% 210
Scheme 38. a) Methyl xanthate ester formation was not selective and yielded mixture of

products. b) Successful xanthate formation and Barton-McCombie deoxygenation of alcohol 193.

After the deoxygenation, a rather distracting and surprising observation was made.
The selective deprotection of primary silyl ether of 210, which was thought to be
trivial, proved infeasible. Several different deprotection methods (see Table 4) were
tested but cleavage of secondary silyl group was always observed to yield 212. The
regioisomer was identified by nOe-correlation of tertiary and secondary hydroxyl
groups. The use of 2 equivalents of TBAF promoted the secondary and primary
TBDPS-groups cleavage to yield 211 with excellent yield (92%).

Table 4. Screening the desilylation conditions.
HO. /~osi _. HOéLOH H(&ios:' ,
conditions — Slom‘/‘ ~0Si
s;o“'é:os:' HO" osi HO" osi o oH
210 211 212 nOe *~--
Entry Conditions Results
1 NH4F (10.0 equiv.), MeOH/CH2Cl2, 50 °C -
2 pTsOH-pyr (1.0 equiv.), EtOH, 0 °C—r.t. -
3 TBAF (1.0 equiv.), THF, 0 °C n.d.
4 AcCl (3.0 equiv.), MeOH/CH2Clz, 0 °C 212,61%
5 CSA (0.3 equiv.), MeOH/CH2Cl2, 0 °C n.d
6 AcOH (1.2 equiv.), TBAF (1.0 equiv.), THF, 0 °C—r.t. 212,38%
7 CsF (1.5 equiv.), 18-crown-6 (2.0equiv.), THF, .. 211,32%
8 TBAF (2.0 equiv.), THF, 0 °C—r.t. 211,91%

n.d. =not determined: complexmixture of products or formation of undesired product judgedby TLC; -=no
reaction.
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Fortunately, despite the presence of the exposed secondary hydroxyl group,
treatment of triol 211 with 1.15 equivalents of MsCl resulted in chemoselective
mesylation of the more reactive primary hydroxyl in 92% yield (Scheme 39). The
mesylated derivative 213 was cyclized into epoxide 214 in quantitative yield. Later, a
one-pot mesylation—cyclization sequence was adapted for the synthesis of key
intermediate 214 by adding DBU to the mixture after mesylate 213 formation to
generate 214 in 68% yield.

HO, ,~on  MsCI(1.15 equiv.) HO, ,~oms o
EtsN (2.2 equiv.) DBU (2.0 equiv)
HO osi MLl 0°C.0.75h G osi CHLlrt.2h o osi

211 92% 213 quant. 214

Scheme 39. Synthesis of epoxide 214.

The epoxide opening with a Grignard reagent derived from oleic acid was attempted.
Oleic acid 216 was reduced to oleyl alcohol and further transformed into the bromide
216’ by an Appel-reaction (Scheme 40b). After presumed formation of the oleyl
magnesium bromide, copper(liodide and later the epoxide 214 were added to the
reaction mixture to yield halohydrins 215 instead of the desired product.

a) Grignard reaction led to formation of halohydrins b) Preparation of oleyl bromide

o i) oleyl bromide 216"  HO,
g Mg turnings, THF COZH 1) LiAIH,
- ii) CuI (cat.) 2) CBry /J/\ﬁ/\
HO* 216 PPh, 216’

OSi iii) epoxide 214 HO"

214 in THF 215 oleic acid oleyl bromide
X=Bror | :
Scheme 40. a) The initial studies of epoxide opening with Grignard reaction. b) Synthesis of

oleyl bromide.

The formation of the halohydrin was circumvented by reaction of the epoxide with
Gilman reagent. A model reaction with z-butyllithium gave 217 with 75% yield
(Scheme 41a). Then, oleyl bromide-derived Gilman reagent was prepared by
treatment of 216’ with Zer#butyllithium at —78 °C which was then exposed to Cul to
provide organocopper reagent (Scheme 41b). The epoxide 214 was then slowly
added on top of the freshly prepared Gilman reagent to yield the coupling product
218 in 73% vyield. The remaining TBDPS-group was then cleaved with TBAF to
finalize the total synthesis of 114.
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a) Gilman model reaction

O n-BulLi (6.0 equiv.), Cul (20 mol-%) HO,
’ then epoxide 214 in Et,0 P
. Et,0,-60 °Ctort, 1h
HO" osi HO™ 0Si

1

75%
214 217

b) Gilman reaction with oleyl bromide

1) Oleyl bromide 216" (6.0 equiv.)
{BuLi (12.0 equiv), Et,0, -78 °C HO,

o} .
. then Cul (1.0 equiv.),
then 214 in Et,0, 73% (218) -
K HO'
HO OSi ©

i 2) TBAF (10.0 equiv.)

THF, reflux, 4 h 218,R = Si
214 ;z;:x Il 114 R=H
Scheme 41. a) Gilman model reaction with n-BuLi. b) Completion of total synthesis of African

ant cyclitol 114.

6.4  Formal synthesis of VS-105

Along with the first total synthesis of African ant cyclitol 114, the additional
valorization of 193 was further considered. The oxidized form of 193 could serve as
a precursor for the synthesis of kidney disease drug VS-105 150 (Scheme 42), a
vitamin D receptor modulator.!2! Similarly, the deoxygenation of 193, would give

southern fragment of 19-nor-vitamin D3 151.122

Previously an analogue of 193 has been oxidized successfully with Dess—Martin
petiodinane (molecule 44, Scheme 11).144 Despite the bulkier silyl groups of 193, the
Dess—Martin periodinane oxidation of 193 afforded the corresponding ketone in an
excellent 98% yield (Scheme 42). The previous attempts to olefinate the ketonic form
of 44 with commonly used Witting and Horner—Wadsworth—Emmons resulted in
only traces of the desired olefin due to a lack of reactivity caused by the steric
congestion of TBDMS-groups. Such drawback was circumvented using Tebbe
reaction to afford the desired olefin in excellent yield, which was successfully
employed in the preparation of exocyclic alkene 219 (Scheme 42).
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HO, s~osi HO. s~osi HO, s~osi
deoxygenation a oxidation
sio™ oSi see Ch. 5.2 sio" 0Si a) DMP, CHxClp, it gjor 0Si

5

pu 0,
81% OH 9%
193 b) Tebbe's reagent, 219
pyr., THF, —40 °C, 46% ll

151
19-nor-vitamin D3

Scheme 42. Oxidation and deoxygenation of 193 and formal synthesis of 150 and 151.

To summarize, the first total synthesis of natural ant cyclitol 114 was reached with
34% overall yield from quinic acid. The route utilized selective silyl group migration
across the quinic acid backbone to achieve epoxide intermediate 214, from which
the natural products can be synthesized by Gilman addition. In addition, selective
silyl group migration allowed the formal synthesis of VS-105 150 by seclective
oxidation of C5 hydroxyl group.
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7 CONCISE TOTAL SYNTHESIS OF NATURAL
CARBASUGARS

7.1 Aim of the study

Carbasugars are highly oxidized natural products with a carbacycle core. The concise
synthesis of two epimeric carbasugars isolated from Strepromyces lincolnensis from
quinic acid was envisioned. A redesigned total synthesis starting from quinic acid
would shorten the previously reported route by several steps owing to chiron
approach strategy. The new synthetic route established from quinic acid is presented
in this chapter and in Publication IIIL.

The atom numbering of quinic acid derivatives used in this chapter differs from the
numbering used in the original publication (Publication III). In this chapter the

numbering presented in Scheme 7 is used.

7.2 Isolation of the carbasugars and previous total synthesis

In 2004 Sedmera ¢ al. isolated a group of carbasugars from Streptomyces lincolnensis
(Figure 5).145 Three years after the isolation, Nanda ¢ @/ conducted the first total
synthesis of these natural carbasugars 112 and 113 along with some unnatural
analogues (Scheme 43).135 Their synthesis strategy relied on kinetic enzymatic
resolution and subsequent oxidations of common intermediate 221 yielded
carbasugars 112 and 113 with 12 and 10 steps, respectively. An analog of 112 has been
previously synthesized by Trost e al, as a synthetic intermediate of

isoquinuclidines.!46
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OH OH 5 MH,s0. OH
ont 9 steps ] an:gg . dioxan(za (1'41) HO. ~
OH e _NaRLOs; _ o) Rkt S 4
= -.,,‘ CH,Cl, 80% HO -.,,‘
_ A
220 SISTBDPS 291 bgi 0% 222 (s 223 Qsj
AD-mix-f TBAF | g39,
75% | MeSO,NH, THE|
TBAF, THF
OH OH
e NG
HO ""‘ HO ""‘
13 OH 112 OH

Scheme 43. Previous total synthesis of 112 and 113 by Nanda et al.

During the isolation of the carbasugars 112 and 113 from S. Zncolnensis by Sedmera,
also previously recognized valienol 224, gabosine 1 225, quinic acid 2 and shikimic
acid 3 were found (Figure 5). As stated before, carbasugars can be subunits of more
complex natural products and the structural relation to other highly oxidized natural
products is evident. As examples, carbasugar 112 relates to carba-L-rhamnose
227 (—)-dihydroshikimic
stereochemistry, but having different oxidation states. Similarly, carbasugar 113 is
structurally related to natural products (+)-palitantin 229 and (-)-gabosine B 228.

derivatives and to acid 226 by sharing similar

Given such relations, the development of methods for the manipulation of
carbasugar cores can broaden the structural diversity of chemical entities by
divergent synthesis.

: OH !
o A COH :
HO.,, 3 2 3 : HOW\__~
HO” > "OH ! HO" > 2Y0H | | HO" : “OH HO™ i “OR
OH ! OH ! OH OH
224 3 112 } 226 227
valienol ' ' | (=)-dihydroshikimic carba-L-rhamnose
OH ‘ OH : acid derivatives
HO,, 3 : i':/{o HO,, PN
HO” ™" N0 {HO" Y YoH! | HOY Y ToH  HOY Yy
OH i OH ; OH O OH
225 : 113 i 228 229
gabosine | "ttt ‘ (-)-gabosine B (+)-palitantin

Figure 5. Left-hand column: carbasugars isolated from S. lincolnensis, right-hand column: natural
products structurally related to carbasugars 112 and 113.
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7.3  Total synthesis of natural carbasugars isolated from S.
lincolnensis

The total synthesis route of 112 and 113 was redesigned and envisioned that quinic
acid 2 could be used as a starting material due to extensive functional group
overlapping of these carbasugars. The reduction of quinide’s lactone moiety and 7
stn formation of epoxide followed by its regioselective opening would lead to
carbasugar 112 or its epimer 113. Suitable starting material for screening the reduction
conditions was prepared by simultaneous lactonization and acetal protection of
quinic acid (52) followed by mesylation of tertiary hydroxyl (230) (Scheme 44).

0] [0}

HO, ,COH  aAmberlyst-15 (120 w-%) HO, MsCI (1.0 equiv.) MsO,
CH4CN, reflux, 48 h 0 Et3N (2.0 equiv.) o
- then 2,2-dimethoxy- - Et,0 .
HO OH " propane (2.0 equiv.) Q 0°Ctort, 2h Q

6H reflux, 3 h )VO\ )VO\
2 98% 52 95% 230
see
Table 5
s

O\ HCI (aq.), MeOH O\
. rt, 18 h
HO™ ™ YOH OH

o

OH )Vé
112 231

OH

Scheme 44. Synthesis of 112.

The previous use of lithium aluminum hydride in the smooth reduction of lactone
moiety (Chapter 5) motivated testing the conditions with substrate 230.
Unfortunately, along with multiple products, only traces of the desired diol 231 was
observed supposedly because of LiAlH4’s high reactivity (Table 5, entry 1). Instead,
no product was observed with less reactive DIBAL-H (entry 2).

The previously reported conditions for sodium borohydride mediated cleavage of
primary, secondary and tertiary tosylates in DMSO147 were also tested, but the
desired diol 231 was isolated with only 3% yield from a complex mixture of products
(entry 3). Given the know sodium borohydride’s reactivity dependence on the
solvent,!48 other solvents were considered. By changing from DMSO to protic

solvent ethanol, a great improvement on the formation of 231 was observed (39%,
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entry 4). To achieve a complete consumption of starting material, 10 equivalents of

hydride source was used, though the yield remained moderate (entry 5).

The addition of methanol to THF has been previously recognized to improve the
selectivity in the reductions of lactone and ester moieties with NaBHa4.149 Initial
studies with this solvent system (data not shown) showed a somewhat violent
reaction even at low temperatures. Adding the lactone in solution to a cooled
suspension of NaBHy4, tamed the reactivity of the hydride and improved the yield of
231 (55%, entry 06). Finally, 231 was obtained as the clear major product in 84% yield
upon decreasing the amount of NaBHa4 to 3 equivalents (entry 7).

Table 5. Selected optimization conditions of 230—231.
o]
0o conditions OH OH
Opé\OMs o}
( i
230 231
Entrylal  Hydride (equiv.)  Conditions Yield %
1 LiAlH4 (2) THF,0°C tracesld
2 DIBAL-H (2) THF, 0 °C to reflux nd.
3 NaBHs (2) DMSO,0°Cto80°C 3
4 NaBHs (2) EtOH,0 °CtoRT 39
5 NaBHs (10) MeOH, 0 °C to RT 42
61k NaBHs (10) THF/MeOH9:1,0 °C 55
70 NaBHs (3) THF/MeOH9:1,-5°C 84

lalLactone 230 was dissolved in the specified solvent and the mixture cooled to 0 °C or maintained at room
temperature. Thereducing agent was added, and the mixture allowed to stir 3-18 h. The starting temperature was
raised if no reaction was observed. PlLactone 231 in THF was added to a stirred suspension of NaBH4 in
THF/MeOH. [lComplex mixture of multiple products, no product isolation.

Removal of the acetal protecting group (231—112; HCl, MecOH, Scheme 44) and
NMR-data comparison with previously reported spectra revealed that
stereoinversion of C2 center occurred during the reduction. The selectivity of the
reaction could be rationalized by either mesyl group migration or the direct
displacement of OMs with hydride (Scheme 45a). Both pathways go through one
inversion of the C2 center, which leads to diol 231. The epoxide formation straight
from the reduced lactone moiety would invert the stereocenter, after which the
hydride delivery would reinvert it yielding the product 232 (Scheme 45b). However,

diol 232 was not detected from the reaction mixtures.
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a) Plausible routes leading to 231 — -

®
H® Na * )
(6] ® 00 _ direct
o Na © displacement OH
NaBH, 0 ,/ of OMs o)
¢ OMs o) OMs inversion 5 OH
/%O 230 /fo TS-1 231
- mesyl! h . .
migration inversion
r o  Soms |+ ® O, |+
Na O@ ‘7 Na Oe
0 o® g —| o o
Na
o
b) Anticipated route L 75-2 - 75-3
® ®O ® ¢ [ ® ﬁi OH
Na ®O Na . . Na o@ o) ' 4 OH
o OMs inversion OM inversion 1)
%o % ° © % °
TS-1 7S-4 H 232
- - not observed
Scheme 45. a) Reasoning of the observed stereoinversion. b) Anticipated epoxide
intermediate.

The epimeric natural carbasugar 113 was envisioned to be achieved by oxidation of
primary hydroxyl moiety followed by epimerization of a-carbonyl position of 112.
The gyn-arrangement of secondary alcohol (4-OH) and aldehyde moiety of 113 would
allow intramolecular hydrogen bonding thus pushing the epimerization equilibrium

towards the desired product.

Chemoselectivity issues were found during the first attempts to oxidize the primary
alcohol 231 with DMP and PCC, despite the equimolar use of oxidizing agent
(Scheme 406). As oxidative radical processes are known to be milder and more
chemoselective, TEMPO-oxidation was adapted.!50 Catalytic amount of TEMPO in
combination with (diacetoxyiodo)benzene improved the yield (34%), though the
formaton of side products was still remarkable. Changing the
(diacetoxyiodo)benzene to N-chlorosuccinimide resulted in the increased formation
of 233 with 77% yield. Control of the reaction times was determined extremely
important as shorter reaction times did notallow the full consumption of the starting
material, but elongated reaction times led to the undesired formation of side

products.
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_-OH TEMPO (10 mol-%)  H~© H©

TBAB (10 mol-%)

O\ NCS (2.0 equiv.) O\ K,CO3 (1.0 equiv.) ( 5\
. H,Cl, pH 9. ffi . o .
o oy CHzClz pH 9.3 buffer on MeOH,0°C,18h o > oH

o = rt, 0.75 h Q : L :
o) o) 0
x 7% x x
231 233 234
then NaBH4l
(2.0 equiv.) 7%
Other oxidation conditions Yield OH OH
tested for 231—233 (233)
1 DMP (1.0 equiv.), CH,Cly, r.t. 15 (5\ HCl (aq.) (5\
2 PCC (1.2 equiv.), CH,Cly, rt. 13 § MeOH
3 TEMPO (20 mol-%), 34  HO" Y TOH i 18h Q & OH
PhI(OAc); (2.0 equiv.), CH,Cl, r.t. OH 94% )r
13 232
Scheme 46. Screening the oxidation conditions of 231 and synthesis of carbasugar 113.

Since aldehydes 233 and 234 had different Revalues, the epimerization process was
followed by TLC (233 —234, Scheme 406). Different bases and reaction conditions
were screened for the reaction and most of the conditions initially tested led to the
promising formation of aldehyde 234. However, the isolated yields of 234 remained
poor and epimerization to original material 233 was detected. Because of the labile
character of 234, the aldehyde was intercepted by 2 situ reduction with NaBH4
allowing the isolation of diol 232 in 77% yield, which corresponded to the observed
amount of 234 on TLC. The acetal deprotection with HCl in MeOH revealed natural
carbasugar 113 (Scheme 40).

The epimerization reaction was studied by DFT to verify the assumption of higher
stability of epimer 234 by hydrogen bonding (Scheme 47). The plausible
conformations of 233 (233a and 233g) showed only slight energy difference in both
chair conformations. The epimeric aldechyde 234 can adapt a chair conformation
with formyl and 4-OH groups in both equatorial position (234’s), which was found
to be energetically more stable by 2.1 kcal/mol than for the other epimer. The
epimer’s 234 twisted boat conformation by intramolecular hydrogen bonding was

0.8 kcal/mol more stable than the 234’ chair conformation.
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H\
0 ¢}
H/O\ﬁ LT
,O —_—
/T H” O 7Lo H
233, 233g
0 kcal/mol 0.1 kcal/mol
H-_
H,ONH RN H
o g/% oK,
(@] E— . B iy
= 3 = H /\‘f o)

7Lo >0

234", 234'¢ 234'y
0.1 keal/mol —2.9 kcal/mol —2.1 kcal/mol
Scheme 47. Simplified conformational analysis of epimers 233 and 234. Energy values relate

to 2334 as the zero value and are given as electronic energies, optimized at PBE1PBE/6-31G**
level of theory.

To summarize, the shortest and high-yielding synthesis of carbasugars 112 and 113
was reached in this work by exploiting quinic acid as starting material. Carbasugar
112 was achieved in only 4 steps from quinic acid in 76% overall yield. The epimeric
carbasugar 113 was achieved in 3 steps from 112 (44% overall yield from quinic acid).
When considering highly functionalized small molecules such as carbasugars, quinic

acid is a superior starting material for cases of evident functional group overlap.
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8 QUINIC ACID DERIVATIVES: ANTICANCER
EFFECT ON GLIOBLASTOMA

8.1  Aim of the study

Glioblastoma is the most common and aggressive brain cancer type in adults, usually
treated with chemotherapy and surgery.!>! The current drugs for treatment of
glioblastoma are insufficient and generally the problems of anticancer agents ate the
lack of7n vivo effectivity, malignant side effects and weak intervention. Therefore, the
development of new effective but safe drugs for the treatment of glioblastoma is
required. Since quinic acid derivatives have demonstrated potential activity in various
biological assays showing anticancer and anti-inflaimmatory properties,!52-154 2 small
library of quinic acid derivatives was built and tested against glioblastoma
multiforme.

The first set of compounds comprised quinic acid derivatives prepared for the
synthetic works described in Chapter 5 and was tested in an attempt to identify a
possible structure—activity relationship. A second set was later synthesized, guided
by the observations from the initial screening. According to author’s expertise on
synthetic organic chemistry, this chapter focuses on the synthesis of the molecules
and deeper discussion on the biological methods used in the assay is presented in
Publication IV.

The atom numbering of quinic acid derivatives used in this chapter also differs from

the numbering used in the original publication (Publication IV). As before, in this
chapter the numbering presented in Scheme 7 is used.

8.2  Preliminary biological screening

To screen the effect of quinic acid functional groups and the impact of free hydroxyl
moieties as well as protecting group effect on anticancer properties, derivatives in
Figure 6 were studied. Derivatives 59, 65, 66, 171 and 174 were synthesized
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previously to study the deoxygenation of quinic acid (Chapter 5). Triol 263 was
obtained ecither by direct TBDPS-protection and reduction of quinide 35 or by
selective deprotection of tertiary silyl group of 66 and reduction of lactone moiety
with NaBHa. Triols 235 and 195 were obtained by reduction oflactone moiety with
NaBHa of 59 and 65, respectively.

All the selected lactone derivatives (59, 65 and 66) showed minor activity on the cell
viability assay in human glioblastoma cell lines LN229 (0—6% cell growth inhibition
(Figure 7). For their reduced analogues, only TBDPS-protected derivative 171
seemed to have a notable cytotoxicity effect (31%) while sulfoxide- (235) and
TBDMS-protected (195) derivatives remained ineffective. The methanesulfonate
derivatization of the hydroxyl groups of 171 (compound 174) seemed not to have a
deep influence on the activity (38%), but exposure of the tertiary hydroxyl group
(236) raised the cytotoxicity level dramatically (90%). The impact of 5,6-OH
protection was also notable; in contrast to insufficient activity of sulfone derivative
235, the bis-silyl ether 236 showed superior cytotoxicity. TBDPS-derivatives showed
the most promising activity and comparison of the active analogues (171, 174 and
236) the free tertiary hydroxyl group combined with the 5,6-OSi-groups seemed to
be pivotal for the desired activity.

o
SIZO S/20 HO/,. HO/,' OH
(ﬁ i
sizo™ NEe) OH O\\ _6 O\\ _6 o
0Si? oS O:S\\ O:S\\

65 [6%] 195 [0%] 59 [0%] 235 [0%]
[j: S"O,,. f OMs HO, OH
d Sio" OMs sio™ f ;OH

os, OSi 0Si
66 [0%)] 171 [31%] 174 [38%] 236 [90%]

Figure 6. First-generation structures tested on anticancer effect on glioblastoma. Si = TBDPS; Si2 =
TBDMS. The cell growth inhibition percentage for LN229 is presented in brackets.

8.3 Quinic acid amides

Quinic acid amides (quinamides) have been reported to have anti-inflimmatory,

antimicrobial and anticancer effects.!54157 Impelled by the abovementioned
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observation on the cytotoxicity, quinic acid amide derivatives bearing TBDPS-
groups on 5-OH and 6-OH were considered, while 2-OH and 4-OH were kept
unmodified (Scheme 48a and ¢). Amides were prepared by opening of the lactone
moiety with primary or secondary amines (238-242). In addition to amides, ethyl
ester derivative 245 was prepared to compare the C1 functional group effect on the
cell growth inhibition (Scheme 48d).

Attempts to expand the library by mimicking the structure of 236 were aimed by the
reduction of amide functions to amines. Unfortunately, neither the direct reductive
amination!58 of 56 nor other reducing agents screened provided the desired amines,
despite the harsh reaction conditions (Scheme 48a, Table 1). Aiming at the
preparation of aldehyde 244 in order to perform reductive amination on more
reactive species, Weinreb amide 243 was prepared. The route proved to be infeasible

and Weinreb amide unreactive towards reducing agents.

a) Synthesis of amide derivatives and amide reduction studies
O

0] Table 1.
HO, see conditions  HO., N R HO, N~ R reagent/solvent/temp. yield
O below (c.) L __reduction R DIBAL/THF, 0 °C to reflux@n.r.
- ' . - i 0,

e - R‘N’R Siov N OH Table 1 o) - OH LiAIH4/THF, 0 °C to reflux n.r.
: | : =g BH3/THF, 0°Ctoreflux  n.r.
osi H osi osi BHySMe,, 0°t045°C  n.r
56 R'=H, alkyl 238-241 242 3'SMe;, 0o 45 e

Si = TBDPS [a]reductive amination, one-pot with
first step, n.r. = no reaction

b) Weinreb amide route

o (o]
Ho, A Me Ho, 0 HO,
0 H > T > DIBAL-Hor H
IRt Al(Me); . ) S
SOt CHoCly, reflux, 46 h  SiO" Y~ ~OH LiAIH, Sio™ 7 TOH
OSi 0Si 0Si
32%
56 243 244
c) Amidation of 56 d) Esterification of 56
o) o) 0} (0] : (0]
HO, HO, HO, 1 HO,
HO, N ph ., N/\/ ", N .. N ; ", OEt
H H '
Sio" Yo sio” >"oH Si0" " oH SO YoH i siot Y YoH
0Si osi 0Si OSi : osi
238, 88% 239, 89% 240, 65% 241,51% 245, 65%
NH,Bn (2.0 equiv) NHoallyl (4.8 equiv)  pyrrolidine (3.1 equiv)  piperidine (6.0 equiv) Amberlyst-15
Et3N (1.0 equiv.) EtsN (3.0 equiv.) Al(Me); (3.0 equiv.) Al(Me); (6.0 equiv.) sealed tube

THF, reflux, 18 h THF, 50 °C, 4 days toluene, reflux, 18 h toluene, reflux, 42 h EtOH, reflux, 48 h

Scheme 48. a) Synthesis of amide derivatives and attempts on amide reductions yielding
corresponding amines. b) Weinreb amide route. ¢) Amide products. d) Esterification of 56.
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8.4  Cytotoxicity results

The detailed description of cell and molecular biology methods in testing the
molecules presented in Figure 6 and Scheme 48 is described in Publication IV.
Summarily, above described quinic acid derivatives and encapsulated poly (lactic-co-
glycolic acid) nanoparticle NP-236 were screened for their anti-glioblastoma effects.
Some of the derivatives were identified as potential antitumor agents, with 236
showing the highest inhibition of cancer cell growth at 100 uM (90 %), and ICso of
10.66 pM and 28.22 pM for human glioblastoma cell lines LN229 and SNB19,
respectively. The Figure 7 shows the percentage of growth inhibition for series of
compounds 55, 65—66, 171, 174, 195, 235-236, 234241, 242 and 245. The structures
and synthesis of the tested molecules are presented in Chapters 8.2 and 8.3.
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Figure 7. Percentage of growth inhibition (100 uM) for series of compounds. D= DMSO.

As a summary, quinic acid-derived libraries can be easily prepared. The functional
group abundance enables a facile diversification of quinic acid by protecting group
variation or by changing the oxidation states of C1 or hydroxyl groups. The structural
relation of quinic acid to sugars and pseudo-sugars is evident and new active
compounds can be prepared for medicinal chemistry purposes by its synthetic

modification.
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9 CONCLUSIONS

The discovery of new drugs is emphatically leaning on natural products — between
1981 and 2014 around 50% of new drugs were based on natural products.!0 Our
ability to design and carry out the total synthesis of natural products determines our
possibilities to exploit the full potential of these wonderful structures created by
Nature. The complexity and abundance of stereogenic centers in many natural
products are their most challenging feature when designing their syntheses. Use of
synthetic routes that start from chiral pool molecules help to circumvent some of
the laborious synthetic steps and challenging transformations, while being an
urgently required action in moving along from fossils towards sustainable
bioeconomy.

In this thesis work, a method for divergent deoxygenation strategy for quinic acid
derivatives was developed. B(Cgl's)3-catalyzed deoxygenation with silyl hydrides was
found to be dependent on protecting groups and of the nature of silyloxonium
intermediate. The achieved deoxygenations were highly stereoselective and the
divergent strategy led to formation of unforeseen chiral alcohols, aldehydes and
tetrahydrofuran derivatives. However, the dependence on the anchimeric assistance
and silyloxonium intermediate precluded the opportunity of primary C—O bond
cleavage. This chemoselective transition metal-free C—O bond cleavage of quinic
acid innovatively expanded the deoxygenation protocol to cyclitols. This method was
further utilized in the formal synthesis of homocitric acid and the other achieved
chirons can been seen as chiral building blocks of natural products (e.g.
guignardone!l4). The reaction mechanism was studied by isotopically labeling with
deuterium and DFT calculations, suggesting different mechanisms of cleavage of
secondary silyl ether/secondary mesylate versus tertiary silyl ether/primary mesylate

moieties.

The three-dimensional arrangement of quinic acid allowed a regioselective O,O-silyl
group migration across the highly oxygenated backbone. The migration reaction was
studied with two substrates bearing different silyl groups (TBDPS and TBDMS) and
by changing the reaction conditions. On both substrates the tertiary—primary
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migration was found to be highly selective while the secondary—secondary
migration occurred more selectively on TBDPS-derivative. The migration allowed
the diversification of a common intermediate selectively into new regioisomers and
the utility of the newly formed migration products were demonstrated by their use
in the first total synthesis of an African ant cyclitol and the formal synthesis of kidney
disease drug VS-105.

A shorter total synthesis of natural epimeric carbasugars isolated from S. Zucolnensis
was developed leaning on the functional group overlap with quinic acid. The key
steps of the synthesis were the regioselective reduction of quinic acid and the
epimerization of the synthetic intermediate into new epimeric natural product. The
reduction step was carefully optimized, and the hydride delivery was found to be
highly stereoselective.

Lastly, the versatility of quinic acid allowed to build a small library of derivatives to
study the anticancer effect on glioblastoma multiforme. Pacile diversification of
quinic acid by changing the hydroxyl protecting groups, C1 functional groups, or the
oxidation state, makes quinic acid an eminent cyclitol for medicinal chemistry

purposes.

The valorization of biomass-based molecules is still a developing area of organic
chemistry. The current methods for deoxygenation are efficient but do not yet serve
all the needs of ideal synthesis, such as scalability and broad substrate scope. Despite
these limitations in the current deoxygenation methods, we have made enormous
progress in the last decade in taming the reactivity and modifying the diverse
functionalities of biomass-based molecules. While many challenges in the
modification of biomass-derived molecules for added-value compounds remain
unsolved, the transposition of modern synthetic methods to specific abundant chiral

pool elements is likely to flourish into new valuable chemical entities.
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ABSTRACT: The installation of vicinal mesylate and silyl ether

groups in a quinic acid derivative generates a system prone

for

stereoselective borane-catalyzed hydrosilylation through a siloxo-
nium intermediate. The diversification of the reaction conditions
allowed the construction of different defunctionalized fragments

foreseen as useful synthetic fragments. The selectivity of

the

hydrosilylation was rationalized on the basis of deuteration

experiments and computational studies.

ynthetic strategies remain critically dependent on hemi-

synthesis or chiral pool synthesis despite the plethora of
currently available catalytic asymmetric transformations. The
contemporary mandatory transition from fossil to biobased
carbon resources calls for the development of synthetic
transformations that maximize the full potential of chemical
entities or fragments created by nature. Saccharides are the
main components of biomass, and the efforts done for their
integration in biorefineries have augmented the development
of methods for removal of their oxygen functionalities.”
Dehydration® and selective cleavage of C—O bonds® of
saccharides have been explored in the expansion of the
biomass-derived chemical space.’” Yamamoto’s seminal B-
(CgFs);-catalyzed hydrosilylation of C—O bonds® has been
used in the extensive deoxygenation of saccharides’ and
recently in the regioselective deoxygenation of saccharides®
and polyols8c to provide new chiral entities (Scheme la).
Alternative boron catalysts such as Piers’ borane (HB(C¢F;),)’
and more recently B((3,5-CF;),C4H;);'® have been demon-
strated to catalyze the silylative deoxygenation of biomass-
derived sugars."' The outcome of this deoxygenation method
depends on several stereochemical and electronic parameters:
first and foremost is the structure of the oxygenated
substrate,83 as vicinal groups can assist the C—O bond
cleavage.* The second parameter is the hydrosilane employ-
d,*™ and the third is the fluoroarylborane catalyst."> Gagné
and co-workers have recently progressed the field by replacing
hydrosilanes by hydroboranes as precursors of H—B(CFs);~
hydride in the C—O bond cleavage with different selectivities
than the ones observed in the hydrosilylation."

Morandi'* and Oestreich'® have expanded the B(CgFs);-
catalyzed hydrosilylation of C(sp*)—O bonds to 1,2-diols and
primary tosylates, respectively. Both methods are effective in
cleaving the terminal C—O bond, the former due to the
formation of a cyclic siloxane intermediate and the latter due to
the higher reactivity of the tosylate compared with the silyl

© 2020 American Chemical Society
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Scheme 1. B(C4F;);-Catalyzed Selective Deoxygenation of
1,2-Diols and Primary Alkyl Tosylates
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ether. Although suitable for the cleavage of primary tosylates
containing a primary silyl ether (Scheme 1b, R = TBDMS, n =
3-5), or an aryl ether (Scheme 1b, R = Ar, n = 1 or S),
rearranged products from anchimeric assistance were observed
for 1,2-diols (Scheme 1b, bottom). Indeed, the nonselective
opening of a three-membered silyloxonium ion leads to the
indiscriminate formation of a primary and secondary silyl
ether. Substituents’ migration competing with direct deoxyge-
nation processes was further explored by Morandi, providing a
reductive pinacol-type rearrangement of vicinal diols. ' On a
related note, the B(C¢F;);-catalyzed hydrosilylation of
tetrasubstituted epoxides leads to a migratory ring-opening
process after the formation of a silyloxonium ion intermedi-

e."” While the B(C4F;);-catalyzed hydrosilylation of C—O
bonds has been rapidly expanding the accessibility to
saccharides-derived chiral fragments for synthe51s Sol01L1318
we envisioned that different chiral synthons'® could be reached
by focusing on natural cyclitols.

Quinic acid 1 was provisionally considered as one suitable
feedstock for the biobased benzoic acid production®® or other
aromatics.”’ However, high cost associated with the use of
glucose as feedstock for bacterial production of quinic acid*>
has again relegated this cyclitol to the chiral pool.*®
Nevertheless, quinic acid and its acyl-derivatives are wide-
spread secondary metabolites of the shikimic acid pathway™* in
plants and can be obtained for instance from coffee beans,
plants, fruits, and even food wastes.”® Herein we present our
efforts toward the selective cleavage of C(sp*)—O bonds of a
common quinic acid-derived precursor with judiciously
selected O-substituents, into diverse chiral fragments (Scheme
1c).

Aware of putative effects imposed by the diverse
conformations of cyclitols on the regioselectivity of deoxyge-
nation using the B(C¢Fs);/SiH system, the vicinal cis diol
moiety of quinide 2 was derivatized to several functional
groups. Besides conferring the desired conformational effect,
further deprotection after deoxygenation would provide
substrates prone to typical C—C oxidative cleavage and
subsequently give chiral linear C, fragments. Attempts on the
hydrosilylation of cyclitol derivatives 3—13 (Scheme 2) failed
in providing any deoxygenated products (see Supporting
Information section 1 for complete rationale).

The discouraging lack of reactivity of the silylated quinic
acid derivatives prompted us to explore the anchimeric
assistance by silyl ethers in the C—O bond cleavage of
tosylates, as previously reported by Oestreich and co-
workers."® Excellent chemoselectivity was reported for the
deoxygenation of primary alkyl tosylates from nonvicinal diol

Scheme 2. Quinic Acid Derivatives Explored in B(CF;);-
Catalyzed Hydrosilylation
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derivatives. However, the formation of a three-membered
silyloxonium ion intermediate resulted in rearranged products,
and a lack of regioselectivity was observed when considering
aliphatic 1,2-vicinal diol systems. Gratifyingly, treatment of 15
with different catalyst loadings and amounts of triethylsilane
resulted in formation of 16 and/or 17 in different ratios
(Scheme 3 and Table S1 in SI for further experiments). Silyl

Scheme 3. Deoxygenation of Quinic Acid Derivative 15

; osi
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[15] =03 M.

ethers derived from primary and secondary alcohols have been
reported to be more reactive toward B(CgF;);-catalyzed
reduction with hydrosilanes than the ones derived from
tertiary homologues. 4 On the other hand, the neighboring
group assistance can deeply impact the regioselectivity.
Notably, cleavage of the primary mesylate in 15 was
accompanied by stereospecific migration of the silyloxy
group from the vicinal tertiary carbon to provide 17 (Scheme
3). The absolute configuration of the deoxygenated product
was determined through X-ray diffraction analysis of the 3,5-
dinitrobenzoyl derivative 18, obtained after desilylation of 17
and benzoylation of the triol 17’.

Attempts to overcome the higher propensity of C4 toward
deoxygenation by replacing the mesylate with protecting
groups proved futile. Instead, B(C¢Fs);/SiH treatment of 20
having the secondary hydroxyl protected as silyl ether (20b)
resulted in fast intramolecular cyclization to bicyclic compound
21 in up to 88% yield (Scheme 4). Exposure of MOM-ether
20c to the same conditions resulted in the formation of
compound 20d in 78% yield (Scheme S). Treatment of methyl
ether 20d with additional triethylsilane (1.1 equiv) in the
presence of B(CFs); led to formation of cyclic ether 21, as
deduced from crude NMR. Carbamoyl protected 20e was
unreactive toward B(C¢Fj);-catalyzed hydrosilylation, and only
starting material was recovered, despite the harsh reaction
conditions used (20 mol % catalyst, excess of silane and
refluxing toluene). The structural complexity of compound
217 was broken down through oxidative cleavage of the C—C
bond upon desilylation and oxidation of the cis glycol moiety
via Malaprade oxidation to provide dialdehyde 22 in excellent
yield. The cyclic ethers 22 and 23 are envisioned as interesting
synthetic intermediates due to the presence of oxygen
functionality-containing substituents at C1 and C3 positions
of the tetrahydrofuran core.”” The selective deprotection of the
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Scheme 4. Formation and Controlled Cleavage of Bicyclic Tetrahydrofuran 21¢

) ) sio, (i) TBAF*H,0 (5 eq), THF
S0, A~ oms Et;SiH (x eq) 2 75°C, 16 h oH oH
2.5-5 mol-% B(CqFs)s | 0 sealed tube ; NaBH, (3 eq) b OH
Sio™ > Yox CH.Clp, rit., 2h Sio* H (ii) NalOy (1.2 eq) ) H EtoH, 0°C, 0.25 h o
Ssi osi 21 ;
osi 20a, X=H, 71%, (3.1 eq) ! ACN:H,0,0°tort, th O 0% OH
20 20b, X=TMS, 88% (1.5 eq) Si= TBDPS 90% 22 23
7694 296, X=MOM. (1.8 eq)
> 20d, X=Me, n.d. (1.1 eq)
20e, X=CONHPh, n.r. (5eq) TBAF'HO S(BCCT:‘ )‘4 eq)
2 .
(2eq) ook (i) NaClo, (5 eq)
THF | | (10 mol-%) NaH,PO, (7 eq)
OH CH,Cl H S
e 60°C, 3h 2Cly ) ) _ )
: HECatGeq)  HO, rL2ah SO, PCC(Beq)| SO | ) tBea) $10, ,COMe
O B(CeFs)s (10 mol-%) @o DMF +BUOH/THF O
Sio" Y CHClp, rt, 18h  giov' ™ 73% 88% giov 60°C, 18 h | gjon (ii) K,CO4 (6 eq) sio™
osi 41% oSi Ssi 80% . Me,S0, (4eq) o
i o OSi OSi osi acetone, r.t., 3h osi
17a 21a 25 26 57% 7
TBAF-H,0 (3 eq) TBAFH.O (5
96% | THF, 75°C, 16 h 20 (5 ea)
THF, 60°C, 2 h
sealed tube
67%
TBS-CI (2.2 eq) ~OT8S otBs e, HO,,_COMe
EtsN (2.4 eq), [* HO, COLH ’
NalOg (1.2 A : g
O DMAP (cat) O alo, (12e0) L CACNG S U I
CH,Clp 0°C,25h o ACN:H,0 o : P 2! HOY
A H
67% 0°tort. t”‘ L Homocitric acid | OH
.\ uan 28
17 17b a 19

“n.d. = yield not deternined; n.r. = no reaction.
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tertiary silyl ether of 21 followed by similar cleavage with
catechol borane and desilylation also provided compound 17a.
A sequence of silyl ethers’ cleavage and primary alcohol
protection resulted in 17b that was submitted to Malaprade
oxidation providing dialdehyde 19, envisioned as a rich
fragment for stereoselective synthesis due to the three
functionalities and structural similarities with Perlin alde-
hydes.*® Impelled by the bicyclic skeleton of 21, the controlled
modification of its stereogenic carbons was attempted. The
lack of reactivity of 21 toward cleavage of the O—Si bond by
B(CgFs)5-catalyzed hydrosilylation was overcome by reduction
with catechol borane, as recently developed by Gagné,"
resulting in the selective cleavage of the C—O bond from the
secondary carbon to provide 25 in 88% yield.

Selective oxidation of primary alcohol moiety of 25 followed
by one-pot esterification and desilylation led to 28, a known
intermediate in the synthesis of homocitric acid.*” Even though
not attempted, it is worth noticing that the use of
deuteriocatecholborane in the manipulation of 21 would
provide an entry for the preparation of labeled homocitrate.
Although of potential interest for biological studies, deuterium

labeling at position 5 remains unveiled.”*>*
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The observed preferred chemoselectivity for C—O bond
cleavage of the secondary carbon over the primary mesylate in
15 suggests the formation of the three-membered silyloxonium
ion as proposed previously by Oestreich. The higher
propensity of C4 for deoxygenation compared to CI is
justified by the easier formation of the strained three-
membered silyloxonium ion in C4—CS$ than in C1-C2, as
the later will turn C2 into a spiro carbon. Such events should
become less energy demanding after removal of one of the
carbocycle substituents. Additionally, the easier access of the
hydride to C4 over CS renders this process highly
regioselective in the opening of the siloxonium. Motivated by
the excellent regioselectivity in opening of the putative three-
membered silyloxonium ion with hydrosilanes, compound 29,
an analogue of 15, was submitted to similar deoxygenation
protocol. The treatment of cyclohexanol derivative 29 with
B(C¢Fs); and silyl hydrides resulted in cleavage of the C—O
bond and migration of the silyl ether moiety to the primary
carbon (Scheme S), contrasting with the previously reported
lack of selectivity for deoxygenation of primary tosylates vicinal
to a secondary silyl ether.'® While no alkyl migration was
observed in the deoxygenations of quinic acid derivatives,
which was expected given the precedents on the hydro-
silylation of epoxides in acyclic systems'~ the migration of
hydride from the primary to tertiary carbon was considered.”!
When using Et;SiD as a reducing agent, the deuteration
occurred selectively at the primary carbon, affording d-30 in
$7% after isolation. Similar behavior was observed in the
hydrosilylation of 15 with Et;SiD. The delivery of the
deuteride to the opposite face of the silyl ethers of the
cyclohexane derivative (absolute configuration determined
from inspection of vicinal coupling constants) seems to
indicate a different mechanism when comparing with the
tertiary silyl ether/primary mesylate counterpart.

In order to get further insight on the formation of the
silyloxonium intermediate and its regioselective opening, a
simplified system was studied by means of Density Functional
Theory® (Scheme 6), and geometries of the transition states

https://dx.doi.org/10.1021/acs.orglett.0c02995
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Scheme 6. Free Energy Profile (M06-2X/6-311++G**//M06-2X/6-31G**) and Mechanistic Representation for
Deoxygenation of Model Substrate sm, via Siloxonium and 1,2-Hydride Shift”
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ABSTRACT: The O,0-silyl group migrations on a quinic acid-derived cyclitol have been studied, and the ease of migration was
observed to be dependent on the silicon substituents and reaction conditions. Conditions were found to improve the formation of a
main isomer during the O,0-silyl group migrations that could be integrated into the formal synthesis of vitamin D receptor
modulator VS-10S and in the first total synthesis of a metabolite from the African ant Crematogaster nigriceps.

he chiron approach in organic synthesis enables the

planning of concise and efficient routes toward stereo-
selective total syntheses of natural products by recognition of the
chiral substructures as fragments of the target molecule." The
advantages of using chiral building blocks from nature are
numerous, particularly because of the diversity of carbon
frameworks containing specific stereochemistries as well as the
global need of decreasing the use of carbon from nonrenewable
fossil resources.” Notwithstanding the high synthetic value of
chiral carbohydrates and derived polyols, their usage is often
disadvantageous because the use of protecting groups is required
to allow differentiation in the reactivity of hydroxy groups.®
While strategies for segregating the reactivity of similar
functionalities are limited, such a problem is often obviated by
exploring the selective protection of functional groups and
functional group rearrangement (i.e., migration).3d'

Silyl ethers are commonly used as protecting groups of
alcohols to suppress their reactivity.” Moreover, the steric and
electronic properties of the silyl ether molecule, and
subsequently their reactivity, are dependent on the silyl group
employed.”™® Thus, despite the emerging trend of protecting
group-free syntheses,” the use of such a tool can occasionally
warrant structural diversification, especially when considering
the vast knowledge gathered about the selective formation*™®
and cleavage’ of silyl ethers. Although relatively stable in basic
media, silyl ethers vicinal to a hydroxy group can undergo 1,4-
O,0-silyl migration in good yields. This can proceed via a
putative pentacoordinate intermediate formed upon alkoxide
attack to silicon,'® which seems to be hampered under Luche
reduction conditions."' Such a type of migration in carbohy-
drates and derivatives is widely acknowledged."”

© 2021 American Chemical Society
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Despite its common occurrence in carbohydrates, only a few
of the reported 1,4-O,0-silyl migrations have been methodically
studied.”® The regioselectivity of reactions of a-p-pyranosides
with tert-butyldimethylsilyl (TBDMS) and tert-butyldiphenyl-
silyl (TBDPS) chlorides was observed to be dependent on the
reaction conditions. The combination of imidazole in DMF
promotes O,O-silyl migrations under kinetic control and does
not result in the formation of the most stable regioisomer, while
harder bases change the isomer distribution profile (Scheme
12)."** Similar intramolecular silyl migrations under basic
conditions have also been observed for polyols (Scheme
1b),'* although in acyclic systems the 1,5-O,0-silyl migration
competes with the 1,4-migratory process.'” Besides carbohy-
drates and their derivatives, the O,0-silyl group migration in
cyclic systems has been somewhat overlooked. Ferrero and co-
workers reported the occasionally competitive 1,4-O,0-silyl
migration during a Colvin rearrangement step in the synthesis of
a pre-vitamin D; analogue from shikimic acid (Scheme 1c).'®
The fluctuating regioselectivities were attributed to the different
batches of n-BuLi, containing different amounts of lithium
hydroxide.

During our previous studies of the modification of quinic
acid,'” when attempting to convert a primary hydroxyl function
of trisilylated quinic alcohol 1 into a sulfonate moiety, we
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Scheme 1. 0,0-Silyl Migrations in Polyols
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observed multiple silyl migrations as an untraceable mixture of
products. Considering that the diversification of a common
precursor into several synthetic intermediates is a powerful tool
for synthesizing molecules otherwise difficult or impossible to
reach, and the limited number of studies on the O-silyl migration
in carbacyles, we set out to improve the selectivity of the
migration process (Scheme 1d). This approach would provide
us synthetically rich intermediates in a divergent synthesis
strategy.18

To study the silyl group migration reaction in quinic acid
derivatives, trisilylated diols 1a and 1b were synthesized and
subjected to different bases and solvents (Table 1). We were
pleased to notice the exclusive formation of 2, regardless of the
different silyl ethers, upon treatment with imidazole as a base for
6h (Table 1, entry 1). Intriguingly, when attempting to push the
secondary — secondary O,O-silyl migration (5-O — 4-O) by
increasing the reaction time and increasing the amount of
imidazole, we found the migration took place with a TBPDS-
protected derivative while no 3b or 4b was detected with the less
bulky TBDMS group (entry 2). While targeting a better
selectivity toward 3 or 4, we screened other bases (entries 3—6).
DMAP was also able to provide isomer 2a from TBDPS-
protected derivative 1a, but TBDMS congener 1b underwent
migration in only 20% to the corresponding isomer 2b (entry 3).
Surprisingly, the use of stronger base Et;N proved futile with the
exclusive isolation of recovered starting material (entry 4).
Treatment of 1a with even stronger bases KHMDS and NaH
promoted the formation of both 4-O-TBDPS-protected isomers
3a and 4a (entries S and 6, respectively), although in lower
overall yield compared to that with prolonged use of imidazole
(entry 2). Sodium hydride has been previously used in silyl
migrations of sugar derivatives with great overall yields, though
full selectivity has not been reached.'*”" Decreasing the
temperature when using NaH, to minimize the formation of
other unknown side products, did not return the desired isomers
(data not shown). Replacement of THF with toluene (entry 7)
allowed some formation of 3a together with 4a, and the
selectivity toward the former was greatly improved by elongating
the reaction time and increasing the amount of base (entry 8).
Although 3a could be obtained in 78% yield, the analogous
reaction from the TBDMS derivative returned only 25% of 3b
and traces of 4b, clearly indicating the importance of the silane
substituents on the migratory process. A further increase in the
temperature using DMF as a solvent (entry 9) resulted in the
formation of 4a in higher yield but still in moderate

Table 1. Optimization of Silyl Migration

510, p~on
sl e
sio® OH

osi

base

HO,, 0si
solvent, reflux S:O"[ i\\OH

0si

HO., /~osi HO., /~osi
and/or and/or |
si0" " Nosi HO' 0Si
OH

osi
1a: Si=TBDPS 2a: Si=TBDPS 3a: Si=TBDPS 4a: Si=TBDPS
1b: Si=TBDMS 2b: Si=TBDMS 3b: Si=TBDMS 4b: Si=TBDMS
Si=TBDPS" Si=TBDMS"

entry” solvent base (equiv) time (h) 2a 3a 4a 2b 3b 4b
1° THE imidazole (2.0) 6 95 nd" nd" 95 nd" nd"
2 THF imidazole (3.0) 72 14 63 23 92 nd" nd"
3 THF DMAP (2.0) 18 81 trace nd" 20 nd" nd"
4 THE Et;N (2.0) 18 trace nd" nd" nd" nd" nd”
s THF KHMDS (2.0) 18 trace 51 15 - - -
6 THF NaH (3.0) 18 trace 57 17 - - -
74 toluene imidazole (2.0) 6 93 7 trace 99 nd" nd”
8 toluene imidazole (5.0) 56 trace 78 16 66 25 trace
9¢ DMF imidazole (2.0) 18 S 62 33 - - -
10/ MeOH Et,N (1.0) 18 98 nd" nd" 599 nd" nd"
14 MeOH imidazole (2.0) 18 78 11 trace - - —
12 MeOH DMAP (2.0) 18 trace 65 28 82 12 trace
13¢ MeOH imidazole (2.0) and Et;N (2.0) 18 S (trace) 56 (50) 29 (35) 68 (14) 22 (49) 8 (27)

“All reactions were carried out at 0.2 M 1 at refluxing temperature, except indicated otherwise. “Isolated yield. “With 0.4 M substrate. FWith 0.1 M
substrate. “Carried out at 120 °C./Carried out at room temperature. $The results from a reaction in a sealed tube at 100 °C are shown in

parentheses. "Not detected.
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regioselectivity. Using methanol as a solvent together with Et;N
resulted in room-temperature selective 2-O- — 1-O-silyl group
migration to primary silyl ethers 2a and 2b (entry 10), in
contrast with the lack of reactivity observed in refluxing THF
(entry 4). Notably, 3 and 4 were not observed under these
conditions, although secondary — secondary silyl migration was
reported for nucleosides.”” Invigorated by this, we tested other
bases with MeOH (entries 11—13), allowing the formation of 4
in moderate yields (4a, 35%; 4b, 27%) using a combination of
bases in a sealed tube (entry 13).

In contrast to the facile 2-O — 1-O silyl group migration to
form 2a, the migrations within the six-membered ring required
harsher reaction conditions and were never observed in the
absence of tertiary — primary migration. A more difficult 5-O-
— 4-O-silyl group migration would be expected given the
relative trans position of the oxygen atoms. This aspect was
confirmed by a careful NMR analysis of NOESY and other
multidimensional experiments of TBDPS-containing com-
pounds la—4a in DMSO-dj (Scheme 2; also see the Supporting

Scheme 2. Selected "H NMR Data of TBDPS Derivatives

a."HNMR (DMSO-d;) data of 2a and 3a
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Information). The spectra of 2a and 3a point to a preferable
conformation in which the primary silyl ether occupies axial
positions, thus requiring interconversion to a more suitable
conformation for the migration to take place (Scheme 2b).
Having in hand suitable conditions for the formation of
regioisomers 2—4, we envisioned their suitability for divergent
synthesis approaches. The structural similarities between 2 and
4 and biologically relevant compounds are evident. For instance,
their oxidized forms could be useful in the preparation of
carbasugars,”" the ketonic form of 2 could become a synthetic
intermediate in the recent synthesis of (—)-pseudohygrophor-
ones,”” while the deoxygenation of 4 could provide the unusual
hydroxylated ring of hydroisoflavone B.** Despite such
possibilities, we decided to explore regioisomer 3a in divergent
synthesis by changing the oxidation state of C-S (Scheme 3).
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Scheme 3. Divergent Modification of 3a and Preparation of
the VS-105 Precursor
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Such a strategy would provide us the possibility of preparing
compound 7, a synthetic intermediate of the vitamin D receptor
agonist VS-105 (a kidney disease drug that completed phase 1
clinical trials),** and performing the first total synthesis of a
metabolite isolated from the African ant Crematogaster nigriceps.
These ants were found to produce a family of 1-alk(en)yl-1,3,5-
trihydroxycyclohexanes (6a—6f), isolated and characterized by
Braekman et al.”® The long carbon chains of natural products
6a—6f are derived from common fatty acids and have a mutual
cyclitol backbone that could be built from 3a after
deoxygenation into $ and further synthetic manipulation.

Gladly, the Dess—Martin periodinane oxidation of 3a gave
ketone in an excellent 98% yield, which was further transformed
into exocyclic alkene 7 using Tebbe’s reagent (Scheme 3). The
olefination took place despite the congestion around the
secondary alcohol caused by the TBDPS groups, similar to the
reported olefination of the TBDMS-protected quinic acid ester
derivative.”®

We envisioned that the syntheses of the family of natural
products 6 could be easily achieved by selective epoxide opening
of key intermediate 10 with an organometallic reagent derived
from the corresponding fatty acid, after deoxygenation of 3a
(Scheme 4a). To avoid regio- and diastereoselective issues in the
opening of a cyclic siloxonium ion, we decided to proceed with
the Barton—McCombie deoxygenation of 3a instead of using
the prevlousl?r explored borane-catalyzed deoxygenation with
hydrosilanes.

The introduction of the O-thiocarbonyl group proved to be
challenging due to the required use of a base and subsequent
0,0-silyl group migrations. After failed attempts in preparing the
thiocarbonylimidazolide or methyl xanthate from 3a, phenyl
thionocarbonate 8 could be prepared in 89% yield (Scheme 4b)
due to the high electrophilicity of phenyl chlorothionocar-
bonate.

Alcohol § was cleanly obtained in 91% yield after Barton—
McCombie deoxygenation. Despite the myriad of conditions
tested for the selective deprotection of the primary TBDPS
group in S, cleavage of the secondary silyl ether was always
observed. Treatment of § with excess acetyl chloride provided
alcohol 9a; its structure was elucidated from NOE contacts
between the secondary and tertiary hydroxy groups. The use of 2
equiv of TBAF promoted the secondary and primary TBDPS
group cleavage to 9b in 92% yield. Chemoselective mesylation of
the primary alcohol over secondary and tertiary hydroxy groups
of triol 9b followed by treatment with DBU for intramolecular
Sy reaction resulted in the formation of epoxide 10, a key

https://doi.org/10.1021/acs.orglett.1c00755
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Scheme 4. Synthesis of the Oleyl Derivative of a
Trihydroxycyclohexane Metabolite from the African Ant C.
nigriceps
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intermediate in the synthesis of the 1-alk(en)yl-1,3,S-trihydrox-
ycyclohexane 6 metabolite family. This synthetic approach was
showcased for the preparation of oleic acid derivative 6f. Hence,
oleic acid was reduced to the corresponding alcohol with LiAIH,
followed by conversion of alk 1 bromide 11 through Appel
reaction, as previously reported.”” After unsuccessful attempts to
open the epoxide with the organomagnesium compound, the in
situ generation of a Gilman reagent by treatment of 11 with ¢-
BuLi followed by addition of Cul promoted the desired
formation of the tertiary alcohol in 73% yield. Cleaving the
secondary TBDPS group led to the formation of African ant
cyclitol 6f in 90% vyield, and its structure was verified by
comparison with previously reported data of the isolated natural
product.

In summary, we herein present the protecting group
migrations across a quinic acid-derived cyclitol backbone, as
an opportunity for the diverse syntheses of high-value-added
molecules. The ease of O,0-silyl group migration was observed
to depend on the silicon substituents in the cyclitol system, with
the TBDPS more easily migrating than the less bulky TBDMS.
The diol obtained after 2-O- — 1-O- and 5-O- — 4-O-silyl group
migration from easily accessible 1a was incorporated in the first
total synthesis of a metabolite from the African ant C. nigriceps in
45% overall yield (10 steps, 34% overall yield from quinic acid).
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1. Introduction

Natural product-driven drug discovery combined with hemi-
synthesis brings together nature’s maximum potential to create
new biologically active molecules and the development of their
structural analogs. Carbasugars are a group of organic small mol-
ecules that are abundant in nature and have wide biological po-
tency due to the ability to mimic carbohydrates in biological
processes [1,2]. It is noteworthy that the first synthesis of a natural
carbasugar by McCasland [3] preceded its isolation in 7 years [4],
followed by extensive studies and raising the interest of many
research groups. Simpler cyclitols often are side chains and sub-
units of larger natural products owning versatile biological activity
(e.g. massonianoside B [5], nicotiflorin [6], and verbascoside [7] are
carba-i-rhamnose derivatives).

In 2004 Sedmera et al. isolated two structurally new carbasugars
1 and 2 from Streptomyces lincolnensis, which is known to produce
many antibiotics such as antibacterial lincomycin as well as C7
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cyclitols like valienol and gabosine I [8]. The first total synthesis of
these carbasugars has been reported by Nanda et al. three years
after their isolation from natural sources [9]. Such de novo syn-
thesis relied on the kinetic enzymatic resolution and the use of
(hydroxymethyl)cycloalkenone scaffold as a key intermediate.
Subsequent oxidations into several epimers provided natural and
unnatural carbasugars. Overall, final carbasugars 1 and 2 were
obtained in 10—12 steps, through formation of the above-
mentioned key intermediate in 8 steps. In 1986, before the isola-
tion and the first total synthesis of carbasugars 1 and 2, a protected
analog of 1 has been prepared and used as a synthetic intermediate
by Trost et al. in the stereoselective synthesis of isoquinuclidines
from quinic acid [10].

In the present work, we redesigned the hemisynthesis strategy
aiming at a more concise and simple synthesis for these natural
carbasugars from a common synthetic intermediate. Quinic acid, a
secondary metabolite of the shikimate pathway [11], has been
explored in many natural product syntheses as chiral pool element
[12,13] and the quest for new compounds with biological activity
[14—16]. The three-dimensional arrangement of the secondary
hydroxy groups and methylene unit serves as a great overlap of the
functional groups to be adapted for the chiron strategy in total
synthesis [17—19]. Indeed this plain strategy is a powerful tool to
synthesize natural products with similar scaffolds such as the ones
shown in Fig. 1. Structurally, carbasugar 1 corresponds to
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(—)-dihydroshikimic acid with only one oxidation state difference
and is an analog to many carba-L-rhamnose side chains derivatives.
Additionally, carbasugar 2 is a structural analog to (—)-gabosine B
[20] and (+)-palitantin [21]. We herein present an efficient total
synthesis of natural carbasugars 1 and further modification to its
epimer 2, both isolated from S. lincolnensis.

2. Results and discussion

2.1. Synthesis of (1R,2R,3R,5S)-5-(hydroxymethyl)cyclohexane-
1,2,3-triol (1)

The synthesis of 1 started with the simultaneous protection of
quinic acid’s (3) carboxyl and secondary hydroxy functionalities
yielding acetal protected lactone 4 as previously described (Scheme
1)[22]. We envisioned that preparation of diol 5 (or its C-5 epimer),
previously prepared by Trost [10], could be shortened by in situ
formation of an epoxide during the reduction of the lactone, fol-
lowed by its regioselective reduction [23—25]. While not certain
about the stereo- and regioselectivity of the epoxide opening, the
reduction of mesylated 4 was carefully optimized with common
hydride sources (Table 1).

Despite the complete consumption of lactone 4, reduction at-
tempts with lithium aluminum hydride provided only traces of the
desired product 5, while no product was observed with less reac-
tive DIBAL-H (Table 1, entries 1 and 2). When changing the reducing
agent to NaBH4 in DMSO, 5 was isolated in 3% yield (Table 1, entry 3)
from a complex mixture of non-characterized products (as judged
by TLC). Motivated by the previous use of this reductant in the

0
HO, 5CO,H 1) Amberlyst-15, ACN, reflux ~ MSO.,
' then 2,2-dimethoxypropane o
3 1 reflux, 98% y
HO" ™5 YOoH 2) MsCl, Et;N Q
OH Et,0, 0°C, 95% ﬁ,o
3 4
See table 1]
c|>H ?H
3 X
HOx = HCl (aq) >< .
HO™ MeOH, RT, 18 h o
0,
, oH 97% s OH

Scheme 1. Synthesis of carbasugar 1 from (—)-quinic acid.

Table 1
Optimization of reduction conditions.
Entry?® Hydride (equiv.) Conditions 5 Yield %
1 LiAlH4 (2) THF, 0 °C traces®
2 DIBAL-H (2) THF, 0 °C to reflux n.d.
3 NaBH4 (2) DMSO, 0 °C-80 °C 3
4 NaBHy (2) EtOH, 0 °C to RT 39
5 NaBH4 (10) MeOH, 0 °C to RT 42
6" NaBH, (10) THF/MeOH 16:1, 0 °C 55
7° NaBH, (3) THF/MeOH 16:1, -5 °C 84

@ Lactone 4 was dissolved in the specified solvent and the mixture cooled to 0 °C
or maintained at room temperature. The reducing agent was added, and the mixture
was allowed to stir 3—18 h. The starting temperature was raised if no reaction was
observed.

b Lactone 4 in THF was added to a stirred suspension of NaBH, in THF/MeOH.

€ Complex mixture of multiple products, no product isolation.

cleavage of primary, secondary, and tertiary alkyl halides and
tosylates [26], we set to increase the selectivity towards formation
of 5. As sodium borohydride reductions are known to be solvent
dependent [27,28], we decided to test different solvents. Replacing
DMSO by protic ethanol resulted in the formation of 5 in a mod-
erate 39% yield (Table 1, entry 4). The complete consumption of
starting material was achieved by increasing the amount of hydride
to 10 equivalents in methanol (Table 1, entry 5). Ketal 5 was ob-
tained in similar 42% yield as when using 2 equivalents of hydride
source (entry 4), together with plenty of uncharacterized side
products. The addition of methanol to THF has been demonstrated
to improve selectivity in the reduction of esters and lactones with
NaBH4 [29]. Upon testing similar conditions and inverting the
addition order, we were glad to obtain 5 in improved 55% yield
(Table 1, entry 6). Generally, the portion-wise addition of the dis-
solved lactone to a suspension of NaBH,4 provided better yields than
the standard portion-wise addition of powder reducing agent to
the solution of the lactone. We believe this can be due to the high
reactivity of the product towards the reducing agent. Ultimately,
the best conditions obtained for the reduction of the lactone and
removal of the tertiary hydroxy group derivative relied on using
low temperatures to slow down the reactivity during the
exothermic addition of the lactone to an excess of NaBH4 (3
equivalents). The desired synthetic intermediate 5 was obtained in
84% yield (Table 1, entry 7).

Regioselectivities on epoxide opening have been reported to
depend on the electrophilicity of hydride reagents [30]. Namely,
BH3 allows the opening of epoxides from the most substituted
carbon [31]. With this in mind, different possibilities to justify the
unexpected stereochemistry of the product obtained have been
considered (Scheme 2a). After the reduction of the lactone moiety
and putative formation of unidentified borane hydride species, the
reactive primary alkoxide 4a can undergo two different paths. The
direct displacement of the methanesulfonate group by the hydride
may provide the observed compound 5 if, a somewhat concerted
hydride delivery on the stereochemically hindered tertiary carbon
occurs. Alternatively, 4a may undergo O, O-methanesulfonyl
migration to form primary mesylate 4b [32—34]. The obtained
stereocenter inversion may occur upon hydride delivery on the
more substituted carbon of the epoxide intermediate 4c, formed by
the attack of tertiary alkoxide. Notably, the more immediate for-
mation of epoxide 4d (Scheme 2b), upon the attack of the primary
alkoxide to the tertiary vicinal carbon in 4a, could lead to epimer 7,
which we have not been able to identify in our mixtures.

After deoxygenation, the acetal deprotection with HCl/MeOH
yielded natural carbasugar 1 (Scheme 1) with a 76% overall yield
from (—)-quinic acid. The spectral comparison with the original
reports on the isolation of this natural product [8] confirmed the
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removal of the tertiary hydroxy group and the stereo-inversion of
the C-5 carbon.

The unexpected stereoinversion at C-5 upon hydride delivery in
4 — 5 was further confirmed by a careful comparison of the re-
ported [8] chemical shifts and J-couplings of natural product 1. The
two hydroxymethyl protons show very similar chemicals shifts
(3.301 and 3.265 ppm) in the form of a multiplet that deconvolves
to two sets of doublet of doublets with 11.3 and 6.6 Hz coupling
constants (vs 11.0 and 6.3 Hz) [8]. The hydrogen at C-5 has a
chemical shift of 1.715 ppm appearing as a multiplet due to the
multiple couplings with the vicinal protons (at C-4, C-6 and C-7),
also matching closely with the original report (1.714 ppm). Notably,
all 3C NMR chemical shifts of the final product differ from the
paper on isolation of 1 in less than 0.06 ppm. Secondary C-7 and
tertiary C-5 resonate at 66.55 and 32.71 ppm, respectively, in close
agreement with Sedmera’s report (66.55 and 32.71 ppm) [8].

2.2. Synthesis of (1R,2R,3R,5R)-5-(hydroxymethyl)cyclohexane-
1,2,3-triol (2)

Considering the synthesis of the epimer 2, we envisioned that
this second natural product could be achieved by epimerization of
the a-carbonyl position of the corresponding aldehyde (Scheme 3).
The putative establishment of an intramolecular hydrogen bond
between the hydroxy and the carbonyl groups on the same face of
the six-membered ring should drive the epimerization towards the
desired product. Bearing this in mind, conditions to target the se-
lective oxidation of the primary alcohol were investigated and the
results are presented in Table 2. The reaction suffered a lack of
regioselectivity and the yields were poor for the exclusive oxidation
of primary alcohol despite the use of parsimonious oxidizing agents
(Table 2, entries 1 and 2). Better regioselectivity was observed
when oxidizing with catalytic TEMPO in combination with (diac-
etoxyiodo)benzene, although the isolated yield remained poor
(Table 2, entry 3). Changing the oxidizing agent from iodobenzene
based oxidizing agents to N-chlorosuccinimide, resulted in an
increased formation of 6 in 77% yield after 45 min (Table 2, entry 4).
Precise control of the reaction time was required, as extended re-
action times resulted in increased amounts of side products whilst
shorter reaction times were not sufficient for complete consump-
tion of the starting material.

OH TEMPO (10 mol%)
[ TBAB (10 mt_:l%)
NCS (2 equiv.)
CH,Cl,, pH 9.3 buffer
RT, 45 min
5 OH 77%

[0}
o~
>
OH ¢
K,CO3 (1 equiv.) l
MeOH, 0 °C, 18 h

OH 0
then NaBH, O,
><O”’ (2 equiv.) H
o 7% o
OH OH
o

HCI (aq.), MeOH
RT, 18 h, 94%

OH

OH

Scheme 3. Synthesis of carbasugar 2 from protected carbasugar 5.

Table 2
Optimization of oxidation conditions.
Entry Oxidation conditions Yield %
1 DMP (1 equiv.), CHyCly, RT, 1 h 15
2 PCC (1.2 equiv.), CHyCly, RT, 20 h 13
37 TEMPO (20 mol%), PhI(OAc)s, (2 equiv.), CHaCly, RT, 4 h 34
4> TEMPO (10 mol%), TBAB (10 mol%), NCS (2 equiv.), CH,Cly/buffer, 77

RT, 45 min

¢ Alcohol 5 was dissolved in CH,Cl, (0.1 M) and the specified oxidizing agent was
added at RT. Mixture was stirred at for specified time, quenched and purified using
flash column chromatography.

b procedure described in experimental section.

The a-carbonyl position of the aldehyde 6 was epimerized using
1 equivalent of K,CO3 as base (Scheme 3) in methanol. While
testing epimerization conditions, the TLC analysis from reaction
mixtures showed the aldehyde 6 being a minor product and the
equilibrium largely favoring epimer 6’. The simple evaporation of
the reaction solvent or quenching by adjusting to pH 7 (using
aqueous HCl) followed by column chromatography purification
resulted in equilibration to starting material 6. The difficult isola-
tion of 6" was circumvented by in situ reduction to alcohol 7 with
sodium borohydride, thus allowing the isolation of the diol in 77%
yield. Finally, the acetal deprotection gave the natural carbasugar 2,
also with NMR spectral characterization in close agreement with
the values reported by Sedmera [8]. Comparison of chemical shifts
of 1 and 2 show little changes in positions 1, 3 and 7, contrarily to
the remaining cyclohexyl positions. A significant change in the
chemical shift of C-2 between 1 (71.71 ppm) and 2 (76.30 ppm)
could be explained by the establishment of an intramolecular
hydrogen bond with C-1in 1.

2.3. Computational study

In order to verify our assumption on the stabilization of epimer
6’ due to the establishment of an intramolecular hydrogen bond,
we have performed the conformational analysis of both C-5 epi-
mers using DFT [35] (Scheme 4). The conformational analysis of 6
resulted in the identification of the two chair conformers 64 and 6g
as the most stable conformations. A somewhat distorted chair
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conformation can be detected in the case of 64, due to an intra-
molecular hydrogen bond between the secondary hydroxy group
and the vicinal oxygen from the acetonide. Notwithstanding a
similar effect observed for the most stable chair conformation of
epimer 6, i.e. 6’4, the placement of the carbonyl group in the more
favorable equatorial position has a clear stabilizing effect
(=21 kcal/mol) when compared with epimer 6. As envisioned, a
more stable conformation for epimer 6’ could be found, namely
twist-boat conformation 6’c (—2.9 kcal/mol) where an intra-
molecular hydrogen bond is established between the aldehyde
oxygen and the hydroxy group (2.027 A).

3. Conclusion

In summary, we herein report the shortest and the highest
yielding synthesis of the two natural 3,4,5-trihydroxycyclohexyl
cyclitols isolated from Streptomyces lincolnensis. Both C-5 epimers
of (1R, 2R, 3R)-5-(hydroxymethyl)cyclohexane-1,2,3-triol were
obtained in 4—6 steps in 76% or 44% overall yields from (—)-quinic
acid. The regioselective reduction of a quinic acid-derived lactone
was used as a key step in the installation of the hydroxymethyl
substituent, upon stereoselective hydride delivery to a tertiary
carbon. The unprecedented conversion of the less stable epimer of
the corresponding aldehyde into the more stable C-5 epimer
allowed the preparation of both natural carbasugars by the inser-
tion of an oxidation-epimerization-reduction sequence.

4. Experimental section
4.1. General remarks

All syntheses were carried out in oven-dried glassware under
inert atmosphere. Anhydrous diethyl ether and triethylamine were
obtained using PureSolv Micro multi-unit purification system.
Acetonitrile was left standing over 3 A molecular sieves and used
without further purification. All other reagents were purchased
from Sigma Aldrich or TCI and used without purification. Reactions
were monitored through thin-layer chromatography (TLC) with
commercial silica gel plates (Merck silica gel, 60 F254). Plates were
visualized by staining upon heating with vanillin stain. Flash col-
umn chromatography was performed on silica gel 60 (40—63 pm)
as stationary phase. The 'H and '>C spectra were recorded at
500 MHz and 125 MHz respectively in a JEOL ECZR 500 instrument.
CDCl3 or D,0 (in D,0 samples 4 pl of acetone was used as internal
reference) were used as solvents for NMR analysis. Chemical shifts
(0) are reported in ppm and are referenced to the residual chloro-
form signal (6 'H 7.26 ppm, ¢ >C 77.16 ppm) or to the internal

acetone (6 'H 2.03 ppm, 6 C 30.50 ppm). The following abbrevi-
ations were used to describe peak splitting patterns: s = singlet,
d = doublet, t = triplet, m = multiplet. Coupling constants ] were
reported in Hertz (Hz). High-resolution mass spectra were recorded
on a Waters ESI-TOF MS spectrometer.

4.2. (3aR4R,75,8aR)-2,2-dimethyl-6-oxotetrahydro-4,7-methano
[1,3]dioxolo[4,5-c]oxepin-7(6H)-yl methanesulfonate (4)

i) Quinic acid 3 (3.0 g, 15.6 mmol) was weighed into round
bottomed flask equipped with stirring bar. Acetonitrile (200 mL)
was added, followed by addition of Amberlyst 15 (3.5 g), and the
mixture was refluxed for 2 days. The mixture was cooled to
room temperature and 2,2-dimethoxypropane (3.8 mL, 3.25 g,
31.2 mmol, 2 equiv.) was added and refluxed for 3 h. The reac-
tion mixture was filtrated through Celite plug and the solvent
was evaporated to give pure (3aR,4R,7S,8aR)-7-hydroxy-2,2-
dimethyltetrahydro-4,7-methano[ 1,3]dioxolo[4,5-c]oxepin-
6(4H)-one as a beige solid (3.28 g, 98%). '"H NMR (500 MHz,
CDCl3): 6 4.71 (dd, J = 6.1, 2.5 Hz, 1H-1), 4.51—4.47 (m, 1H-3),
429 (ddd, | = 6.7, 2.4, 1.5 Hz, 1H-2), 3.16 (s, TH—OH), 2.63 (d,
J = 11.7 Hz, 1H-6), 2.36 (ddd, J = 14.7, 7.6, 2.3 Hz, 1H-4),
2.33-2.27 (m, 1H-6), 2.17 (dd, ] = 14.6, 2.9 Hz, 1H-4), 1.51 (s,
3H—CHs), 1.31 (s, 3H—CH3); 3C NMR (125 MHz, CDCl5): 6 179.08
(C=0), 109.90 (Cisop.), 75.97 (C1), 72.19 (C5), 71.66 (C2), 71.60
(C3), 38.23 (C4), 34.37 (C6), 27.08 (CH3), 24.41 (CH3); HRMS
calculated for [M]" 214.0841, found 214.0913. The spectral data
of the compound is consistent with the literature data [10].

ii) Lactone  ((3aR,4R,7S,8aR)-7-hydroxy-2,2-dimethyltetrahydro-
4,7-methano[ 1,3]dioxolo[4,5-c]oxepin-6(4H)-one) synthesized
in section 4.2 i) (3.28 g, 15.3 mmol) was dissolved in Et;0
(100 mL) at 0 °C. Et3N (4.3 mL, 3.1 g, 30.6 mmol, 2 equiv.) was
added followed by slow addition of MsCl (1.8 mL, 2.6 g, 23 mmol,
1 equiv.). The ice bath was removed after 5 min and the mixture
was left stirring for 2 h at room temperature forming a thick
solution. The mixture was diluted with EtOAc (100 mL) and
quenched with HO (100 mL). Layers were separated and the
aqueous phase was extracted with CHyCl; (3 x 50 mL). The
organic phases were combined, dried with anhydrous MgSQOg,
filtered through silica pad (3 cm) and the solvents were evap-
orated to give pure 4 as a beige solid (4.24 g, 95%). '"H NMR
(500 MHz, CDCl3): 6 4.80 (dd, ] = 6.4, 2.5 Hz, 1H-1), 4.57—4.45
(m, 1H-3), 4.31 (ddd, ] = 6.2, 2.1, 0.9 Hz, 1H-2), 3.28 (s, 3H -OMs-
CH3), 3.12—3.05 (m, 1H-6), 2.83 (d, ] = 11.8 Hz, 1H-4), 2.54 (ddd,
J=14.4,7.7,2.4Hz,1H-6),2.39 (dd,] = 14.5, 3.0 Hz, 1H-4),1.52 (s,
3H—CH3), 1.32 (s, 3H—CH3). >C NMR (125 MHz, CDCl3): § 172.91
(C=0), 11041 (Cisop.), 82:27 (C5), 75.82 (C1), 72.01 (C2), 71.17
(C3), 41.34 (OMs-CH3), 36.60 (C4), 33.24 (C6), 27.06 (CH3), 24.45
(CH3); HRMS calculated for [M+Na]* 315.0515, found 315.0479.
The spectral data of the compound is consistent with the liter-
ature data [36].

4.3. (3aS,4R,6R,7aR)-6-(hydroxymethyl)-2,2-
dimethylhexahydrobenzo[d][1,3]dioxol-4-ol (5)

Methanol (0.2 mL) was added to a —5 °C suspension of NaBH4
(78 mg, 2.1 mmol, 3 equiv.) in THF (1 mL) and the mixture was
stirred until little bubbling was visible. A solution of lactone 4
(200 mg, 0.68 mmol) in THF (2.2 mL) was added dropwise and the
reaction mixture was allowed to warm up to room temperature and
was left stirring overnight. The reaction was quenched with H,0
(3 mL) and after 30 min stirring, solvents were evaporated under
reduced pressure. The residue was purified by flash column chro-
matography (dry loading) using EtOAc as eluent to yield product 5
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as a clear oil (116 mg, 84%). '"H NMR (500 MHz, CDCl3): 6 4.35 (dd,
J = 115, 6.1 Hz, 1H-1), 4.09 (td, J = 7.5, 3.8 Hz, 1H-3), 3.96 (t,
J = 5.6 Hz, 1H-2), 3.64—3.55 (m, 2H-7), 2.07—1.98 (m, 2H-5 and 6),
191 (t, ] = 5.3 Hz, 1H—OH), 1.79 (d, ] = 4.6 Hz, 1H—OH), 1.76 (dd,
J =175, 3.9 Hz, 1H-4), 1.65—-1.58 (m, 2H-6 and 4), 1.50 (s, 3H—CH3),
1.36 (s, 3H—CHs); 13C NMR (125 MHz, CDCls): 6 108.77 (Cisop.), 78.71
(C2),73.37 (C1), 68.64 (C3), 67.06 (C7), 31.87 (C5), 30.26 (C4), 29.25
(C6), 27.99 (CHs), 25.80 (CH3); HRMS calculated for [M+H]"
203.1283, found 203.1296. The spectral data of the compound is
consistent with the literature data [10].

4.4. (1R 2S,3R,5S)-5-(hydroxymethyl)cyclohexane-1,2,3-triol (1)

Protected alcohol 5 (115 mg, 0.57 mmol) was dissolved in MeOH
(4 mL) and aqueous 4M HCl (0.4 mL) was added. The mixture was
stirred for 18 h at room temperature and then diluted with MeOH
and neutralized with NaOH (4 M agq. soln.). Solvents were evapo-
rated and crude compound was purified using flash column chro-
matography (EtOAc/MeOH 9:1) to yield product 1 as white solid
(89 mg, 97%)."H NMR (500 MHz, D,0): 6 3.86 (q, ] = 3.3 Hz, 1H-3),
3.75 (ddd, ] = 11.7, 44, 3.1 Hz, 1H-1), 3.63 (t, ] = 3.4 Hz, 1H-2), 3.30
(dd,J=11.3,6.6 Hz,1H-7),3.26 (dd, ] = 11.3, 6.6 Hz, 1H-7), 1.76—1.66
(m, 1H-5), 1.54 (dt, ] = 12.2, 3.9 Hz, 1H-6), 1.43 (d, ] = 14.4 Hz, 1H-4),
1.27-1.19 (m, 1H-4), 1.12 (q, ] = 11.9 Hz, 1H-6); 3C NMR (125 MHz,
D,0): § 71.71 (C2), 70.04 (C3), 67.85 (C1), 66.55 (C7), 32.71 (C5),
30.36 (C6), 29.18 (C4). HRMS calculated for [M+Cl]” 197.0581, found
197.0591. The spectral data of the compound is consistent with the
literature data [8].

4.5. (3aR5R7R,7aS)-7-hydroxy-2,2-dimethylhexahydrobenzo[d]
[1,3]dioxole-5-carbaldehyde (6)

Alcohol 5 (430 mg, 2.1 mmol) was dissolved in CH,Cl; (20 mL)
followed by addition of TEMPO (33 mg, 0.2 mmol, 0.1 equiv.) and
TBAB (68 mg, 0.2 mmol, 0.1 equiv.). Then 20 mL of aqueous buffer
solution (0.5M NaHCOs, 0.05M K»CO3) was added followed by
addition of N-chlorosuccinimide (560 mg, 4.3 mmol, 2 equiv.) and
the mixture was allowed to stir at room temperature for 45 min
after which layers were separated, aqueous phase was saturated
with NaCl and extracted with CHyCl, (5 x 10 mL). Combined
organic phases were dried with anhydrous MgSQO,, filtered and
concentrated under reduced pressure. The residue was purified
using flash column chromatography (CH,Cl,/EtOAc, 1:1) to yield
product 6 as a pale yellow oil (330 mg, 77%). 'H NMR (500 MHz,
CDCl3): 6 9.68 (s, 1H-7), 4.39—4.33 (m, 1H-1), 4.02—3.96 (m, 1H-3),
3.93 (t,J = 5.5 Hz, 1H-2), 2.61-2.54 (m, 1H-5), 2.25 (ddd, ] = 10.3,
8.2,4.4 Hz, 2H-4,6), 2.15 (ddd, ] = 14.9, 6.7, 4.4 Hz, 1H-6), 1.62 (ddd,
J =141, 8.5, 5.7 Hz, 1H-4), 1.41 (s, 3H—CH3), 1.34 (s, 3H—CH3); >C
NMR (125 MHz, CDCl3): 6 203.19 (C7), 109.24 (Cisop). 79.00 (C2),
72.92 (C1), 68.08 (C3), 42.45 (C5), 27.69 (C4), 27.27 (CH3), 25.98
(C6), 25.93 (CH3); HRMS calculated for [M+Na]*™ 223.0946, found
223.0918.

4.6. (3aS,4R,6S,7aR)-6-(hydroxymethyl)-2,2-
dimethylhexahydrobenzo[d][1,3]dioxol-4-0l (7)

Aldehyde 6 (70 mg, 0.34 mmol) was dissolved in MeOH (4 mL),
K>CO3 (48 mg, 0.34 mmol, 1.0 equiv.) was added and the mixture
was stirred 18 h at room temperature. The mixture was cooled
down to 0 °C, stirred at 0 °C for 2 h, NaBH4 (26 mg, 0.7 mmol, 2
equiv.) was added, and the reaction mixture was allowed to warm
up to room temperature over 2 h while stirring. Reaction mixture
was diluted with EtOAc and quenched with H,O (0.2 mL). The
solvents were evaporated and the residue was purified using flash
column chromatography (dry loading) using EtOAc as eluent to

yield product 7 as a clear oil (54 mg, 77%)."H NMR (500 MHz,
CDCl3): 64.37 (bs, 1H-1),3.81 (t,] = 5.8 Hz,1H-2), 3.77—3.67 (m, 1H-
3), 3.6—3.46 (m, 2H-7), 2.79 (s, 1H—0OH), 2.13 (d, ] = 14.9 Hz, 1H-6),
2.07—1.85 (m, 3H-4, 5, OH), 1.49 (s, 4H, overlapped peaks 6, CHs3),
1.36 (s, 3H—CH3), 1.16—1.03 (m, 1H-4); *C NMR (125 MHz, CDCl3):
0 108.81 (Cisop.), 81.27 (C2), 74.20 (C1), 72.25 (C3), 66.95 (C7), 33.17
(C5), 33.15 (C4), 29.21 (C6), 28.42 (CH3), 26.23 (CHs3); HRMS
calculated for [M+H]" 203.1283, found 203.1290.

4.7. (1R2R,3R,5R)-5-(hydroxymethyl)cyclohexane-1,2,3-triol (2)

Protected alcohol 7 (20 mg, 0.1 mmol) was dissolved in MeOH
(1 mL) and aqueous 4M HCI (0.1 mL) was added. The mixture was
stirred for 18 h at room temperature after which MeOH was added
and the mixture neutralized with NaOH (4 M aq. soln.). Solvents
were evaporated and the mixture was purified using flash column
chromatography (EtOAc/MeOH 9:1) to yield product 2 as a white
solid (15 mg, 94%). 'H NMR (500 MHz, D;0): 6 3.93 (bs, 1H-3), 3.59
(td, J = 10.1, 4.2 Hz, 1H-1), 3.32—3.25 (m, 2H-7), 3.19 (dd, ] = 9.6,
2.9 Hz, 1H-2), 1.82—1.79 (m, 1H-5), 1.76—1.74 (m, 1H-4), 1.64 (d,
J =142 Hz,1H-4),1.10 (t,] = 13.4 Hz, 1H-4), 0.87 (q, ] = 11.8 Hz, 1H-
6); °C NMR (125 MHz, D,0): 6 76.30 (C2), 70.04 (C3), 69.45 (C1),
66.25 (C7), 35.49 (C6), 33.50 (C4), 32.43 (C5).; HRMS calculated for
[M-+CI]” 197.0581, found 197.0612. The spectral data of the com-
pound is consistent with the literature data [8].

4.8. Computational details

All calculations were performed using the Gaussian 09 software
package [37], without symmetry constraints. The optimized ge-
ometries were obtained employing the PBE1PBE functional with a
standard 6-31G(d,p) [38—42] basis set. That functional uses a
hybrid generalized gradient approximation (GGA), including 25%
mixture of Hartree-Fock [43] exchange with DFT [35] exchange-
correlation, given by Perdew, Burke and Ernzerhof functional
(PBE) [44,45]. Frequency calculations were performed to confirm
the nature of the stationary points, yielding no imaginary fre-
quency for the minima.
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Aim: Quinic acid (QA) is a cyclic polyol exhibiting anticancer properties on several cancers. However, po-
tential role of QA-derivatives against glioblastoma is not well established. Methodology & results: Six-
teen novel QA-derivatives and QA-16 encapsulated poly (lactic-co-glycolic acid) nanoparticles (QA-16-NPs)
were screened for their anti-glioblastoma effect using standard cell and molecular biology methods. Pres-
ence of a tertiary hydroxy and silylether groups in the lead compound were identified for the antitumor
activity. QA-16 have 90% inhibition with the 1Cs, of 10.66 uM and 28.22 uM for LN229 and SNB19, re-
spectively. The induction of apoptosis is faster with the increased fold change of caspase 3/7 and reactive
oxygen species. Conclusion: QA-16 and QA-16-NPs shows similar cytotoxicity effect, providing opportunity
to use QA-16 as a potential chemotherapeutic agent.

First draft submitted: 12 June 2020; Accepted for publication: 5 August 2020; Published online:
30 October 2020
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Glioblastoma (GS) is the most common and aggressive intracranial tumor in adults with unique macrophage
infiltration. It is grade IV astrocytoma and a high grade glial tumor with extreme invasive characteristic features.
Astrocytomas are graded based on their growth rate such as low-grade (slow growth), mid-grade (moderate) and
high-grade (rapid) (1. The malignant astrocytoma is usually treated with chemotherapy and surgery, despite the
advanced treatment modalities the long-term survival rate is poor [21. Current anticancer drugs are limited by their
deleterious side effects, resistance to the drug interventions and the inefficient activity iz vivo. Even targeted drug
therapies have poor therapeutic outcomes in GS patients. Hence, novel broad-spectrum drugs with less side effects newlands
are necessary to improve the GS treatment [3-7]. oress
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Quinic acid (QA) is a cyclic polyol, that have exhibited broad-spectrum antioxidant, anti-inflammatory, hepato-
protective (8] and anticancer properties on several cancer lines, including oral (4], cervical 9] and prostate cancers [8].
QA is a biochemical intermediate in the shikimate biosynthetic pathway that produces aromatic compounds in
plants and microorganisms, whereas in mammals QA cannot be synthesized and must be introduced into their
systems [10]. Once it is absorbed by mammals, QA will be used to synthesize nicotinamide [11]. Nicotinamide is an
important molecule for inducing DNA repair and NF-kB inhibition (8] which is a major regulator transcription
for cell survival, and therefore, its inhibition can induce cell death [12]. Thus, QA derivatives could be a promising
chemotherapeutic agent for developing anticancer drugs.

QA-derived amides were reported as anti-inflammatory agents through the inhibition of pro-inflammatory
transcription factor NF-kB. Structure—activity relationship studies revealed the importance of the exposed (non-
protected) hydroxyl groups for such inhibitory activities. Low or absent anti-proliferative or cytotoxic activities
(<100 puM) were observed for QA-derived amides against adenocarcinomic human alveolar basal epithelial cells
(A549) 113). A derivative, KZ-41 derived from propyl amine, has been shown to counteract p38MAPK-dependent
pro-apoptotic and inflammatory signaling in primary human retinal endothelial cells. It provides an opportunity for
the development of therapy for inflammatory retinal disorders, such as ischemic optic neuropathy or inflammatory
retinal vasculopathy [14,15]. Other amide derivatives are inhibitors of dengue virus replication 77 vitro and safe for
use in Huh7.5, human hepatoma cell lines [16).

Selectins are carbohydrate-binding molecule, that helps in cancer cell interaction due to the increased selectin
ligands in the cell surface 17]. The expression of selectin is correlated with the cancer metastasis and cancer patients’
prognosis condition. Likewise, co-crystal structure of QA with E-selectin was developed [18,19] as selectin inhibitors.
Recently, polymer conjugates derived from QA ligands were found to target E- and P-selectin expressing cells
through endocytosis. These markers are frequently overexpressed in the blood vessels of human cancers and thus
present a suitable target for directed chemotherapy [20). Notwithstanding the many studies on the research of
antitumor and therapeutic properties of chlorogenic acids [21], antitumor properties of simpler carbocycles derived
from QA but devoid of the phenol counterpart have been overlooked. QA conjugated nanoparticles (NPs) acts as
a promising chemotherapeutic drugs for solid tumors [22] but its effect against GS has not been explored.

Poly(lactide-co-glycolide) (PLGA) nanoparticle is a specific type of nanosystem that has been extensively used for
drug-delivery in a controlled, sustained or targeted manner. PLGA is biodegradable, biocompatible and approved
by US FDA for the clinical application in humans [23]. PLGA microspheres, ranging from 100 nm to 50 um in
diameter are used to deliver the siRNA, proteins, drugs, cytokines, hormones, enzymes, vaccines, etc. [24]. The
encapsulation of known chemotherapeutic agent, temozolomide (TMZ) in PLGA NPs increased the drug efficacy
with lower toxicity in healthy tissues by targeting the tumor-specific cells 772 vitro and in vivo [25). In addition, PLGA
also has the ability to deliver the active drug to the localized tumor environment [26]. Yet, the anticancer activity is
only effective depending on the drug to be delivered in the target cells (5-7,27]. In the present study, we intended to
synthesize a panel of novel QA derivatives and develop PLGA NPs to encapsulate the lead-QA derivative and assess
its efficiency in GS tumor cells including patients’ samples. Specifically, the ability to reduce metastatic activity of
the GS cells was investigated via migration assay, the reactive oxygen species (ROS) signaling of treated GS cells
and the activation of caspases 3/7 were measured.

Experimental section
Synthesis of quinic acid derivatives
Sulfate 3

Thionyl chloride (3.5 ml, 42 mmol) was added dropwise to a -10°C solution of 1,5-quinide (2) (5 g, 28 mmol) and
EzN (16 ml, 112 mmol) in CH3CN (350 ml). After reacting for 1 h at that temperature, the reaction mixture was
quenched by addition of water (5 ml) until clearing of the reaction mixture. After CH3CN removal under vacuum,
the reaction mixture was extracted with EtOAc (3x 10 ml). The combined EtOAc extracts were washed with brine,
dried over Na,SOy, filtered and concentrated under reduced pressure. The residue obtained was purified by flash
chromatography using a mixture of hexane/EtOAc (7:3), yielding 3 in 50% yield (3.3 g, 14.0 mmol) as a white
solid. "TH NMR (300 MHz, DMSO-d): 8 6.51 (br. s, 1H), 5.61 (td, / = 6.2, 8.2 Hz, 1H), 5.42 (dd, J = 3.5,
5.9 Hz, 1H), 5.17 (dd, / = 3.2, 6.2 Hz, 1H), 2.65-2.57 (m, 1H), 2.54-2.48 (m, 1H, overlapped with DMSO),
2.26 (d, J = 12.9 Hz, 1H), 2.14 (dd, J = 6.2, 14.4 Hz, 1H); 3*C NMR (75 MHz, DMSO-dj): § 175.59, 79.04,
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75.99, 71.82, 69.41, 36.15, 34.70. High-resolution mass spectrometry (HRMS) [M]" m/z caled for C;HgO7S
235.9991, found 234.9936.

(1R 3R 4S,5R)-1,3,4- Tris((tert-butyldimethylsilyl)oxy)cyclohexane-1,3-carbolactone (4)

Imidazole (3.1 g, 30.8 mmol) was added to a solution of 2 (1.0 g, 5.7 mmol) in CH3CN (25 ml) at 0°C, followed by
TBDMSCI (3.7 g, 24.5 mmol). The reaction was heated at reflux and left stirring overnight. Water (5 ml) was added,
the mixture concentrated under reduced pressure and the concentrate was extracted with EtOAc (3% 10 ml). The
combined organic extracts were washed with Brine, dried over Na,SOy, filtered and concentrated under reduced
pressure. The residue obtained was purified by flash chromatography using a mixture of hexane/EtOAc (98:2) as
eluent, yielding 4 in 71% (2.1 g, 4.0 mmol) as an oil. '"H NMR (500 MHz, CDCl3): § 4.52 (t, / = 5.4 Hz, 1H),
4.01 (t, /= 4.3 Hz, 1H), 3.81 (ddd, / = 4.0, 6.4, 10.7 Hz, 1H), 2.55 (d, /= 11.5 Hz, 1H), 2.21 (ddd, / = 2.6, 6.0,
10.9 Hz, 1H), 2.00-1.91 (m, 2H), 0.92-0.89 (m, 27H), 0.18 (s, 3H), 0.15 (s, 3H), 0.13 (s, 3H), 0.08-0.05 (m,
9H); 3C NMR (125 MHz, CDCl3): § 176.40, 77.26, 77.00, 76.76, 76.13, 74.15, 67.98, 67.82, 40.60, 38.11,
26.03, 25.77, 25.64, 18.23, 18.11, 18.00, -2.81, -4.23, -4.40, -4.83, -4.85. HRMS [M + Cl]* m/z calcd for
CysHs5,055i5C1 551.2811, found 551.2807.

(1R,3R 4S,5R)-1,3,4- Tris((tert-butyldiphenylsilyl)oxy)cyclohexane- 1,3-carbolactone (5)

TBDPSCI (65.5 g, 0.24 mol) was added to a solution of quinide 2 (10.4 g, 0.06 mol) and imidazole (22 g,
0.33 mol) in acetonitrile (120 ml) and the mixture heated to reflux for 60 h. Water (50 ml) was added after cooling
to room temperature, the residue concentrated under reduced pressure and extracted with CH,Cl, (3 50 ml). The
combined organic layers were dried over anhydrous MgSQOy, filtered and concentrated under reduced pressure. The
residue obtained was recrystallized in MeOH upon stirring overnight at room temperature, yielding 5 in 82% yield
(43.4 g, 0.05 mol) as a white solid; 'H NMR (500 MHz, CDCl3): 8 7.60-7.54 (m, 6H), 7.43 (¢, / = 7.7 Hz, 4H),
7.37-7.28 (m, 10H), 7.24-7.18 (m, 8H), 7.15-7.11 (m, 2H), 4.08 (t, / = 4.3 Hz, 1H), 3.84 (t, /= 5.4 Hz, 1H),
3.65-3.61 (m, 1H), 2.08 (d, / = 10.9 Hz, 1H), 1.75 (ddd, J = 2.6, 5.9, 11.0 Hz, 1H), 1.63 (t, / = 11.5 Hz, 1H),
1.35 (ddd, / = 2.3, 5.9, 11.3 Hz, 1H), 0.88 (s, 9H), 0.86 (s, 9H), 0.84 (s, 9H); *C NMR (125 MHz, CDCl):
8 175.01, 136.12, 135.82, 135.78, 135.73, 135.70, 135.44, 134.76, 133.97, 133.82, 133.44, 133.26, 133.09,
132.33, 130.13, 129.95, 129.93, 129.87, 129.68, 129.63, 127.88, 127.72, 127.57, 127.54, 75.06, 74.49, 68.87,
68.09, 39.49, 37.52,27.11, 26.94, 26.68, 19.25, 19.14, 18.81; HRMS [M + Na] ™ m/z calcd for CssHgsO5SisNa
911.3952, found 911.4066.

(18,38,4S,5R)-3,4-Bis((tert-butyldiphenylsilyl oxy]-lhydroxy-6-oxabicyclo[3.2. 1 Joctan-7-one (6)

TBAFe3H,O (7.7 g, 24.5 mmol) was added to a solution of 5 (21.8 g, 24.5 mmol) in THF (120 ml) and the
mixture left stirring overnight. Reaction was quenched by addition of aqueous saturated NH4Cl solution (50 ml),
followed by concentration under reduced pressure to remove THE The resulting mixture was extracted with CH, Cl,
(3 x 50 ml), and the combined organic layers dried with Na, SOy, filtered and concentrated under reduced pressure.
The residue obtained was purified by flash column chromatography on silica gel with hexane/EtOAc (9:1) as eluent,
to provide 6 as a white solid in 87% yield (13.9 g, 21.3 mmol). 'H NMR (500 MHz, DMSO-dy): § 7.79-7.77
(m, 2H), 7.65-7.64 (m, 2H), 7.52-7.34 (m, 12H), 7.29-7.24 (m, 4H), 5.93 (s, 1H), 4.27 (t, / = 5.5, 1H), 4.22
(t, /= 4.2, 1H), 3.66 (ddd, /= 3.7, 5.9, 11.6 Hz, 1H), 2.44 (d, /= 11.5 Hz, 1H), 2.05 (ddd, /= 2.3, 6.0, 11.2 Hz,
1H), 1.96 (t, / = 11.5 Hz, 1H), 1.47-1.44 (m, 1H), 1.04 (s, 9H), 0.85 (s, 9H); *C NMR (125 MHz, DMSO-dj):
3 176.13, 135.68, 135.63, 135.31, 135.05, 132.97, 132.41, 132.36, 130.43, 130.12, 129.93, 129.87, 128.12,
127.86, 127.77, 127.69, 74.70, 71.20, 68.79, 68.23, 26.91, 26.64, 22.10, 19.08, 18.50; HRMS [M + Cl]" m/z
caled for C30H4605S1,Cl 685.7414, found 685.2542.

(1R 3R, 4S8, 5R)-N-benzyl-3,4-bis((tert-butyldiphenylsilyl)oxy)- 1, 5-dihydroxycyclohexane- 1 -carboxamide (7)

Benzylamine (34 pl, 0.31 mmol) was added to a solution of 6 (0.103 g, 0.16 mmol) and EtzN (22 pl, 0.158 mmol)
in THF (0.8 ml), and the mixture refluxed overnight under argon. The reaction was quenched with aqueous
1 M HCI solution, followed by extraction with CH,Cl, (3% 5 ml). The combined organic layers were dried
over Na,SOy, filtered and the solvent removed under reduced pressure. The residue was purified by flash column
chromatography on silica gel using hexane/EtOAc (4:1) as eluent, providing 7 in 88% yield (0.106 g, 0.14 mmol)
as a white solid. '"H NMR (500 MHz, DMSO-dj): 8 8.47 (t, / = 6.0 Hz, 1H), 7.75 (d, / = 7.4 Hz, 2H), 7.64
(d, /= 6.9 Hz, 2H), 7.51-7.46 (m, 3H), 7.45-7.38 (m, 5H), 7.34-7.24 (m, 10H), 7.21 (d, / = 6.9 Hz, 1H),
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7.17-7.15 (m, 2H), 6.39 (d, / = 8.6 Hz, 1H), 5.87 (br. s, 1H), 4.21-4.14 (m, 2H), 3.93-3.89 (m, 2H), 3.43 (br.
s, 1H), 2.31 (1, / = 12.0 Hz, 1H), 1.95 (dd, / = 4.3, 14.6 Hz, 1H), 1.61 (d, / = 14.3 Hz, 1H), 1.57-1.54 (m, 1H),
1.06 (s, 9H), 0.88 (s, 9H); 13C NMR (125 MHz, DMSO-dg): 8 177.56, 138.92, 135.75, 135.55, 135.36, 135.16,
133.49, 133.46, 133.31, 133.17, 129.98, 129.74, 129.63, 129.60, 128.18, 127.80, 127.60, 127.55, 127.48,
127.20, 126.73, 75.11, 74.17, 68.53, 67.56, 42.24, 26.98, 26.81, 19.12, 18.63; HRMS [M + CII" m/z calcd for
C46HssNOsSi,Cl 792.8149, found 792.3293.

(1R,3R,4S,5R)-N-allyl-3,4-bis((tert-butyldiphenylsilyl)oxy)- 1, 5-dihydroxycyclohexane- 1 -carboxamide (8)

Allylamine (56 pl, 0.75 mmol) was added to a solution of 6 (0.201 g, 0.31 mmol) and E;;N (43 ul, 0.309 mmol)
in THF (1.6 ml) and the mixture refluxed overnight under argon. After addition of further allylamine (56 pl,
0.75 mmol) and EtzN (86 pl, 0.618 mmol), the mixture was left at 50°C for 3 days. The reaction was quenched
with aqueous 1 M HCI solution, followed by extraction with EtOAc (3x 5 ml). The combined organic layers
were dried over Na,SOy, filtered and the solvent removed under reduced pressure. The residue purified by flash
column chromatography on silica gel using hexane/EtOAc (4:1) as eluent, providing 8 in 89% yield (0.195 g,
0.28 mmol) as a white solid. 'H NMR (500 MHz, DMSO-dj): 8 8.08 (t, / = 6.0 Hz, 1H), 7.74 (d, / = 7.4 Hz,
2H), 7.64 (d, / = 6.9 Hz, 2H), 7.50-7.46 (m, 3H), 7.44-7.38 (m, 5H), 7.34-7.25 (m, 8H), 6.43 (d, / = 8.6 Hz,
1H), 5.83 (s, 1H), 5.63 (tdd, / = 5.4, 10.5, 17.2 Hz, 1H), 5.02-4.96 (m, 2H), 4.14-4.10 (m, 1H), 3.88 (br. s,
1H), 3.58-3.53 (m, 1H), 3.41-3.37 (m, 2H), 2.29 (t, / = 12.3 Hz, 1H), 1.93 (dd, / = 4.6, 14.3 Hz, 1H), 1.59 (d,
J=14.3 Hz, 1H), 1.51 (dd, / = 3.2, 11.7 Hz, 1H), 1.06 (s, 9H), 0.88 (s, 9H); *C NMR (125 MHz, DMSO-d):
8 177.36, 135.75, 135.55, 135.35, 135.15, 134.63, 133.48, 133.29, 133.17, 130.00, 129.72, 129.63, 129.61,
127.82, 127.59, 127.55, 127.49, 115.30, 75.11, 74.15, 68.50, 67.55, 54.95, 41.12, 36.18, 26.99, 26.82, 19.12,
18.65; HRMS [M + Cl]" m/z calcd for C41Hs;NOsSi, Cl 742.7992, found 742.3148.

(1R 3R 4S8,5R)-3,4-bis((tert-butyldiphenylsilyl)oxy)- 1, 5-dihydroxy-N-methoxy-N-methylcyclohexane- 1-carboxamide
©)

AlMe; (0.65 ml, 6.16 mmol) was added at 0°C to a solution of V,O-dimethylhydroxylamine hydrochloride (0.45 g,
4.61 mmol) in CH,Cl, (4.6 ml) cooled and let stirring at room temperature for 1 h. The mixture was cooled at
0°C, a solution of 6 (1.00 g, 1.55 mmol) in CH,Cl, (1.5 ml) was added dropwise and the mixture let refluxing
overnight. Upon further addition of N,O-dimethylhydroxylamine hydrochloride (0.45 g, 4.61 mmol) and AlMe;
(0.51 ml, 4.61 mmol) the mixture was left at reflux for another 24 h. The reaction was quenched with saturated
NH4Cl, acidified with HCI (1 M) to pH 4 and extracted with CH,Cl,. The combined organic layers were dried
over Na, SOy, filtered and the solvent removed under reduced pressure. The obtained residue was purified by flash
column chromatography on silica gel, using hexane/EtOAc (4:1) as eluent to deliver 9 in 32% yield (0.348 g,
0.49 mmol) as a white solid. "H NMR (500 MHz, DMSO-dj): § 7.70 (d, / = 6.9 Hz, 2H), 7.60 (d, ] = 6.9 Hz,
2H), 7.51 (d, / = 6.9 Hz, 2H), 7.47-7.44 (m, 1H), 7.41-7.35 (m, 7H), 7.32 (¢, / = 7.6 Hz, 2H), 7.27-7.22 (m,
4H), 5.66 (br. s, 1H), 5.36 (br. s, 1H), 4.07 (dd, /= 1.7, 15.5 Hz, 1H), 3.86 (br. s, 1H), 3.48 (br. s, 4H), 2.96 (br.
s, 3H), 2.27-2.22 (m, 2H), 2.06 (d, /= 14.3 Hz, 1H), 1.87 (dd, /= 3.7, 14.0 Hz, 1H), 1.04 (s, 9H), 0.90 (s, 9H);
13C NMR (125 MHz, DMSO-d): 8 135.71, 135.52, 135.37, 135.22, 133.68, 133.49, 133.18, 129.94, 129.63,
129.52, 129.50, 127.77, 127.58, 127.41, 75.04, 74.60, 70.24, 68.23, 68.01, 60.18, 37.82, 36.81, 26.93, 26.86,
19.12, 18.82; HRMS [M + Cl]" m/z caled for C4Hs3NOgSi, Cl 746.7941, found 746.3113.

((1R,3R,4S,5R)-3,4-bis((tert-butyldiphenylsilyl)oxy)-1,5-dihydroxycyclohexyl) (pyrrolidin- 1-yl)methanone (10)

AlMes (0.15 ml, 1.42 mmol) was added to a solution of pyrrolidine (0.12 ml, 1.44 mmol) in toluene (0.6 ml) and
stirred for 30 min. A solution of 6 (0.30 g, 0.46 mmol) in toluene (0.6 ml) was further added and the mixture
heated to reflux overnight. The reaction was quenched with MeOH and HCI (1 M), followed by extraction
with EtOAc. The combined organic layers were washed with water, dried over Na,SOy, filtered and the solvent
evaporated under reduced pressure. The obtained residue was purified by flash column chromatography on silica
gel, using hexane/EtOAc (9:1) as eluent to deliver 10 in 65% yield (0.216 g, 0.30 mmol) as a white solid. 'H NMR
(500 MHz, DMSO-d): § =7.75 (d, /= 6.9 Hz, 2H), 7.65 (d, / = 6.9 Hz, 2H), 7.53 (d, / = 6.9 Hz, 2H), 7.50-7.39
(m, 6H), 7.37-7.26 (m, 8H), 6.58 (d, / = 7.4 Hz, 1H), 5.71 (s, 1H), 3.90-3.88 (m, 2H), 3.73-3.68 (m, 1H),
3.43 (dd, /= 2.9, 6.9 Hz, 1H), 3.16-3.12 (m, 1H), 2.97-2.92 (m, 1H), 2.87-2.82 (m, 1H), 2.30 (t, /= 12.6 Hz,
1H), 1.85 (d, / = 2.9 Hz, 2H), 1.71-1.63 (m, 3H), 1.59-1.64 (m, 2H), 1.06 (s, 9H), 0.87 (s, 9H); 13C NMR
(125 MHz, DMSO-d): 8 174.05, 135.72, 135.51, 135.37, 135.13, 133.55, 133.47, 133.24, 133.14, 130.01,
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129.79, 129.68, 129.63, 127.83, 127.62, 127.60, 127.53, 75.84, 75.25, 68.14, 67.36, 47.35, 46.89, 37.84, 36.64,
26.95, 26.76, 26.00, 22.16, 19.13, 18.65; HRMS [M + Cl]" m/z caled for C43HssNOsSi,Cl 756.8149, found
756.2870.

((1R 3R 4S,5R)-3,4-bis((tert-butyldiphenylsilyl)oxy)- 1, 5-dibhydroxycyclohexyl) (piperidin-1-yl) methanone (11)

AlMe3 (0.10 ml, 0.95 mmol) was added to a solution of piperidine (0.09 ml, 0.91 mmol) in toluene (0.5 ml) and
stirred for 30 min. A solution of 6 (0.20 g, 0.31 mmol) in toluene (0.5 ml) was further added and the mixture heated
to reflux overnight. Upon further addition of piperidine (0.09 ml, 0.91 mmol) and AlMe; (0.10 ml, 0.95 mmol)
the mixture was left at reflux for another 24 h. The reaction was quenched with MeOH and HCI (1 M), followed by
extraction with EtOAc. The combined organic layers were washed with water, dried over Na, SOy, filtered and the
solvent evaporated under reduced pressure. The obtained residue was purified by flash column chromatography on
silica gel, using hexane/EtOAc (9:1) as eluent to deliver 11 in 51% yield (0.116 g, 0.16 mmol) as a white solid. 'H
NMR (500 MHz, DMSO-dj): 8 7.73 (d, / = 6.9 Hz, 2H), 7.64-7.62 (m, 2H), 7.53-7.52 (m, 2H), 7.49-7.44 (m,
3H), 7.41-7.35 (m, 10H), 7.31-7.27 (m, 5H), 6.29 (d, / = 6.3 Hz, 1H), 5.88 (s, 1H), 4.10 (d, / = 6.3 Hz, 1H),
3.89-3.87 (m, 2H), 3.70 (d, /= 8.6 Hz, 1H), 3.45 (d, / = 2.9 Hz, 1H), 2.68 (br. s, 1H), 2.56 (br. s, 1H), 1.85-1.81
(m, 2H), 1.56 (br. s, 1H), 1.43-1.18 (m, 7H), 1.06 (s, 9H), 0.86 (s, 9H); *C NMR (125 MHz, DMSO-dj):
3 173.68, 135.70, 135.51, 135.38, 135.16, 133.54, 133.49, 133.21, 133.17, 130.00, 129.81, 129.71, 129.62,
127.82, 127.67, 127.63, 127.51, 76.25, 75.10, 68.19, 67.52, 38.17, 37.58, 31.00, 26.94, 26.77, 25.33, 25.31,
23.91, 22.10, 19.14, 18.68; HRMS [M + Cl]" m/z calcd for C44Hs7NOsSi, Cl 770.8305, found 770.3446.

Ethyl (1R 3R, 4S, 5R)-3,4-bis((tert-butyldiphenylsilyloxy)- 1, 5-dihydroxycyclohexane-1-carboxylate (12)

A mixture of lactone 6 (50 mg, 0.07 mmol) and amberlyst-15 (20 mg) in EtOH (1 ml) in a sealed tube was
refluxed for 48 h. Reaction mixture was filtered, concentrated under reduced pressure and the residue obtained
purified by flash chromatography on silica gel, using Hexane/EtOAc (90:10) as eluent to deliver 12 in 65 % yield
(35 mg, 0.05 mmol). "H NMR (500 MHz, DMSO-d): § 7.69 (d, / = 6.9 Hz, 2H), 7.58 (d, / = 6.9 Hz, 2H),
7.54 (d, /= 6.9 Hz, 2H), 7.44 (d, / = 6.9 Hz, 3H), 7.40-7.30 (m, 7H), 7.27-7.21 (m, 4H), 5.45 (s, 1H), 4.59 (d,
J = 3.4 Hz, 1H), 4.34-4.30 (m, 1H), 3.95 (br. s, 1H), 3.79-3.70 (m, 2H), 3.52 (br. s, 1H), 2.18-2.16 (m, 1H),
2.08-1.99 (m, 2H), 1.81 (dd, J = 2.3, 13.2 Hz, 1H), 1.03 (s, 9H), 0.92 (s, 9H), 0.90-0.83 (m, 3H); *C NMR
(125 MHz, DMSO-dg): 3 173.31, 135.76, 135.57, 135.51, 135.31, 134.06, 134.00, 133.55, 133.22, 129.92,
129.55, 129.50, 129.39, 127.75, 127.46, 127.38, 73.81, 72.17, 68.52, 68.00, 59.50, 37.80, 36.62, 26.94, 19.13,
18.88, 13.66; HRMS [M + Cl]" m/z calcd for C41Hs;O4Si,Cl 731.2991, found 731.2992.

(3aS,4R, 6R, 7aR)-4,6-dihydroxy-6-(hydroxymethyl)hexahydrobenzo[d][1,3,2]dioxathiole 2,2-dioxide (13)

NaBHjy (400 mg, 10.6 mmol) was added to a 0°C solution of sulfate 3 (500 mg, 2.12 mmol) in EtOH (8 ml) and
the mixture left stirring at that temperature for 1 h. After addition of few drops of brine, the solid was filtered out
and solvent removed under reduced pressure. The residue obtained was purified by flash column chromatography
on silica gel, using MeOH/EtOAc (2:8) as eluent to deliver 13 in 77% yield (393 mg, 1.64 mmol). 'H NMR
(300 MHz, DMSO-dg): 8 5.00 (s, 1H), 4.64 (d, / = 4.1 Hz, 1H), 4.23 (v, / = 4.7 Hz, 1H), 4.00 (d, / = 4.7 Hz,
1H), 3.90 (t, / = 4.1 Hz, 1H), 3.80 (d, / = 6.4 Hz, 1H), 3.26 (dd, / = 2.3, 6.4 Hz, 1H), 3.16 (d, / = 4.7 Hz, 1H),
1.94-1.87 (m, 1H), 1.78-1.65 (m, 3H); *C NMR (75 MHz, DMSO-dg): 8 77.64, 76.08, 74.42, 74.08, 69.27,
43.93, 38.77; HRMS [M-H]~ m/z calcd for C;H1;05S 239.0226, found 239.0127.

(1R 28,3R, 5R)-2,3,5-tris((tert-butyldimethylsilyl)oxy)-5-(hydroxymethyl)cyclohexan-1-ol (14)

LiAlH4 (0.01 g, 0.29 mmol) was added in portions to a 0°C cooled solution of 4 (0.10 g, 0.19 mmol) in Er,O
(10 ml). The reaction was let stirring at this temperature for 30 min, water (I ml) was added and the residue
concentrated under reduced pressure. The aqueous layer was extracted with EtOAc (3x 10 ml), the combined
organic layers washed with brine, dried over Na;SOy, filtered and concentrated under reduced pressure. The
obtained residue was purified by flash column chromatography on silica gel, using hexane/EtOAc (85:15) as eluent
to deliver 14 in 74% yield (0.07 g, 0.14 mmol) as a white solid. 'H NMR (500 MHz, DMSO-dj): § 5.00 (br.
s, 1H), 4.24 (br. s, 1H), 3.87 (td, / = 2.1, 11.7 Hz, 1H), 3.65-3.54 (m, 2H), 3.56 (dd, / = 4.3, 10.6 Hz, 1H),
3.27-3.25 (m, 1H), 1.85-1.82 (m, 1H), 1.78-1.70 (m, 2H), 1.56 (d, / = 13.7 Hz, 1H), 0.87 (s, 9H), 0.86 (s,
9H), 0.80 (s, 9H), 0.04—0.06 (m, 18H); *C NMR (125 MHz, DMSO-dj): 8 76.36, 73.80, 69.53, 68.28, 67.28,
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37.35, 36.64, 25.96, 25.85, 25.64, 18.03, 17.88, 17.84, -2.22, -4.42, -4.57, -4.65, -5.10. HRMS [M + Na] " m/z
caled for CpsHs605Si3Na 543.3326, found 543.3289.

(1R 2S,3R 5R)-2,3,5-tris((tert-butyldiphenylsilyl)oxy)-5-(hydroxymethyl)cyclohexan-1-ol (15)

LiAlHy4 (0.25 g, 6.60 mmol) was added in portions to a 0°C cooled solution of 5 (3.93 g, 4.40 mmol) in E,O
(22 ml). The reaction was let stirring at this temperature for 1 h followed by slow addition of EtOAc (2 ml)
for dilution. Water (2 ml) was added dropwise and the white precipitate formed was filtered out through celite
and dried over Na,SOy. After concentration under reduced pressure, the residue was purified by flash column
chromatography on silica gel, using hexane/EtOAc (8:2) as eluent to deliver 15 in quantitative yield (3.93 g,
4.40 mmol) as a white solid "H NMR (300 MHz, CDCl3): § 7.73 (d, / = 8.2 Hz, 2H), 7.62 (d, / = 7.6 Hz, 2H),
7.55(d,/=8.2Hz, 2H), 7.43 (dd, /= 8.2, 9.4 Hz, 4H), 7.33-7.14 (m, 18H), 7.01-6.96 (m, 2H), 3.82 (br. s, 1H),
3.59 (d, / = 2.9 Hz, 1H), 3.50 (d, / = 12.3 Hz, 1H), 2.69 (dd, / = 11.2, 15.3 Hz, 2H), 2.42 (t, / = 12.3 Hz, 1H),
2.10(dd, /= 3.8, 14.4 Hz, 1H), 1.73 (d, /= 14.6 Hz, 1H), 1.57 (br. s, 1H), 1.23-1.19 (m, 2H), 1.09 (s, 9H), 0.91
(s, 9H), 0.80 (s, 9H); '*C NMR (75 MHz, CDCl3): § 136.29, 136.06, 135.95, 135.92, 135.21, 135.11, 134.47,
134.08, 133.57, 133.46, 129.72, 129.46, 127.65, 127.57, 127.45, 127.39, 127.34, 77.63, 74.18, 70.07, 69.99,
68.68, 39.84, 37.10, 27.23, 27.12, 26.92, 19.56, 19.34, 18.86; HRMS [M + Cl]" m/z caled for Cs5sHgsO5SizCl
927.8905, found 927.4029.

(1R,3R,4S,5R)-4,5-bis((tert-butyldiphenylsilyl) oxy)- 1-(hydroxymethyl)cyclohexane-1,3-diol (16)

NaBHjy (0.25 g, 6.75 mmol) was added in portions to a 0°C cooled solution of 6 (0.88 g, 1.35 mmol) in ethanol
(10 ml). The reaction was let to reach room temperature and let stirring overnight. The reaction was cooled at
0°C, quenched with brine (10 ml) and let stirring for 30 min at room temperature. The residue was concentrated
under reduced pressure, and extracted with EtOAc (3x 10 ml). The combined organic layers were washed with
brine, dried over Na,SOy, filtered and the volatiles removed under reduced pressure. The residue obtained was
purified by flash column chromatography on silica gel, using hexane/EtOAc (6:4) as eluent to deliver 16 in 92%
yield (0.81 g, 1.24 mmol) as a white solid. "H NMR (500 MHz, DMSO-d): § 7.77 (d, / = 6.9 Hz, 2H), 7.63
(dd, / = 1.0, 9.7 Hz, 2H), 7.56 (dd, / = 1.7, 7.4 Hz, 2H), 7.46-7.35 (m, 10H), 7.32 (¢, / = 7.4 Hz, 2H), 7.27 (s,
J=7.4Hz, 2H), 4.67 (d, / = 4.0 Hz, 1H), 4.15 (s, 1H), 3.99-3.89 (m, 3H), 3.57 (br. s, 1H), 2.98 (dd, / = 6.0,
11.2 Hz, 1H), 2.70 (dd, /= 5.7, 10.9 Hz, 1H), 2.06 (t, /= 12.1 Hz, 1H), 1.65 (dd, /= 3.5, 15.5 Hz, 1H), 1.55 (d,
J=14.9 Hz, 1H), 1.42 (dd, /= 2.5, 11.9 Hz, 1H), 1.06 (s, 9H), 0.91 (s, 9H); '*C NMR (125 MHz, DMSO-d):
3 135.80, 135.55, 135.51, 135.32, 133.91, 133.81, 133.50, 133.31, 129.86, 129.72, 129.60, 129.56, 127.73,
127.59, 127.56, 127.48, 74.69, 71.73, 68.71, 68.63, 67.75, 38.19, 35.00, 26.93, 26.83, 19.17, 18.60. HRMS
[2M + Na]* m/z caled for C7gH;g9O10SisNa 1332.6318, found 1332.6217.

(1R, 2R 3R, 55)-2,3, 5-tris((tert-butyldiphenylsilyl)oxy)-5-(((methylsulfonyl)oxy)methyl)cyclohexyl methanesulfonate (17)
Mesyl chloride (0.28 g; 2.46 mmol) was added dropwise at 0°C to a cooled mixture of diol 15 (1.00 g, 1.11 mmol)
and EgN (0.30 g, 2.89 mmol) in E,O (6 ml) and the mixture left stirring at that temperature for 2 h. EgN
(0.23 g, 2.23 mmol) was further added, followed by TMSCI (0.25 g, 2.23 mmol) to trap the unreacted diol in
the form of correspondent silyl ether. The mixture was then allowed to reach room temperature and quenched
with H,O (5 ml). The aqueous layer was extracted with CH,Cl, and the organic layers combined dried over
MgSOy, filtered and concentrated under reduced pressure. The residue obtained was purified by flash column
chromatography on silica gel, using hexane/EtOAc (4:1) as eluent to deliver 17 in 86% yield (1.00 g, 0.95 mmol)
as a white foam. 'H NMR (500 MHz, CDCl3): 8 7.81 (dd, / = 1.0, 8.0 Hz, 2H), 7.72 (dd, / = 1.0, 8.0 Hz, 2H),
7.62 (dd, /= 1.1, 8.0 Hz, 2H), 7.53-7.50 (m, 2H), 7.50-7.31 (m, 13H), 7.29-7.26 (m, 1H), 7.23-7.17 (m, 6H),
7.04 (t, /= 8.0 Hz, 2H), 4.55 (q, / = 3.1 Hz, 1H), 4.06-4.05 (m, 1H), 3.28-3.24 (m, 1H), 2.99 (d, /= 10.3 Hz,
1H), 2.90 (dd, / = 1.1, 9.7 Hz, 1H), 2.61 (s, 3H), 2.56 (s, 3H), 2.26 (d, / = 14.9, 1H), 2.15 (dd, J = 2.3,
15.0 Hz, 1H), 1.25-1.22 (m, 1H), 1.19 (s, 10H), 0.99 (s, 9H), 0.84 (s, 9H); '*C NMR (125 MHz, CDCl3):
3 136.18, 136.07, 135.88, 135.71, 135.65, 134.57, 134.19, 133.71, 132.50, 132.17, 130.14, 129.87, 129.72,
129.64, 129.58, 127.96, 127.68, 127.60, 127.51, 76.89, 74.51, 72.04, 71.22, 68.11, 38.19, 37.78, 36.78, 32.72,
27.09,26.91, 26.66, 19.48, 19.32, 18.76. HRMS [M + Na]* /2 caled for Cs;Hy,04S,Si;Na 1071.3816, found
1071.3826.
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Characterization of compounds

All synthesis was carried out in oven-dried glassware under inert atmosphere. Anhydrous dichloromethane and
triethylamine were obtained using PureSolv Micro multi-unit purification system. Acetonitrile was left standing
over 3 A molecular sieves and used without further drying. All other reagents were purchased from Sigma Aldrich
(MO, USA) or TCI and used without purification. Reactions were monitored through thin-layer chromatography
(TLC) with commercial silica gel plates (Merck silica gel, 60 F254, Darmstadt, Germany). Plates were stained with
cerium ammonium molybdate and subsequently developed for visualization under UV lights at 254 nm. Flash
column chromatography was performed on silica gel 60 (40-63 {tm) as stationary phase. "H NMR spectra were
recorded at 300 MHz and '*C NMR spectra at 75 MHz in a 300 MHz Varian Mercury spectrometer (Varian, CA,
USA) or alternatively, 'H and ">C spectra were recorded at 500 MHz and 125 MHz respectively in a JEOL ECZR
500 instrument (JEOL, Tokyo, Japan) (Supplementary data). CDCl3 or DMSO-dj were used as solvents for NMR
analysis. Chemical shifts (3) are reported in ppm referenced to the residual peak of the deuterated solvent (82.50 for
DMSO-dj, 87.26 for CDCl3) or TMS peak (3 0.00) for 'H NMR and to DMSO-4; (8 39.52) or CDCl; (8 77.16)
for ¥C NMR. The following abbreviations were used to describe peak splitting patterns: s = singlet, d = doublet,
t = triplet and m = multiplet. Coupling constants J were reported in Hertz (Hz). High-resolution mass spectra were
recorded on a Waters ESI-TOF MS spectrometer (Waters, MA, USA).

Cell culture

The human glioblastoma cell lines SNB19, LN229 and a noncancerous cell line, mouse embryonal fibroblast (MEF)
cells were used to test the anticancer effect of QA derivatives. Both LN229 and SNB19 exhibit mutated p53 proteins.
LN229 was established from a patient with right frontal parieto-occipital glioblastoma with mutated p53 (TP53)
and homozygous deletions in the p16 and pl4ARF tumor suppressor genes. SNB19 was derived from a patient
with the left parietooccipital glioblastoma tumor. MEF cells exhibit an E10.5 genotype with Vin +/4 (vinculin),
and has p53 function, providing a preliminary model for comparing p53 activity, and was obtained from Wolfgang
H. Ziegler (Hannover Medical School, Hannover, Germany) (28,291. The Dulbecco’s Modified Eagle Medium-
high glucose (DMEM) (Biowest, #L.0102-500; Biowest, Nuaill¢, France) supplemented with 10% fetal bovine
serum (FBS) (Biowest, #S181H-500), 100 U/ml Penicillin, 0.1 mg/ml Streptomycin (Sigma-Aldrich, #P4333),
0.025 mg/ml Ampicillin B (Sigma-Aldrich, #A9528), 0.05% 1x trypsin/EDTA (ThermoFisher Scientific, #25300,
MO USA), was used to grow these cell lines. Cell cultures were incubated at 37°C supplemented with 5% CO? in
a humidified incubator. Cultures were passaged at 70% confluence, following standard cell passaging protocol.

QA Derivatives preparation & preliminary cytotoxicity screening

Newly synthesized QA derivatives were dissolved in dimethyl sulfoxide (DMSO) (Sigma Aldrich, #D2650) (30] to
obtain an initial concentration of 100 mM. Intermediate dilutions (2 and 4 mM) were prepared from the stock
concentration, 100 mM solution. The compounds were screened for cell growth inhibition potential in glioblastoma
to measure their chemotherapeutic potential. LN229 were seeded on 12-well plates with a cell density of 1x 10°
cell/well. After 48 h, the cells were treated with 100 UM concentration of each quinic acid derivatives. Untreated,
negative control (DMSO) were also maintained. Cell viability was quantified following the trypan blue exclusion
method. The live and dead cell populations were counted using a Countess IT FL Hemocytometer (ThermoFisher
Scientific, #A25750) and the percentage of cell growth inhibition was calculated using the Formula (1):

R Mean Nr. of untreated cells (DMSO control)—Mean Nr. of treated cells x 100
[ -
Cell growth inhibitaion (%) = Hean N of untreated cells (DMSO comiral (Eq. 1)

Three biological and two technical repeats were maintained to obtain the statistical data. The compound that
expresses higher cytotoxic effect was selected for further in-vitro analysis.

Dose- & time-dependent inhibition assay

Dose- and time-dependent inhibition assay is the next level of screening in which the potency of the top lead
compound, QA-16, was measured where the correlation between the dosage of the compound and the growth
inhibition was measured (311. LN229 and SNB19 cells were seeded on 12-well plates with a density of 1 x 103
cell/well. After 48 h, the cells were treated with 100, 75, 50, 25 and 10 uM concentrations of QA-16, TMZ
(positive control) and DMSO (0.1%, negative control). Cell viability was quantified after 48 h using the Trypan
Blue Exclusion method as outlined above. Semi-log dose-response curves were plotted to calculate the ICsg of the
compounds specific for each cell line. The cytotoxicity of the QA-16 at a concentration of 28 UM was evaluated
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in non-cancerous cell line, MEE. Also, time-dependent effect of lead compound was tested against the growth of
1LN229 and SNB19 cells with the ICs( concentration for 24, 48 and 72 h.

The percentage of cell growth inhibition was calculated using the Equation 1. Three biological and technical
repeats were used to obtain the statistically significant results.

Ex-vivo cell growth inhibition assay in patient-derived cells

The low-passage primary patient cell lines, MMKI and RN1 (gifted by Dr. Brett Stringer QIMR Berghofer,
Medical Research Institute, Australia) were used for testing the efficacy of the QA-16. Both MMKI1 and RN1
cells were seeded with the density of 1 x 10° cells/well and maintained in an incubator at 37°C in humidified
air with 5% CO,. Cells at 70% confluent growth were treated with ICsy concentration (28 uM) of the QA-16.
Treated cultures were incubated for 48 h and the percentage of cell growth inhibition was quantified by trypan blue
assay as described above. All the experiments were conducted with three biological and technical repeats to test the
significance.

Wound healing scratch assay

An effective anticancer drug against GS should be able to slow down or halt the cell proliferation and migration,
thus the scratch assay is a simple method employed to test the potential of QA-16 affecting the migration of
the cells. A cell density of 2 x 10° cells/well of LN229 and SNB19 were seeded in 12-well plates and grown
overnight at 37°C with 5% CO; to obtain a monolayer of cells which was scratched using a pipette tip for further
experimentation. The debris was removed, edges of the scratch were smoothened by washing the cells with 1 ml
of the complete medium. This is followed by addition of 1 ml of the culture medium containing 1% FBS and the
ICs concentration of the compound. Cells without the compound and with only medium containing 1% FBS
was used as an untreated control. The scratch area was imaged under light microscope at 2 h interval for a period
of 8 h to measure the distance between the edges of the scratch at each point and the percent of area covered at 0-h
distance.

Preparation of QA-16 loaded PLGA nanoparticle (QA-16-NPs)

Poly (lactic-co-glycolic acid) (PLGA) 75:25 Purasorb® PDLG 7502A (MW 17,000 Da) was donated by Corbion
Purac (Amsterdam, The Netherlands). Dichloromethane and polyvinyl alcohol (PVA) were obtained from Sigma—
Aldrich (Steinheim, Germany). MilliQ-water and other reagents used in the experiments were of analytical grade.
PLGA nanoparticles were produced by the oil-in-water simple emulsion technique, following the modified solvent
emulsification-evaporation protocol (32]. Briefly, 15 mg of PLGA was dissolved in 2 ml of dichloromethane along
with 5 mg of top lead compound (QA-16) and the solution was sonicated for 30 s at 70% of amplitude using
a Q125 Sonicator (QSonica Sonicators, CT, USA). This phase of solution was poured into 8 ml of a 2% PVA
(w/v) and later the dichloromethane was removed after constant stirring in magnetic stirrer for 4 h. Unloaded
nanoparticles were also produced.

Particle size, polydispersity index & morphology of QA-16-NP

The particle size and polidispersity index (PDI) were analyzed by dynamic light scattering using a Delsa™ Nano C
(Beckman Coulter, Inc., CA, USA) after a proper dilution of the nanoparticle suspensions. All the samples were
analyzed in triplicate. The morphology of the QA-16-NP was observed by scanning electron microscopy (SEM)
on a JSM-7001F microscope from JEOL (Tokyo, Japan). The nanoparticle suspensions were placed onto metal
stubs, dried overnight and vacuum-coated with a layer of gold/palladium during 20 s with a current of 25 mA.

Cytotoxicity effect of QA-16-NPs on glioblastoma cell lines

The glioblastoma cell lines SNB19 and LN229, were seeded on 12-well plates with a cell density of 1 x 10
cell/well. 70% confluent cells were treated with ICsy concentration of QA-16, QA-16-NPs s and PGLA alone
(NPs). Cell death was quantified at 48 h and 72 h by trypan blue as described above. All the experiments were
conducted with three biological and technical repeats to test the significance.

Apoptosis assay by annexin V-FITC/PI staining
To determine whether the GS cells were sensitized to apoptosis by the action of QA-16, Annexin V-FITC and PI
staining was performed. In brief, glioblastoma cell lines, SNB19 and LN229, were cultured in 6-well plates with
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an initial density of 0.8 x 10° cells/well using the complete medium. After 24 h, the medium was replaced with
serum-free medium and incubated at 37°C overnight. Cells were treated with ICsy concentration of the QA-16,
QA-16-NPS s conjugate. In addition, untreated and DMSO (0.1%) treated conditions were also maintained.
After 24 h of treatment, cells were trypsinized, centrifugation at 3000 rpm for 10 min and the cell pellets were
resuspended in ice-cold 1x annexin-binding buffer. Annexin V-FITC and PI working solutions were added to
the cell suspension as suggested by the manufacturer protocol. The cells were transferred to a clear-bottom,
black 96-well plate and incubated in dark conditions at room temperature for 15 min prior to the fluorescence
measurement. The fluorescence images were analyzed for the quantification of necrotic, apoptotic and non-apoptotic
cell percentages 3,331 using an Invitrogen Evos XL™ Digital Inverted Brightfield and Phase Contrast Microscope
(ThermoFisher Scientific, #Invitrogen™ AME3300).

Caspases 3/7 activity assay

The Caspases 3/7 Activity Assay was performed in SNB19 and LN229 cells. The cells were seceded on 96-well plates
in complete medium at an initial density of 1 x 10% cells/well and incubated overnight at 37°C with 5% CO,.
The cells were treated with ICsy concentration of the QA-16, QA-16-NPs conjugate and NPs along with DMSO
(0.1%) and untreated cells and incubated for 5 h. The cells were allowed to equilibrate to room temperature for
30 min and 100 pl of Caspase-Glo reagent (Glo® 3/7 Assay kit, Promega, WI, USA) was added to the treated,
untreated and blank wells. The plates were placed on an agitator for 30 s at 300 to 500 rpm and incubated for
1 hin dark conditions. After incubation, the luminescence signal was measured using a plate-reading luminometer
(Tecan, Spark, Minnedorf, Switzerland). The fold change in caspase 3/7 was calculated using Formula (2).

Foy — F
% Change of Activity = M = Fotal) 300 (Eq. 2)
(anm;/ - Fblanlz)
Where F is the luminescence from the treated wells, F ool is the luminescence from the untreated wells, and

Fplank is the luminescence from the unstained wells.

Reactive oxygen species assay

Cell lines, SNB19 and LN229, were seeded in 12-well plates with an initial density of 1 x 10° cells/well in complete
medium and incubated overnight at 37°C with 5% CO,. After incubation, the medium was replaced with serum-
free medium upon treatment. The treatment conditions were maintained as same as the apoptotic assay mentioned
above. In addition, 30% H,O, was used as a positive control. After the treatment, the plate was incubated for
5 h at 37°C with 5% CO,. Cells were trypsinized and centrifuged at 3000 rpm for 10 min. The supernatant was
discarded, and the cells were resuspended in 2 uM 2',7'-dichlorodihydrofluoresceindiacetate (H2ZDCFDA) [34].
Further, the cells were incubated for 10 min in dark condition, washed with 500 pl of pre-warmed PBS and finally
centrifuged at 3000 rpm for 10 min. Cells were recovered in a 100 pl serum free medium and incubated in a
96 black well plate for 20 min at 37°C with 5% CO,. Fluorescent intensity was measured using a Plate-reading
Luminometer (Tecan, Spark) at 485 and 538 nm. The fold change of intracellular ROS was calculated using the
Formula (2).

Statistical analysis
The data were shown as means & standard deviation of all biological and technical replicates. Statistical significance
was evaluated by equal variance #tests, and results were considered statistically significant if the p < 0.05.

Results

Synthesis of quinic acid derivatives

The compounds to be tested were prepared as described in Figure 1. 1,5-Quinide 2 was first prepared by acid-
promoted lactonization of quinic acid 1 as previously described (351. The hydroxyl groups were converted into
sulfate 3 and silyl ethers 4 and 5, thus the first library of compounds was created. Conventional protective group
procedures, namely treatment with thionyl chloride or excess chlorosilanes in the presence of imidazole allowed the
installation of sulfate and silyl ethers respectively. Selective desilylation of the tertiary silyl ether 5 was accomplished
by treatment with a stoichiometric amount of TBAF hydrate. The second library of compounds, corresponding
to amides 7-11 or the ester 12 was obtained from lactone ring-opening of 6 upon treatment with primary and
secondary amines, requiring the use of superstoichiometric amounts of trimethylaluminum for the later. Despite
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Figure 1. Reagents and conditions. (A) Amberlyst, CH3CN, reflux; (B) SOCI, (1.5 eq.), EtsN (4 eq.), CH3CN, -10°C, 50%
of 3; (C) TBDMSCI (4.3 eq.), imidazole (5.4 eq.), CH3CN, reflux, 71% of 4; (D) TBDPSCI (4.0 eq.), imidazole (5.5 eq.),
CH3CN, reflux, overnight, 82% of 5; (E) TBAFe3H,0 (1 eq.), THF, r.t., 5 h, 87%; (F) NH2R (2-4 eq.), Et3N (1-2 eq.), THF,
reflux, 1-3 days, 88-89% of 7-8; (G) MeONH;eHCI (6 eq.), AlMes (6 eq.), CH,Cl, r.t. to reflux, overnight, 32% of 9; (H)
NHR; (3-6 eq.), AlMe3 (3-6 eq.), toluene, reflux, 51-65% of 10-11; (I) amberlyst-15, EtOH, reflux in sealed tube, 65%
of 12; (J) NaBH4 (5 eq.), EtOH, r. t., 77-92% of 13 or 16; (K) LiAlH, (1.5 eq.), Et,O or THF/Et,0, 0°C, 30 min, 74% to
quantitative of 14-15; (I) MsCl (2.2 eq.), Et3N (2.6 eq.), Et,0, 0°C, 86%.

QA: Quinic acid; r.t.: Room temperature.

the good yields (51-88%) of amides 7, 8, 10 and 11, Weinreb amide 9 was found to be only 32%. Ethyl ester 12
was prepared by ethanolysis of lactone 6. Reduction of lactones 3—6 with NaBHy or LiAlHy resulted in opening of
the ring and subsequent reduction of the terminal carbonyl group to the corresponding primary alcohols, providing
the last library of compounds including, 13-16. Diol 15 was further transformed into mesylated derivative 17 by

treatment with mesyl chloride.

Cytotoxicity effect of quinic acid derivatives

Cytotoxicity effects for series of quinic acid derivatives 3-5 and 7-17 at the concentration of 100 UM, against
glioblastoma cell line, LN229 was assessed by Trypan Blue exclusion assay. It was found that the lactone moiety
of 1,5-quinide derivatives 3-5 did not confer any inhibitory effect. However, all tested quinic acid-derived amides
containing the TBDPS moiety at C-3 and C-4 were found to induce 25-66% cell growth inhibition. The related
ethyl ester derivative 12 did not provide any additional inhibitory effect on comparison with amides 7-11. Contrary
to the lack of cytotoxicity in the reduced forms of quinides 3 and 4, diol 15 showed considerable inhibitory effect
when compared with the corresponding quinide form 5. Notwithstanding the increase in cell growth inhibition by
mesylation of the alcohol moieties in 17, exposure of the tertiary hydroxyl moiety in compound 16 was recognized
as more effective. Thus, from the series of compounds tested, bis-TBDPS containing derivative 16, designated
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Figure 2. Cell viability assay. (A) Percentage of growth inhibition for series of compounds 3-17; (B) Structure of top
lead compound QA-16. (C) Dose-dependent analysis of QA-16 and TMZ (positive control). (D) Microscopic observation
of patients’ derived cell lines (RN1 and MMK1) in QA-16 treated and control. (E) Percentage of growth inhibition in
MEF (control) and RN1 and MMK1 at a concentration of 28 uM. The significant differences between treated and
controls groups are shown as *p < 0.05.

QA: Quinic acid; MEF: Mouse embryonal fibroblast.

as QA-16, was identified to have the best inhibitory effect against LN229 with the inhibition percentage of
90.12 % 5.10 % and hence it was selected and used for further assays (Figure 2A).

The ICsg value of QA-16 (Figure 2B) against LN229 and SNB19 was found to be 10.66 & 4.71 pM and
28.22 £ 9.87 UM, respectively, whereas TMZ (positive control) was found to have higher ICsg 0f 87.76 & 6.92 uM
and 84.39 £ 2.60 puM for the respective cell lines (Figure 2C). Also, the cytotoxicity of QA-16 was concurrently
tested against patient-derived cell line RN1, MMKI1 and mouse embryonic fibroblast (MEF) as described in the
method section. QA-16 exhibited a higher percentage of inhibition in patient-derived cell line RN1 (91.33%)
and MMK1 (99.03%) when compared with DMSO which showed around 5%. The phase-contrast microscopic
observation revealed the appearance of monolayer of cells in the untreated condition with the disrupted cell growth
in the treated conditions (Figure 2D & E). The growth inhibition (%) was found to be lower in the noncancerous
cell, MEE, (19.19%) when compared with patients cell line. These data confirmed the better cytotoxicity effect of
QA-16 on glioma cell lines and in patients’ derived cell line with the least effect on noncancerous cells. Although
all established chemotherapeutic or biological anti-cancer drugs have shown varied anti-tumor effects, QA-16
exhibited similar percentage of cell growth inhibition of ~100% at 100 M concentration in two GBM cell lines,
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Figure 3. QA-16 affects glioblastoma cell growth. Cell viability of (A) LN229 and (B) SNB19 treated with ICsg
concentration, DMSO (positive control) and QA16 (test compound) at 0, 24, 48 and 72 h. (C) Microscope images of in
vitro scratch assay at 0 h and 8 h for LN229 (E) and in SNB19. The dark lines outlines the areas lacking cells. (D)
Percentage of area field at different time points of treatment with QA16 and DMSO in LN229 (F) and in SNB19. The
significant differences between treated and controls groups are shown as *p < 0.05.

DMSO: Dimethyl sulfoxide; QA: Quinic acid.

LN229 & SNB19 and two patients’ derived cell lines, RN1 & MMK1, which shows its potential anti-cytotoxicity
effect.

QA-16 affects glioblastoma cell migration in a time lapse manner

To further evaluate the effect of QA-16 in a time-dependent series, ICs concentration on the respective cell lines,
LN229 and SNB19 was used. Figure 3A & B compares the time-dependent responses at 0, 24, 48 and 72 h on
QA-16 exposure. As time increases, QA-16 caused a gradual increase in the cell growth inhibition in LN229 (38%)
and in SNB19 (53%) at 72 h from the initial time of treatment. DMSO, negative control showed a negligible
percentage of growth inhibition. Thus, our results suggest that QA-16 was able to increase the cytotoxicity in a
time-dependent manner.

The in-vitro scratch assay was also performed to assess the effect of QA-16 on the migration rate of both
glioblastoma cell lines. The images were captured at 0, 2, 4, 6 and 8 h and the wound closure distance was
calculated using Image ] software. The calculated values were based on the scratch coverage rate up to 8 h. The
migration analysis showed that for both QA-16 treated cell lines, there is not much significant difference in the rate
of migration when compared with DMSO until 4 h. Yet, when the treatment time is increased to 8 h, it showed
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significant decrease in the percentage of migration rate of about 27.6% for LN229 and 15% for SNB19, when
compared with DMSO treated cells with the rate of 47.5 and 28.6%, respectively (Figure 3C-3F). Consequently,
the ability of QA-16 in inhibiting the migration of the glioblastoma cells was confirmed.

Characterization of QA-16 encapsulated PGLA

The QA-16 was loaded into PLGA nanoparticles (QA-16-NP) by a solvent evaporation emulsion technique
(Figure 4A). Number based distribution of size were measured by dynamic light scattering and the intensity
distribution analysis for the characterization of the diameter of the nanoparticles are shown in Figure 4B. The
nanoparticles were also observed by scanning electron microscopy (SEM), and they have shown a characteristic
spherical shape, smooth surface and the size was in accordance with the DLS results (Figure 4C). The PLGA
nanoparticles produced without the QA-16 compound showed a particle size of 247 £ 7 nm and a narrow PDI
value of 0.19 £ 0.01. Upon encapsulation of QA-16, a slight increase in particle size (322 & 26 nm) and PDI
(0.25 % 0.02) were observed, which shows the association of the drug into the nanoparticles (Figure 4D).

Cytotoxic effect of QA-16-NPs

Time-dependent cytotoxicity study was performed by exposing glioblastoma cell lines with the ICsy concentration
of QA-16, QA-16-NPs and NPs as described in the methods. The microscope images of cells treated with QA-16,
and QA-16-NDs, showed the changes in the cellular morphology with least number of cells in both the cell lines
upon treatment (Figure 5A). The untreated cells were found to have efficient cell growth with uniform monolayer.
For LN229, there was no significant difference in the cell growth inhibition in QA-16 and QA-16-NPs treated
condition.

Specifically, it was found to have 26 and 43% for QA-16 and 23 and 52% for QA-16-NPs at 48 and 72 h,
respectively (Figure 5B). In case of SNB19, the cytotoxic effect of QA-16 was significantly higher, which showed
up to 72 and 81% and 54.53 and 54.16% for QA-16-NPs at 48 and 72 h, respectively (Figure 5C). However, the
inhibition percentage for NPs alone was less which is below 10% up to 72 h. Thus, the above results show that the
cytotoxicity of the QA-16-NPs was effective against LN229 than SNB19 at 72 h, thus performed differently in a
cell specific and time-dependent manner. The cytotoxicity effect of NPs is highly dependent on the type of the cells
they encounter, which might be due to the difference in the cell physiology, proliferation ability and various other
characteristic features of the cell membrane (36]. Especially cancer cells are very strong toward the nanoparticle effect
than the normal cell due to their increased proliferation rate, metastatic ability and higher metabolic rate 37,38). It
is also noted that the QA-16-NPs was highly cytotoxic than NPs alone in both the cell lines.

Induction of apoptosis by QA-16-NPs

To study the effect of NPs on the induction of apoptosis, the glioblastoma cells were treated with the ICs
concentration of QA-16, QA-16-NPs and NPs which were stained with annexin V/PI as described in methods.
Annexin V, a phospholipid binding protein functions as a biomarker to identify the cells undergoing apoptosis
and propidium iodide is a DNA binding stain that helps to differentiate necrotic cells from apoptotic cells.
The changes in the cellular morphology such as reduction in nuclear size, chromatin condensation, and DNA
fragmentation was observed under fluorescence microscope. Figure 6A correspond to the DMSO treated cells
appearing as nonfluorescent and the treated cell lines as fluorescent bright orange-green-red stain of Annexin V/PI,
that demonstrates the process of apoptosis. Figure 6B & C shows the necrosis and different stages of apoptosis in
LN229 and SNB19 treated cells, respectively. Percentage of apoptosis on DMSO treated cells were <10% than the
QA-16 and QA-16-NPs in both the cell lines. In QA-16 treated LN229 and SNB19 cells, around 5% and 0.1%
of cells were in necrotic, 52 and 94% in early apoptotic and 33 and 5.39% in late apoptotic stage, respectively.
Similarly, in QA-16-NPs treated LN229 and SNB19 cells, around 15 and 12% were in necrotic, 23 and 19% in
early apoptosis and 45 and 26% in late apoptosis, respectively. These results confirm that, QA-16-NPs induced the
cell death at a faster rate and henceforth higher percentage of late apoptotic cells were observed. Notably, QA-16
treated cells show the presence of higher percentage of cells in early apoptosis, suggesting the rate of apoptosis is
slower than QA-16-NDs.

Effect of QA-16-NPs on caspase & ROS production
Caspase, a family of cysteine proteases, plays key role in mediating many biochemical and morphological changes
associated with apoptotic cells. Caspase activation is used as a biomarker for the detection of apoptosis process and
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loaded PLGA nanoparticles. (B) Intensity distribution size of drug loaded PLGA NPs (QA-16-NPS s). The horizontal scale
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DLS: Dynamic light scattering; NP: Nanoparticle; PLG: Poly(lactic-co-glycolic acid); QA: Quinic acid; SEM: Scanning
electron microscope.

hence the influence of QA-16-NPs was assessed in glioblastoma cell lines. The results revealed that the QA-16 and
QA-16-NPs treated LN229 cells showed up to 1.6- and 1.7-fold increase in caspase3/7 activity, whereas SNB19
cells have 0.46- and 0.4-fold increase (Figure 7A). Thus, QA derivatives may induce apoptosis in LN229 than
SNB19 cells by increasing the activation of caspase 3/7 pathway. Also, estimation on the amount of reactive oxygen
species serves as a reliable source of oxidative stress. Upon treatment of LN229 with QA-16 and QA-16-NDs,
it showed a significance fold change of about 2.9 when compared with the control (H,O,). QA-16-NPs treated
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Figure 5. Cytotoxicity effect of QA-16-Nps on glioblastoma cell lines. (A) Microscopic images of untreated (control)
LN229 and SNB19 cells on treatment with the 1Cso concentration QA-16 and QA-16-NPS s. (B) Percentage of cell
growth inhibition of LN229 cells and (C) in SNB19 cells treated with ICso concentration QA-16 and QA-16-NPs versus
control groups (NPs alone) at different time points. The significant differences between treated and controls groups
are shown as *p < 0.05.

1Cso: Half maximal inhibitory concentration; NP: Nanoparticle; QA: Quinic acid.
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Figure 6. Apoptosis induction by QA-16-NPs by annexin V/PI stained glioblastoma cells. (A) Microscopic images of
LN229 and SNB19 cells treated with DMSO (negative control), ICso concentration of QA-16, QA-16-NPs; necrosis
(nucleus is red), apoptosis (cell membrane is strongly stained with green and/or red) and live (cells with less or no
fluorescence). (B) Percentage of apoptosis and necrosis in LN229 and (C) in SNB19 cells. The significant differences
between treated and controls groups are shown as *p < 0.05.

DMSO: Dimethyl sulfoxide; NP: Nanoparticles; QA: Quinic acid.
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SNB19 cells has about 2.7-fold change with the difference of 1.6-fold in QA-16 and 1.3-fold in H,O, (Figure 7B).
These experiments suggest that the cell death is induced not only by caspase 3/7 but also ROS mediated apoptosis.
It is noted that NPs might be selectively toxic for particular cancerous cells lines [39,401. Thus, the selective toxicity
of QA-16-NPs against GS cell line might depend on cell type dependent intracellular responses.

Discussion

With recent advances in the biomedical field for the treatment of various types of cancers including GS, quinic
acid derivatives has gained more attention as a pharmaceutically important chemical compound. It is nontoxic
in nature and found to possess potent antioxidant, anti-viral, anti-microbial, anti-vascular, anti-inflammatory [41]
and anticancer properties [14,16,42-44]. 3,5-dicaffeoyl-epi-quinic acid (DCEQA), which is a bioactive derivative of
caffeoylquinic acid found to possess anti-obesity 145] and anti-photoaging abilities [46].

With such motivation, we have studied the potential use of chemically synthesized quinic acid derivatives against
GS. By understanding its mechanism of action, the top lead compounds can be combined along with the available
therapeutic agents for better treatment strategy.

Our results demonstrated that out of 16 novel derivatives, QA-16 showed the best inhibitory effect on glioblas-
toma cell lines. Impairing the flexibility of the quinic acid core in the form of lactone is detrimental for the
cytotoxic activity as seen for series 3—5. Noticeably, such lack of cytotoxicity does not seem to be caused by
electronic effects considering the moderate activity observed for the other carbonyl containing compounds 7-12,
although the presence of the tertiary hydroxyl group seems beneficial. The sulfate group is also detrimental given
the lack of cytotoxicity of 3 and 13 against GS cell lines. Apart from the sulfates 3 and 13, all compounds bearing
a tertiary hydroxyl group (7-12 and 16) showed moderate to excellent cytotoxicity. Notably, the introduction of
silyl ether groups, not only increased the lipophilicity but also the cytotoxic activity. Indeed, the presence of more
lipophilic zer+-butyldiphenylsilyl substituents increased the cytotoxic effect of the nonlactones when compared with
its tert-butyldimethylsilyl analogues (14 vs 15).

The inhibitory concentration of QA-16 against glioma cells was higher than the standard chemotherapeutic agent,
TMZ. Multiple GS cell lines are found to be resistant to TMZ due to the overexpression of O°-MGMT and/or lack
of a DNA repair pathway [47]. Interestingly, the cytotoxicity effect of QA-targeted GS cells significantly more than
nontumorous cells. Thus, QA-16 selectively inhibits the cancer cells which might be by interfering with a specific
molecule or signal transduction pathways overexpressed in cancer cells [48]. Similarly, several studies show promising
anti-cancer activity such as 3,5-dicaffeoyl-epi-quinic acid (DCEQA) with matrix MMP inhibitory properties [49]
and 3-Caffeoyl, 4-dihydrocaffeoylquinic acid from Salicornia herbacea prevents tumor cell invasion by inhibiting
transcription factor AP-1 and regulating protein kinase C-3-dependent matrix metalloproteinase-9 expression [50].

We have elucidated the effects of QA-16 on cellular migration, where the migration rate was greatly reduced
in GS cells over time. The ability of the compound to reduce the migration of cells is considered a vital process,
where the deregulated cell migration might contribute to many pathological conditions such as inflammation and
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cancer metastasis [51-53]. Thus, QA-16 might function as a potent drug on inhibiting the metastasis condition in
the tumor microenvironment.

The development of synthetic nanoparticles using PLGA and PLA is preferred for the long-term sustainable
delivery of drugs (days or even weeks) than the natural polymers. Also, it has been reported that new brain targeted
polymeric PLGA-NPs modified with g7-NPs)successfully creates interaction with blood-brain barrier (BBB) and
efficiently cross it [54. The comparative cytotoxicity efficacy of QA-16-NPs against GS cells was analyzed, that
showed higher toxicity to LN229 followed by SNB19. Thus, PLGA as a highly stable biocompatible polymer helps
in the release of the drug for inducing cytotoxicity.

The ability to trigger apoptosis in tumor cells is an important cellular process for cancer treatment. Considering
this fact, we have studied the apoptosis in the glioma cells, where the QA-16-NPs have enforced the apoptotic process
at a faster rate with the cells to enter the late apoptosis having compromised cell membrane. Similar investigation
on oral squamous cancer cells identified the role of QA in inducing apoptosis by reducing the expression of Bcl-2
and BAX [4]. The apoptotic conditions may be achieved due to the release of proinflammatory intracellular contents
like caspase and ROS. Typically, ROS accumulation disturbs the cell cycle progression through regulatory proteins
like cyclins, Cdks and Cdk inhibitors leading to apoptosis (55]. Thus, QA-16-NPs was found to induced Caspase
3/7, a proapoptotic protein and ROS to a significant fold higher level, thus substantiating the strategy of apoptosis.

Conclusion

This study has provided preliminary evidence that the quinic acid derivative QA-16 could potentially function as
a cytotoxicity agent against glioblastoma. Nanoencapsulation of QA-16 also have similar cytotoxicity effect against
the GS cells. QA-16 and QA-16-NPs could be a chemotherapeutic agent that induces programmed cell death
through Caspase 3/7 and ROS mediated pathway. Thus, with the in-vitro analysis, the safety of nanoparticle in
treating glioblastoma has been proven as a promising vehicle for deployment of anti-glioblastoma drugs.

Future perspective

The study clearly demonstrated that the cytotoxicity properties of quinic acid as a better drug candidate. The
comparative analysis with the known chemotherapeutic agent, temozolomide, emphasize the greater drug potential
and higher toxicity of quinic acid, illustrated the application of newly synthesized QA-16 ([1R,3R,4S,5R]-4,5-
bis([¢er+-butyldiphenylsilyl]oxy)-1-(hydroxymethyl)cyclohexane-1,3-diol) as one of the future anti-glioblastoma
drug. Our results support that QA-16-NP can exploit the interaction with cell membrane and deliver anticancer
drugs to tumors to induce cell death. In the future, a more complete in-vivo optimization of QA-16-NP could be
done which will make the discovery of novel anti-glioma drug candidates to prevent the metastasis.

Summary points

e Quinic acid (QA)-16, a quinic acid-derived triol with a primary, secondary and tertiary hydroxyl groups was
identified as a top lead compound with higher cytotoxicity.

e QA-16 exerts highest cytotoxicity effect specifically against glial cells and patients ‘derived cell lines than normal
cells.

e QA-16 affects proliferation and migration of glioblastoma cells in a dose- and time-dependent manner.

e Poly(lactide-co-glycolide) encapsulated QA-16 (QA-16-NPs) and QA-16 exerts similar growth inhibition in GS cells.

e QA-16 and QA-16-NPs induces apoptosis through caspase 3/7 and ROS mediated signaling pathway.

Supplementary data
To view the supplementary data that accompany this paper please visit the journal website at: www.future-science.com/doi/suppl
/10.4155/fmc-2020-0194
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