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theoretically impossible,
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General remarks

All compounds prepared or used as starting materials in this thesis are numbered in bold
Arabic numerals in order of their appearance. Compounds that are unknown to literature
are additionally underlined.

Literature references are stated with superscript Arabic numerals in order of their
appearance.

In all sugar species, numbering of the carbon atoms is started from the (former) reducing
end of the sugar, even though this does not match with the IUPAC rules in some cases. This
way the nomenclature utilizing stereochemical descriptors like manno or galacto can be
used throughout the thesis.

OH O OH OH OH OH OH

7 X5 A3 1 7 X5 A3 1 _OH
8 Y 6 Y 4 N —>  HO g 64 )

OH OH OH OH OH OH OH OH

Measurements of the open-chain contents were conducted by Dipl.Ing. Hubert Kalaus.
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Abbreviations Master Thesis
Abbreviations
Ac acetyl
AD asymmetric dihydroxylation
aq. aqueous
Bn benzyl
Bz benzoyl
conc. concentrated
cosy correlated spectroscopy (2D-NMR)
d doublet (NMR)
DABCO 1,4-diazabicyclo[2.2.2]octane
DCM dichloromethane
ddd doublet of doublets of doublets (NMR)
ddt doublet of doublets of triplets (NMR)
DEAD diethyl azodicarboxylate
DH dihydroxylation
DIAD diisopropyl azodicarboxylate
DMF N,N-dimethylformamide
DMAP dimethylaminopyridine
DMSO dimethyl sulfoxide
DSC differential scanning calorimetry
dt doublet of triplets (NMR)
equiv. molar equivalents
EtOAc ethyl acetate
EWG electron withdrawing group
HMBC heteronuclear multiple bond correlation (2D-NMR)
HPLC high performance liquid chromatography
HPLC-MS high performance liquid chromatography — mass spectroscopy
HPTLC high performance thin layer chromatography
HR-MS high resolution — mass spectrometry
HSQC heteronuclear single quantum coherence (2D-NMR)
IMA indium-mediated acyloxyallylation
J coupling constant
LHS latent heat storage
LP light petroleum
m multiplet (NMR)
MeOH methanol
MW molecular weight
NMM N-methylmorpholine
NMO N-methylmorpholine N-oxide
NMR nuclear magnetic resonance spectroscopy
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Nuc nuclophile
occ open-chain content
PCM phase change material
PEG poly(ethylene glycol)
Piv pivaloyl
PNB 4-nitrobenzoyl
ppm parts per million
prep. preparative
p-TSA para-toluenesulfonic acid
q quartet (NMR)
quant. quantitative
Rt retention factor
rt room temperature
S singlet (NMR)
SA sugar alcohol
sat. saturated
SC stereocentre
SHS sensible heat storage
SM starting material
t triplet (NMR)
TBS tert-butyldimethylsilyl
TCS thermochemical heat storage
td triplet of doublets (NMR)
TG thermogravimetric analysis
TEA triethylamine
THF tetrahydrofuran

VI
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Abstract

In the last years, sugar alcohols aroused great interest within the class of organic phase
change materials (PCMs), as they possess high thermal storage densities. In a recent
computational study, outstandingly large thermal storage densities for organic PCMs of up
to 450-500 klJ/kg have been predicted for non-natural sugar alcohols that fulfill three
structural criteria: a linear carbon backbone a stereochemical configuration with all
hydroxy groups in 1,3-anti-relationship, and an even number of carbon atoms. The
predicted values for the "manno-series" were already partly confirmed by us
experimentally and based upon this, we designed a new series of stereochemically defined
sugar alcohols in cooperation with Ishida and Inagaki, the authors of this study. The new
"galacto-series" was derived from the naturally occurring galactitol, and non-natural sugar
alcohols with 8, 10, and 12 carbon atoms in the backbone which also fulfil the stated rules.

In general, higher sugar species are accessible via indium-mediated acyloxyallylation (IMA),
which is a useful tool for the elongation of aldoses by three carbon atoms. This
transformation shows high diastereoselectivity and has deeply been investigated in our
group. Including this reaction, we aimed to develop an efficient strategy for the synthesis
of higher sugar alcohols with a syn-relationship between the two hydroxy groups at the
terminal stereocentres and a 1,3-anti-relationship of all hydroxy groups ("galacto-series").
This protocol should allow the synthesis of the presented galacto-sugar alcohols in order
to determine their physical properties and estimate their potential as PCMs to confirm and
refine the model of the Ishida and Inagaki group.

la lyxo Il all 1,3-anti
. — i AASEA
OH O In-mediated OH OH Selective OH OH OH
|| Acyloxyallylation B Dihydroxylation H
—_—> XNy X=CH ——————> OH
HO : HO : X Inversion by HO :
OH OH  Ozonolysis OH OH OH Mitsunobu OH OH OH
~ N9 2,3-syn
Ib X=0 n .
L-lyxose galacto-octitol (C8)
la i Ib
Iyxo all 1,3-anti
— AALFASLFA
OH OH OH 1] OH OH OH OH
HO \X X=CH —m > HO ’ OH

lyxo
———

OH OH OH OH

HO

OH OH OH OH OH

[} OH OH OH OH
A\ W 4 W 4 W 4 2,3*5}/”

galacto-decitol (C10)

all 1,3-anti

AFRASLASFLFASFLFA
1] OH OH OH OH OH

OH
X —> Ho

1] OH OH OH OH OH
ey 23-syn
galacto-dodecitol (C12)

Vil



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Abstract Master Thesis Biedermann Nina

The development of this general sequence was elaborated with the synthesis of the
L-threo-D-galacto-octitol, the C8-sugar alcohol of the "galacto-series". The synthetic path
towards this compound was thoroughly investigated and the targeted substance was
obtained from the L-lyxose via IMA | a and subsequent transformation of the sugar-enitol
species into the corresponding sugar alcohol. This was achieved by stereoselective
dihydroxylation I, which included the formation of a new, third stereocentre, though with
the wrong stereochemistry, but with high selectivity. However, the desired polyalcohol
with all hydroxy groups in a 1,3-anti-relationship was accessible via subsequent Mitsunobu
reaction Il that lead to the inversion of the newly formed stereocentre and upon
deprotection the desired galacto-octitol sugar alcohol.

The developed sequence then served as blueprint to synthesis the two carbon longer
L-galacto-L-galacto-decitol (C10). The required heptose as a starting material was obtained
via IMA 1 a of the L-lyxose and subsequent ozonolysis 1 b, which is an established sequence
for the elongation of aldoses by two carbon atoms. However, for the following IMA towards
the enitol, an improved protocol was necessary, that allows the effective transformation
of unreactive aldoses like the heptose. This was successfully achieved by developing a two-
step Grignard protocol, using a different solvent, as well as reagent, eventually allowing the
synthesis of the C10-enitol species and consequently galacto-decitol. The work towards the
corresponding dodecitol is currently ongoing, first additional challenges arising from the
growing polyhydroxylated chain are already discussed within this thesis.

In order to evaluate the potential as PCMs of this substance class, simultaneous thermal
analysis (STA), a method that combines thermogravimetry and differential scanning
calorimetry, of the synthesised galacto-octitol was performed. The melting point was
found to be ~240 °C and a thermal storage density of 368 kJ/kg was measured. These values
are quite promising considering the potential of this substance as a PCM and fuel our
interest in these sugar species further.

Vil
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Kurzfassung

In den letzten Jahren haben Zuckeralkohole innerhalb der Klasse der organischen Phasen-
Wechsel-Materialien (PCMs) grofRes Interesse geweckt, da sie hohe thermische
Speicherdichten besitzen. In einer kiirzlich durchgefiihrten theoretischen Studie wurden
fur synthetische Zuckeralkohole auRerordentlich groRe Speicherdichten flir organische
PCMs von bis zu 450-500 kJ/kg vorhergesagt, wenn diese die folgenden drei
Voraussetzungen erfiillen: ein lineares Kohlenstoffriickgrat, eine stereochemische
Konfiguration mit allen Hydroxygruppen in 1,3-anti-Beziehung, sowie eine gerade Anzahl
an Kohlenstoffatomen. Die vorausgesagten Werte fiir die "manno-Serie" wurden bereits
teilweise von uns experimentell bewiesen und basierend darauf eine neue Serie von
stereochemisch definierten Zuckeralkoholen in Zusammenarbeit mit den Autoren dieser
Studie entworfen. Die neue "galacto-Serie" wurde vom natiirlich vorkommenden Galactitol
abgeleitet, und synthetische Zuckeralkohole mit 8, 10 und 12 Kohlenstoffatomen im
Rickgrat nach den genannten Regeln postuliert.

Generell sind hohere Zuckerspezies durch die Indium-vermittelte Acyloxyallylierung (IMA)
zuganglich, die ein nutzliches Werkzeug fir die Verlangerung von Aldosen um drei
Kohlenstoffatome ist. Diese Transformation zeigt hohe Diastereoselektivitat und wurde in
unserer Gruppe eingehend untersucht. Mit Hilfe dieser Reaktion wollten wir folglich eine
effiziente Strategie fir die Synthese hoherer Zuckeralkohole mit einer syn-Beziehung
zwischen den beiden Hydroxygruppen an den terminalen Stereozentren und 1,3-anti-
Beziehung aller Hydroxygruppen ("galacto-Serie") entwickeln. Dieses Protokoll soll die
Synthese der dargestellten galacto-Zuckeralkohole erméglichen, um ihre physikalischen
Eigenschaften bestimmen und ihr Potential als PCMs abschatzen zu kénnen, um das Modell
der Ishida und Inagaki Gruppe zu bestatigen und weiter zu entwickeln.
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Die Entwicklung dieser allgemeinen Sequenz wurde mit der Synthese des L-threo-D-galacto-
octitols, dem C8-Zuckeralkohol der "galacto-Serie", begonnen. Der Syntheseweg fiir diese
Verbindung wurde umfassend untersucht und die Zielsubstanz ausgehend von L-Lyxose
durch IMA 1la und anschlieRende Umsetzung der Zuckerenitol-Spezies zum
entsprechenden  Zuckeralkohol erhalten. Dies wurde durch stereoselektive
Dihydroxylierung Il erreicht, wodurch ein neues, drittes Stereozentrum eingefiihrt wurde,
jedoch mit der unerwiinschten Stereochemie, aber mit hoher Selektivitat. Dennoch war
der Polyalkohol mit allen Hydroxygruppen in einer 1,3-anti-Beziehung tber anschlieRende
Mitsunobu Reaktion Ill, die zur Inversion des neu gebildeten Stereozentrums fiihrte,
zuganglich, und der gewiinschte galacto-Octitol Zuckeralkohol wurde durch anschlieRende
Entschiitzung erhalten.

Die entwickelte Sequenz diente dann als Vorlage fir die Synthese des zwei
Kohlenstoffatome langeren L-galacto-L-galacto-Decitols (C10). Die als Ausgangsmaterial
bendtigte Heptose wurde UGber IMA la der L-Lyxose und anschlieBende Ozonolyse I'b
erhalten, was eine bewdhrte Sequenz fir die Verlangerung von Aldosen um zwei
Kohlenstoffatome darstellt. Fir die anschlieBende IMA zum Enitol war jedoch ein
verbessertes Protokoll notwendig, das die effektive Umsetzung von unreaktiven Aldosen
wie der Heptose erlaubt. Dies gelang durch die Entwicklung eines zweistufigen Grignard-
Protokolls, die Verwendung eines anderen LOsungsmittels, sowie Reagenzes, was
moglicherweise die Synthese der C10-Enitolspezies und folglich des galacto-Decitols
erlaubt. Die Arbeiten zum entsprechenden Dodecitol sind derzeit im Gange, erste
zusatzliche Herausforderungen, die sich aus der wachsenden polyhydroxylierten Kette
ergeben, werden bereits in dieser Arbeit diskutiert.

Um das Potential dieser Subtanzklasse als PCMs zu bewerten, wurde simultane
Thermoanalyse (STA), eine Methode, die Thermogravimetrie und Differential-Scanning-
Kalorimetrie vereinigt, des synthetisierten galacto-Octitols durchgefiihrt. Es wurde ein
Schmelzpunkt von ~240 °C gemessen, sowie eine thermische Energiespeicherdichte von
368 kJ/kg. Diese Werte sind recht vielversprechend, wenn man diese Substanzklasse
beziglich ihres Potentials als PCMs betrachtet, und wecken unsere Interesse an diesen
Zuckerspezies weiter.
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General schemes

Synthesis of 3-bromopropenyl esters for the indium mediated

acyloxyallylation
0 0

Br, + PPhs e PPhsBr,  + *J\OH EE— >HLB"

[18] [15]
0
0 o ZnCl, )k
R)J\B rA N N "
r

[14]R = CH; [42] [1] R=CH;

[15]R = t-Bu [16]R = t-Bu

[17]R = Ph [2] R =Ph

Synthesis of L-threo-bD-galacto-octitol’

BrAV/\ OAc
OH O r OH OH
of" H | In :
AT = : HOW
HO OH OH OH OH OH
[3] [3] [9]
OAc QAc
AcO Y X

OAc OAc OAc
OH OH [21]

HO . X
OH OH OH OBn OBn
[9] BnO Y X
OBn OBn OBn
[22]

OH OH
HO - X~ ——>

OH OH OH

[20]

i For clarity, the transformation is depicted with L-lyxose [3], although it was undertaken with the cheaper
D-enantiomer [19], and [9] already available in the laboratory was used for the next steps.
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mixture of talo/galacto-octitol mixture of talo/galacto-octitol
OR OR OR OR OH OH OH OH
X S OH * OH
RO < X ————> RO < _— HO X
OR OR OR OR OR OR OH OH OH
[21] R=Ac [24]/[25] R=Ac [30]/16]
[22] R=Bn [26]/[27]1 R=8Bn
[23] R = acetonide [28]/[29] R = acetonide
mixture of talo /galacto mixture of galacto/talo
OBn OBn OBn OBn OH OBn OBn OPNA
; i i _OH ; OPNA
BnO - X —> BnO ; * —> BnO ;
OBn OBn OBn OBn OBn OBn 0OBn OBn OBn
[22] [26]/[27] [31]/[32]
mixture of galacto/talo-octitol mixture of galacto/talo
OH OH OH OBn OBn OH
No separation of the H H
diastereomers possible HO . OH «— BnO § . OH
by standard techniques H =
OH OH OH OBn OBn OBn
[6]/[30] [27]/126]
galacto galacto-octitol
OBn OBn OBn OH OH OH
- OBn E— . X OH
mixture of talo/galacto-octitol BnO H HO N
OBn OBn OBn OH OH OH
OH (:)H OH [33] (6]
A OH
HO B —_— +
OH OH OH
talo
[61/[30]
OBn OBn OBn
X B OBn
BnO

OBn OBn OBn
[34]

Separation of the diastereomers
by column chromatography

Xl



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

General schemes Master Thesis

Biedermann Nina

Synthesis of L-galacto-L-galacto-dectitol

HO AcO
OH OH OH OH O
: o HO ol AcO=~( OAc
_— —_ -—
HO r X HO ; "8 "2
OH OH OH OH OH OH OH OAc
[10] [11] [11] [5]
HO
OH OH O
HO O o
H —— v
ﬁo ~— HO -
OH OH OH OH
[13] [13]
In OH OH OH
+ > |Brin” " Sopiv HO - ' N
B P > opiv OH OH OH OH
[16] [12]
talo
OH OH OH OBn OBn OBn OBn OBn OBn OH
T T T OH
HO Y TN > Bno ¥ TN > BnO ¥ ¥
OH OH OH OH OBn OBn OBn OBn OBn OBn OBn OBn
[10] [37] [38]
galacto-decitol galacto galacto
OH OH OH OH OBn OBn OBn OH OBn OBn OBn OPNA
; ; : A_-OPNA

; B OH B OH
HO . , < 3no , . < 3no
OH OH OH OH OBn OBn OBn OBn

[71 [39]

OBn OBn OBn OBn
[40]
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Towards L-threo-D-galacto-bD-galacto-dodecitol

OH OH OH OH OH OH ?
HO y < 7> Ho : :
OH OH OH OH OH OH OH OH
[10] [13]

HO
[13] [13] mixture of diastereomers
In \ OAc OAc OAc OAc
* —”Brln/"""\/\OPiv > > AcO ~ . N
Br P > opiv OAc OAc OAc OAc OPiv
[16]

OH OH OH OH OH OH OH OH OH

HO . . HO . . A
OH OH OH OH OH OH OH OH OH OH
(81 [12]
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A Introduction

Al Carbohydrates

Al1l Carbohydrates in general

Polyhydroxy alcohols with a straight chain of carbon atoms, a carbonyl functionality, and
at least three carbon atoms are known as monosaccharides and are the building blocks of
all carbohydrates.! The name "carbohydrates" originates from earlier times when chemists
assumed that carbohydrates are hydrates of the element carbon due to their general
molecular formula C,(H,0),. Later research on their structure showed that this is not
correct, but the term remained unchanged.? Besides polyhydroxy aldehydes and ketones
with the formula C,(H,0),, also closely related molecules and oligomers or polymers of
these structures are indicated as carbohydrates.3

Al.2 Structure and classification of carbohydrates

Monosaccharides are classified according to their number of carbon atoms and whether
their carbonyl functionality is an aldehyde or keto group. Aldoses is the term for
monosaccharides with an aldehyde function, ketoses for those with a keto function. The
classification by their number of carbon atoms is the following: trioses (3), tetroses (4),
pentoses (5), hexoses (6), heptoses (7), etc. (Figure 1).1

Aldoses Ketoses

Trioses

Ho/\{\o Ho/\ﬂ/\OH
OH (0]
OH OH
Tetroses HO\&\O HO\}ﬁ(\OH
OH (0]
OH OH
0N | o o
OH OH OH O

Pentoses

OH

OH OH OH
Hexoses HO X0 HOWOH
OH OH O

OH

Figure 1. Classification of monosaccharides

The carbon atoms along the chain are all chiral, except the terminal ones and those that
carry the carbonyl group. In the Fischer projection, the configuration of monosaccharides
can be easily determined. If the hydroxy group at the chiral centre that is furthest away
from the carbonyl functionality points to the right, the sugar is in the b-configuration. If it
is to the left, the sugar is in the L-form (Figure 2).1
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CHO CHO
H——OH HO——H
HO——H H——OH
H——OH HO——H
[H——0H] [HO——H]

CH,OH CH,OH
D-glucose L-glucose

Figure 2. D- and L-form of the monosaccharide
glucose, a pair of enantiomers (Fischer projection)

A 1.2.1 Configurational isomers of monosaccharides

Next to the already mentioned enantiomers, further configurational isomers of
monosaccharides include diastereomers, epimers, and anomers.

e Enantiomers are stereoisomers that are mirror images, like the p- and L-form
when it comes to sugars. An enantiomeric pair shows the same physical properties
except for the rotation direction of plane-polarised light.

e Diastereomers are stereoisomers that are not mirror images. For sugars, the two
hexoses D-glucose and D-altrose are diastereomers, for example. Diastereomers
possess different physical properties (e.g. boiling point, refractive index, etc.).

e Epimers are a special form of diastereomeric sugars that differ in only one chiral
centre, e.g. b-glucose and D-galactose.

e Anomers are a special form of diastereomers when it comes to sugars in the
hemiacetal/-ketal form (see Chapter A 1.4.1). Two anomeric sugars only differ in
the configuration around the anomeric carbon atom, meaning that
a-D-glucopyranose and B-bD-glucopyranose are called anomers.?

Enantiomers Diastereomers Epimers Anomers
CHO CHO CHO CHO CHO CHO
H OH HO H H OH HO H H OH H OH OH OH
HO H H OH | HO H H OH | HO H HO H o) o)
HQ HQ
H OH HO H H OH H OH| H OH HO H o o OH
H——OH HO——H | H——OH H——OH| H——OH H——OH HO oK OH
CH,OH CH,OH CH,OH CH,OH CH,OH CH,OH
D-glucose L-glucose D-glucose D-altrose D-glucose  D-galactose | a-D-glucopyranose B-D-glucopyranose

Figure 3. Configurational isomers of monosaccharides
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Al3 Nomenclature of higher aldoses

Up to six carbon atoms, monosaccharides have trivial names (e.g. p-glucose) that are
preferred over systematic names (D-manno-hexose). When it comes to aldoses that contain
more than four chiral centres (heptoses, octoses, etc.), their names are generated by
adding two or more configurational prefixes to the stem name. The carbon sugar is divided
into groups of up to four chiral centres starting from the chiral centre proximal to C-1. Then
the prefixes for the groups are assigned, and the name is built by putting the prefix of the
group that is farthest from C-1 first. This group may contain less than four carbon atoms.*
Two examples for the nomenclature of higher aldoses are shown in Figure 4.

CHO
CHO HO——H
H——OH HO——H
HO——H H——OH
HO——H H——OH
H——OH HO——H
[ H——OH] HO——H
CH,OH CH,OH
D-glycero-D-galacto-heptose L-erythro-D-manno-octose

Figure 4. Nomenclature of higher aldoses that are
shown in the Fischer projection

Al4 Ring-chain tautomerism of monosaccharides

A1.4.1 Hemiacetal formation

The hydroxy groups of monosaccharides can react intramolecularly with the aldehyde or
keto group to form cyclic hemiacetals or hemiketals. A six-membered ring (pyranose) or a
five-membered ring (furanose) is formed, whereby pyranoses are thermodynamically more
stable. With this cyclisation, a new chiral centre is formed at the so-called anomeric carbon
atom. The two different diastereomers are called the a- or B-anomer (Figure 5).* These
anomeric prefixes, a and B, refer to the relative configuration at the anomeric centre to the
asymmetric carbon atom of the compound. In the Fischer projection, if the anomeric and
the reference carbon atom have the same configuration, the anomer is designated a.>
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Furanoses Pyranoses
HO OH
H o . I
- \OH Fischer projection o
HO HSO
- H_ O HO

HO OH

a-D-glucofuranose

H o
o d OH CH,OH ; o
D-glucose fo OH

B-D-glucofuranose B-D-glucopyranose

OH

a-D-glucopyranose

Figure 5. Cyclic forms of D-glucose

In solution, the open-chain and cyclic structures are in chemical equilibrium. When a-b-
glucose, for example, is dissolved in water, it is mainly present in the cyclic pyranose form,
and the concentration of the acyclic form is relatively low. However, as the hemiacetal
formation is reversible, the cyclic form can react back to the open-chain form, and the
anomeric B-D-glucopyranose can be formed. This back-and-forth reaction can lead to a
substance-specific equilibrium, and the reaction that leads to this equilibrium is called
mutarotation.3

A 1.4.2 Open-chain content of aldoses (OCC)

As already mentioned, aldoses are predominantly present in the cyclic hemiacetal form,
but this cyclic form is in equilibrium with the open-chain aldehyde. The percentage of the
acyclic form present in an aqueous solution of a sugar is known as the open-chain content
(OCC).%7 This value plays a significant role in understanding the differing reactivities of
aldoses as aldehydes and their stability.? If the availability of the open-chain form with the
aldehyde functionality is low, reactions that occur at the aldehyde moiety of the sugar will
be slower. In order to this, by considering the OCC, the different reactivity of various
aldoses in some reactions can be partially explained.

The following Table 1 shows the OCCs of selected treoses, pentoses and hexoses
determined by 3C-NMR spectroscopy where the C-1 of the aldose was selectively
13C-labelled®®1° (left column) and by a kinetic photometric assay” (right column). The latter
one is a fast, new method for open-chain aldose quantification that has been developed in
our group, in which the adduct formation of the aldose with 2-amniobenzamidoxime
(ABAOQ) is followed via photometric measurements due to the UV-absorption of the formed
adducts.’
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Table 1. OCC values of selected aldoses determined by *C-NMR spectroscopy and a kinetic photometric
assay (ABAO assay)’

Entry Name OCC (%)5°1° 0OCC (%)’

(3C-NMR) (ABAO assay)

1 L-erythrose 12.0-12.5 12.5

2 D-threose 10.6-12.0 11.7

3 D-lyxose 0.097 0.11

4 D-xylose 0.071 0.072

5 D-galactose 0.052 0.054

6 D-glucose 0.099 0.010

7 D-mannose 0.026 0.032
A1l5 Sugar alcohols and their applications

The products from the reduction of reducing sugars are polyols that contain a straight
carbon chain where each carbon atom has a hydroxy group as a substituent. Generally, the
classification of sugar alcohols is done according to the number of hydroxy groups as
tetritols, pentitols, hexitols, heptitols, etc. Alditol is a term that is used for polyols that are
obtained from aldoses. Due to the reduction, the two ends of the carbon chain of some
aldoses are made identical, and the resulting sugar alcohols only exist in one form (no
D- and L-form anymore), the mesoform, as they possess an internal symmetry plane.? Meso
compounds are achiral molecules even though they contain asymmetric carbon atoms
because the molecule as a whole is symmetrical.*! In the history of monosaccharides, sugar
alcohols played an essential role in the determination of the configuration of sugars that
was achieved by Emil Fischer and co-workers in the late 19t century.'>13 The two pentitols
xylitol and L-arabitol could be distinguished due to their optical rotation, as xylitol did not
show rotation and a small negative rotation was observed for arabinitol after the addition
of borax. The same observations were made for the corresponding trihydroxyglutaric acids
that show higher values compared to sugar alcohols, in general. From this, Fischer
concluded that xylitol is a molecule that possesses a symmetry plane (meso compound)
which was a further proof on his way to the determination of configurational relationships
in monosaccharides.'?

OH OH
CH,OH CH,OH
.1OH H——OH OH H——OH
HO:- = =-HG H==no mirror plane HO = ==H ©H =  mirror plane
OH HO H OH H OH
CH,0H CH,0H
OH OH
L-arabitol (qhiral) xylitol (achiral)
(neg. roation) (no rotation)

Figure 6. The pentitols L-arabitol and xylitol — a proof for the correlation between configuration and
optical activity
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Nowadays, sugar alcohols, especially hexitols and their derivates, are of high interest for
different fields like the food industry, pharmaceuticals, cosmetic, etc. In foods, sugar
alcohols can be used to replace sugar as they are sweet too but less harmful to the human
body due to properties like insulin-independent metabolism, no contribution to the
development of dental caries, and lower caloric values. For pharmaceuticals, they play an
essential role as bases for tablets as they provide a sweet taste, can easily be dissolved, and
further mask the unpleasant taste of some drugs.4

In the last couple of years, sugar alcohols got more attraction in the field of phase change
materials (PCMs) for thermal energy storage applications. This interest arises from their
physical properties as high latent heat of fusion compared to other known organic phase
change materials and melting points in a region that is suitable for their application in
thermal energy storage of waste heat or solar energy.’> Among sugar alcohols,
erythritol!®18, p-mannitol*>-171%-20 and myo-inositol*>?° (cyclic sugar alcohol) received the
most attention and were studied intensively. The application and potential of sugar
alcohols as PCMs will be discussed later on in Chapter A4.3.2.4 and A 4.4.

On industrial scale, commercial sugar alcohols like sorbitol, mannitol, and xylitol are
manufactured by catalytic hydrogenation of the corresponding reducing sugar using a
Raney nickel catalyst. In general, the reduction of the carbonyl group of aldoses can also be
performed with reducing agents like NaBH4 (lab scale) (Scheme 1).14

HO
\ CH,OH
OH HO NaBH HO " or
aBHy HO H
o - OH OH — ..l ... no mirror plane
L = w0 i p
OH "OH ~+1OH ~+OH H——OH
D-glucose craof
glu OH OH
D-sorbitol (chiral)
CH,OH
op OH H OH
NaBH4 HO H )
o X == emmmfpemm=- mirror plane
HO -~ HO H
OH "OH H——OH
CH,0H

D-galactose

dulcitol (achiral)

Scheme 1. Reduction of b-glucose and D-galactose to the corresponding sugar alcohols with NaBH4
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A2 The elongation of carbohydrates by addition to the
anomeric centre

Within this chapter, different methods for the elongation of carbohydrates, more precisely
reducing monosaccharides, by addition to the carbonyl moiety are presented, broadening
the synthetic scope of carbohydrates. The biggest challenge in the formation of new C—C
bonds at the anomeric centre is the control of diastereoselectivity, as it depends on the
nature of the aldehyde and used nucleophile. Further, most of the transformations require
protection of the sugar, making the synthesis of higher sugar species more complex and
elaborate.?! With the use of organoindium species as elongation reagents, that have been
intensely investigated for reducing sugars in the last couple of years?>24, a method was
developed allowing the use of completely unprotected carbohydrates as substrates. One
of those methods is the indium-mediated acyloxyallylation, short IMA, which is a useful
tool for the synthesis of higher, non-natural sugar species, as it allows the direct elongation
of aldoses by three carbon atoms with control of the diastereoselectivity. As this thesis
deals with the synthesis of non-natural sugar alcohols, a more in-depth look is taken into
the strength of these methods but also its limitation and challenges.

A221 Addition of carbanions

A2.1.1 The Kiliani ascension

The elongation of the carbon chain in carbohydrates by the addition of hydrogen cyanide
is known as the Kiliani ascension.?> This elongation reaction is one of the longest-know
reactions in carbohydrate chemistry.?! In Scheme 2, the Kiliani ascension of the aldose
D-glucose is shown. In the first step, the cyanide performs a nucleophilic attack at the
carbonyl carbon, giving a cyanohydrin | as the intermediate that is elongated by one carbon
atom compared to the starting material. Upon hydrolysis, the corresponding aldonic acid
is formed that immediately cyclises to form the lactone Il. Final reduction leads to two
epimeric heptoses. So, the product of the Kiliani ascension is an aldose that was extended
by one carbon atom.?®
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D-glycero-D-gulo -heptose D-glycero-D-ido -heptose
two epimeric heptoses

Scheme 2. Kiliani ascension of D-glucose, a reducing sugar, to achieve elongation by one
carbon towards two epimeric heptoses

As already mentioned, the reaction gives two epimeric heptoses due to the nucleophilic
attack of the cyanide at the aldehyde function that can occur from two sides. The nature
of the cyanide cannot be adapted. Therefore, the selectivity relies on the substrate but also
the experimental conditions giving rise to the 2,3-threo- and 2,3-erythro-configurated
sugars in ratios varying from 70:30 to 28:72 (threo/erythro). The separation of the two
epimers can be achieved by fractional crystallisation of derivatives, such as alkaloid salts or
phenylhydrazones, in the lactone form. Nevertheless, the Kiliani ascension is a quite useful
reaction to elongate a reducing sugar by one carbon that can easily be performed, as no
protection of the carbohydrate species is necessary. Further, this method is an easy tool
when it comes to 13C- and #C-labelled derivatives, as the prices of the used reagents are
reasonable and make it affordable.?®

A 2.1.2 The Baylis-Hillman reaction

The Baylis-Hillman reaction was first published by Baylis and Hillman in 1972 in a German
patent.?” They described a reaction of activated alkenes (a,B-unsaturated esters, amides,
nitriles, and ketones) with aldehydes, catalysed by tertiary bicyclic amines (DABCO,
indolizine, or quinuclidine), as it is shown in Scheme 3.28

OH EWG = COOR', CONE,, CN, COR"

0 EWG tert-amine R, R' = Alkyl or Aryl; R" = Alkyl
)J\ + _— EWG
R H | R

tert-amine = /,L @3 ﬁ
| |
aldehyde alkene Baylis-Hillman adduct 5\7 N N

(activated) DABCO indolizine quinuclidine

Scheme 3. Original patent information of the Baylis-Hillman reaction
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For aldoses, this reaction can be used to elongate the carbon chain by two carbon atoms in
a synthesis sequence with only a few steps. Typically, the reaction is performed with
DABCO as a catalyst in either DMSO or a dioxane/water mixture. As the aldehyde derives
from an aldose that is a chiral molecule, substance controlled stereoselectivity is observed
in the addition of the olefin.?! The aldehyde Il shown in Scheme 4a, that can be obtained
in three steps from 2,3-O-isopropylidene-b-ribose, was treated with ethyl acrylate under
standard conditions yielding in two addition products IV (epimers) in a ratio of 13:7
(Scheme 4 (top)).?° The extension of this reaction to other aldehydes with different
protecting groups, that included a solvent change, showed cleaner conversion and faster
rates. Under these conditions, ethyl acrylate was added to the aldose V with steric more
hindering protecting groups. The stereoselectivity was boosted significantly, giving almost
only one of the two epimers as the product VI (Scheme 4 (bottom)).3°

$O \/LO o
OM COOEt  DABCO O COOEt
N y \o + W —_— <

DMSO N

(0]
A\
.0 COOEt DABCO
i 0 + r —
0 \ )< | sulfolane
%\O” (0}
\"

Vi
dr >19:1

Scheme 4. Two examples for the Baylis-Hillman reaction of sugar-derived
aldehydes

Upon ozonolysis followed by reduction with NaBH4 the terminal olefin in the adduct IV can
be converted into a hydroxy group. This reaction shows substrate controlled
diastereoselectivity, too, and compound VIII with a 2,3-syn(threo)-relationship can be
obtained as the major product. Further deprotection of the hydroxy groups and conversion
of the ester to an aldehyde gives the L-glycero-D-altro-heptose that is elongated by two
carbon atoms compared to the starting material (Scheme 5).2°
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0 COOEt 1) Ozonolysis O\)\_)\rCOOEt 1) Deprotection o |
N ” —_—> N - . Z Z
d><b 2) Reduction o><b OH 2) Reduction OH OH OH

v Vil 1L
dr 4:1
HO
HO'( O
Ho [0
OH OH

D-glycero-D-altro-heptose

Scheme 5. Reaction of the Baylis-Hillman adduct IV to the sugar derivative VIII and the corresponding
unprotected aldose L-glycero-p-altro-heptose

Strictly speaking, the Baylis-Hillman reaction does not include an attack of the nucleophile
at an anomeric centre, as only acyclic sugar derived aldehydes3® can be used as a substrate.
In general, this protocol for the synthesis of higher-carbon sugars is quite circumstantial as
it includes many steps, mostly due to the necessity of manipulating the sugar species prior
to the actual elongation reaction.

A2.2 Organometallic addition reactions

Organometallic addition reactions are generally a useful tool to elongate the carbon chain
of reducing sugars, allowing the synthesis of higher-carbon sugars.?® Depending on the
used organometallic species and applied reaction conditions, either fully protected
carbohydrate aldehydes or carbohydrate hemiacetals in the unprotected or semi-
protected form are feasible as the substrate. Due to the addition of an organometallic
reagent to the aldehyde moiety, a new chiral centre is formed. The stereochemical
outcome of the reaction depends on whether chelation is possible or not and further on
the nature of the chelating species. Nonetheless, sometimes it is difficult to predict if either
the anti-addition (erythro) or syn-addition (threo) product is favoured as the
stereoselectivity is a result of the used organometallic species, the carbohydrate substrate,
and the reaction conditions.?!

A 2.2.1 Elongation with organomagnesium and -lithium reagents

In general, organomagnesium and -lithium reagents require anhydrous reaction conditions
as they are sensitive to hydrolysis and therefore, aprotic solvents as, e.g., ether or THF as
well as substrates are necessary. Because of this, only protected or at least partially
protected sugars can be used as a substrate, also due to solubility issues in the required
solvents. When it comes to the stereochemical outcome, studies on the simplest open-
chain saccharide 2,3-O-isopropylidene-b-glyceraldehyde IX showed that with
organomagnesium and to a lesser extent -lithium reagents the anti(erythro)-configurated

10
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product X is moderately favoured over the syn(threo)-configurated one.?® 3! This
stereoselectivity is shown in the following Scheme 6.

/\/MgBr Nt
o Z OH
/\) Fe0 /\/k/\
—_—
0 N 0] < =
Do oo
IX X
dr 3:2

Scheme 6. Elongation of the simple open-chain
saccharide  2,3-O-isopropylidene-pD-glyceraldehyde
(IX) with an organomagnesium reagent; the
anti(erythro)-configurated product X is favoured

However, for the more complex carbohydrate 2,3,4,6-tetra-O-benzyl-D-glucopyranose (Xl),
the addition of vinylmagnesium bromide was studied by Cumpstey, et al.?2, where reversed
diastereoselectivity was obtained compared to the example in Scheme 6. Under standard
Grignard conditions using THF as a solvent, the syn-addition product XIl was formed as the
major isomer with a yield of 65% and the anti-addition product XIll as the minor one with
29% yield (Scheme 7).

/\
BnO Z" Mgr OBn OBn OBn OBn
THF
BnO:- —>  Bn0” Y X , Bn0” X
. OH OBn OH OH OBn OH
BnO OBn — —
syn anti
XI Xl X1
65% 29%

Scheme 7. Addition of vinylmagnesium bromide to the partially protected hemiacetal
carbohydrate 2,3,4,6-tetra-O-benzyl-D-glucopyranose Xl with diastereoselectivity for the
syn(threo)-configurated product XII

Generally, the lithium cation is not as effective in the formation of chelating species as
magnesium, leading to only modest diastereoselectivity in the addition of organolithium
reagents to sugars. Further, the stereochemical outcome depends less on the reaction

conditions and more on the structure of the substrate.?%26,

A 2.2.2 Tin-and indium-mediated allylation

In contrast to "classical" organometallic addition reactions, allylations with indium and tin
allow the use of water or alcohols as a solvent. Consequently, no full protection of the
aldose hemiacetal or aldehyde is required.333 Already in early attempts, stereoselectivity
was obtained in the tin-mediated allylation of aldoses (e.g. p-erythrose, p-arabinose, D-
glucose) in which the syn(threo) -configurated diastereomer (in respect to the formed
hydroxy group and the hydroxy group in a-position to the aldehyde moiety of the starting
aldose) was formed as the major product.3® It was further shown that this
diastereoselectivity was also achieved using indium instead of tin as the metal, but a change
in the threo/erythro-ratio could be obtained.343> This is shown in Scheme 8 for the

11
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unprotected pentose D-arabinose as an example, giving the enitol XIV.3* The corresponding
2-deoxy sugar XV can be obtained by subsequent ozonolysis.

HO
OH Ho=—{ oH
OH OH OH OH
XV
/\/Br T
OH O OH OH OH OH O
| M, EtOH/H,0 Ozonolysis |
HO™ > Ho X T wo
OH OH OH OH OH OH
D-arabinose Xiv 2-deoxy-D-glycero-D-gulo -heptose
XV

M=Sn dr4:1
M=In dr7:1

Scheme 8. Tin- and indium-mediated allylation of unprotected D-arabinose with diastereoselectivity for
the threo-isomer XIV but different threo/erythro-ratios depending on the used metal

In contrast, the In-mediated allylation of aldoses, where the hydroxy groups next to the
aldehyde moiety are protected (e.g. (R)-2,3-O-isopropylidene glyceraldehyde), gives the
erythro-product as the major diastereomer.3® This is shown for the (R)-2,3-O-
isopropylidene glyceraldehyde IX in the following Scheme 9 and the diastereodivergent
behaviour is in line with the chelation versus non-chelation mode explained before, giving
the anti-product X as the major one.

/\/Br —
(0} OH
/\) In, EtOH/H,0 /\)\/\
—_—
0" Y 0" Y =
A A
IX X
dr 6.5:1

Scheme 9. In-mediated allylation of a protected
aldose IX with diastereoselectivity for the
anti(erythro)-isomer X

A 2.2.3 Indium-mediated acyloxyallylation

A2.2.3.1 Anewreagent Class and methodology

As already mentioned, the chain elongation of aldoses with allyl halides and subsequence
ozonolysis of the allylation product yields 2-deoxy sugars. To get towards an elongated
normal sugar, a different reagent is required to result in the allylation product of an alke-
1-ne-3,4-diol. The retrosynthetic analysis of an alkene-3,4-diol XVI (Scheme 10) gives
synthon XVII, representing a 1-hydroxyallyl anion. Synthetic equivalents for this species are

12
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3-substituted allylic organometallic reagents XVIII, but most of these reagents require a
2-step protocol (lithiation, then transmetallation) for preparation and anhydrous
conditions.3” This makes them unusable in the elongation of unprotected sugars as
aqueous conditions are required for the solubility of the sugars.

OH
(o] -
X —
R)\ﬁ/\ — R)kH OC\ = Nl
OH
Xvi Xvii Xvii

Scheme 10. Retrosynthetic analysis of an alk-1-ene-3,4-diol XVI
giving an aldehyde and a 1-hydroxyallyl anion synthon XVII; the
latter one can be attributed to a 3-substituted allylic
organometallic compound XVIII

A more practical protocol was shown by Lombardo, et al.3®, where the organometallic
species XVl is obtained by oxidative addition of indium or zinc to the carbon-halogen bond
of a 3-heterosubstituted allyl bromide, like, e.g., 3-bromopropenyl acetate [1] or the
corresponding benzoate [2].%° This new class of organometallic reagents tolerates a wide
range of experimental parameters, such as the use of protic solvents3® that are required in
the acyloxyallylation of reducing sugars.

TN = RN, /= RO g
XVl XIX 1(R=Ac)
2 (R=82)

Scheme 11. Analysis of the organometal species XVIII that can
be generated from the corresponding 3-bromopropenyl ester®®

This reagent [1] was first used in the acyloxyallylation of simple achiral aldehydes where
diastereodivergence was obtained depending on whether the aldehyde species is
saturated or unsaturated. In the case of aromatic aldehydes, the product with the two
newly formed hydroxy groups in an anti-relationship was found to be the major one. The
opposite diastereoselectivity was observed for aliphatic, saturated aldehydes formed the
syn-product preferentially.3® Notably, the diastereoselectivity of the addition refers to
other stereocentres compared to the simpler additions described before.

ACOJ\P’\/\ln Ln OH OH
o H,O/THF : :
ey > ROt R A
OH OH
syn anti

R= O 20 : 80

Scheme 12. Diastereoselectivity in the indium-mediated
acyloxyallylation under aqueous conditions of simple
aldehydes; the stereochemical outcome depends on the
nature of the carbonyl compound

13
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A2.2.3.2 Theimplementation in carbohydrate chemistry

This new reagent class and methodology was then first introduced into carbohydrate
chemistry by Palmelund and Madsen??. Their extensive proof of concept study investigated
the acetic acid [1] and benzoic acid esters [2] of the reagent species for the indium-
mediated elongation of several aldoses ultimately obtaining the two carbon atoms
elongated heptoses and octoses via subsequent ozonolysis. It was shown that independent
of the aldose that was used as starting material the product with lyxo-configuration at the
reducing end was favourably formed. Lyxo-configuration means that the hydroxy group
derived from the aldehyde functionality and the a-hydroxy group are in a syn-relationship
(consistent with chelation) while the two new formed stereocentres are anti (Scheme 13)
as found in Lombardo's study for saturated aldehydes.

1) Ro gy o
[1] R=Ac syn
OH © (2] R=8z OH OH
| In, solvent : other isomers
HO 12 2.) Deprotection HO 12 - T (notidentified)
OH OH OH OH OH
anti
D-aldose octenitols & nonenitols

Scheme 13. Study of the indium-mediated acyloxyallylation of aldoses with
diastereomeric divergence to the lyxo-configurated product

The other isomers formed in these reactions, as four diastereomers are possible in theory,
were not identified within this study. This was then further investigated by Stanetty and
Baxendale??® who developed a short and scalable process for the synthesis of L-glycero-p-
manno-heptose, an important bacterial sugar, based on the proof of concept study by
Palmelund and Madsen?2. Within this, they also elucidated the stereochemistry of the
other formed isomers and found the following ratio of the products formed in the
acyloxyallylation of L-lyxose [3] using 3-bromopropenyl acetate [1] as the reagent:
lyxo (65%) > xylo (25%) > ribo (10%).

14
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lyxo xylo ribo
——— ——— ———
AcO” N gy o o ont
OH O (1 OH OH OH OH OH OH
[ In, EtOH : H
HO . — > Ho : X * HO : <X+ HO . <X
OH OH OH OH OH OH OH OH OH OH OH
anti syn anti
L-lyxose manno gluco allo
[3] 65 25 10
(50 g) [4]
(30 g)
AcO
3 steps Ao OAc
—_—
A9
OAc
[5]

a-L-glycero-D-manno-heptose peracetate

Scheme 14. Large scale synthesis of L-glycero-D-manno-heptose, a bacterial sugar, isolated as the
crystalline peracetate [5], via indium-mediated acyloxyallylation of L-lyxose [3]

A2.2.3.3 In-depth methodological study of the IMA of sugars

An in-depth methodological study of the indium-mediated acyloxyallylation of protected
and unprotected aldotetroses was then presented by Draskovits, et al.?* in which the
diastereoselectivity was further investigated utilising protected and unprotected tetroses
and furnishing the following results: In the unprotected case, the lyxo-configurated
product XXIl (syn/anti) was obtained as the major one as expected from the earlier
described acyloxyallylations of sugars by Palmelund and Madsen?? and Stanetty and
Baxendale?3. The stereochemistry of the second major isomer XXIIl was consistently found
to be xylo (syn/syn), so a high degree of selectivity (85-95%) for the si-face (syn-selectivity)
was obtained in the attack at the aldehyde functionality. The two minor isomers that result
from a re-face attack are the ribo(anti/anti)- and arabino(anti/syn)-configurated ones XXIV
and XXV, the latter in only minute amounts. For the two new formed stereocentres, anti-
relationship was the favoured configuration for both cases, as expected. For the protected
tetroses also high facial diastereoselectivity was obtained, but for the re-face (anti-
selectivity) with the ribo- and arabino-configurated isomers as the major products
(> 90%).%* The following Scheme 15 shows the formed products and obtained ratios for the
indium-mediated acyloxyallylation of the treose L-erythrose in the unprotected XXI and
protected case XXII. A switch from "chelation model" versus addition following classical
Cram-model was hypothesised to be the reason for the observed diastereodivergence.

15
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OH |0 OCHOWO
HO A~
V\‘) or 0 0
o X

L-erythrose protected L-erythrose
XX XXI
(a) (b)
1) Aco/ﬁﬂf\ar
1

In, EtOH
2.) NaOMe, MeOH
3.) Dowex-H*, MeOH

lyxo xylo ribo arabino
——— ——— ——— ———
syn syn anti anti
OH OH OH OH OH OH OH OH
HO\/'\‘/K:/\ i HO\/'\‘/'\K\ N HO\/YY\ + HO\/'Y\;/\
OH OH OH OH OH OH OH OH
anti syn anti syn
manno XXII gluco XXl allo XXIV altro XXV
(a) 66 (a) 18 (a) 14 (a) 02
(b) 03 (b) 01 (b) 84 (b) 12

Scheme 15. Product ratios in the indium-mediated acyloxyallylations of protected
L-erythrose XXII and unprotected L-erythrose XXI with 3-bromopropenyl acetate [1]%

A2.2.3.4 Application of the IMA as a tool for the synthesis of non-natural sugar alcohols

To sum up, In-mediated acyloxyallylation is a useful tool for the elongation of reducing
sugars. With 3-heterosubstituted allyl halides as the reagent, sugar enitols with a carbon
chain extended by three carbon atoms are obtained in good selectivity for the lyxo-
addition. Those can be converted into the corresponding aldoses by subsequent ozonolysis
giving rise to sugars with two more carbon atoms. Further, this protocol has been
investigated briefly to synthesise the non-natural sugar alcohol bD-erythro-.-manno-
octitol XXVII that was obtained via an ozonolysis protocol with reductive work-up from the
corresponding D-glycero-D-galacto-nonenitol XXVI, as it is shown in Scheme 16.

lyxo
———
syn
OH OH O OH OH OH ) OH OH OH
HO : | IMA HO : “ 1) Ozonolysis HO - o
H B H 2) Reduction H :
OH OH OH OH OH OH OH OH
anti
D-mannose D-erythro-L-manno-nonenitol D-erythro-L-manno-octitol
XXVI XXVII

Scheme 16. IMA of b-mannose and subsequent ozonolysis with reductive work-up of the obtained
nonentiol XXVII towards the D-erythro-.-manno-octitol XXVIII, a non-natural sugar alcohol

Compared to the pentose lyxose, b-mannose showed less reactivity in the IMA under the
conditions displayed in Scheme 14 and Scheme 15 as it has been expected due to properties
like lower solubility and also a lower open-chain content (see Chapter A 1.4.2).
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A3 Thermal energy storage

In the last decades, energy storage has become more and more important, especially when
it comes to the success of any intermittent energy source.*! Currently, the interest in
renewable energy sources is growing enormously due to the arising shortage of fossil fuels
and the environmental damages caused by them such as global warming, air pollution,
etc.*? A considerable problem in the field of renewable energy technologies is the irregular
diurnal availability of energy. For example, solar power is not available at all times and,
therefore, daily, weekly, and seasonal storage is of great interest to help offset this
mismatch between the supply and demand of energy.***3 There are many different
methods of how energy can be stored, the three most important classes being mechanical,
chemical, and thermal energy storage (TES). Mechanical energy storage includes, for
example, pumped hydro systems, compressed-air energy storage systems, and flywheels,
while batteries are an example for chemical energy storage systems. The major difference
between these types is that mechanical and chemical energy storage are only applicable to
electrical energy while thermal energy storage systems allow the storage energy before it
is converted to electricity. This makes TES very attractive for the storage of solar energy or
summer heat, for example.*! Economically, thermal energy storage systems can be
beneficial as heat or cold electrically generated during off-peak hours can be stored and
energy costs can be reduced, as off-peak electricity tariffs are cheaper. Also, the efficiency
of energy use is increased, and the load on the electricity grid is more evenly distributed.
The advantage of increased energy efficiency and reduced costs makes TES even an
attractive technology for the industrial and commercial sectors. Additionally, the use of TES
is beneficial for the environment by providing the chance of using waste heat and climatic
energy resources instead of fossil fuels as energy sources.*! To sum up, the implementation
of storage in an energy system promises many benefits, better economics, better
efficiency, less environmental pollution and CO; emissions, and improved system
performance and reliability being the most important ones.*

Basically, the term thermal energy storage (TES) describes the capture and storage of
thermal energy by cooling, heating, melting, solidifying, or vaporising a material for later
use.*¥*3 A complete storage cycle involves three steps, namely charging, storing and
discharging (Figure 7)**, where the discharge process is the reversion of the charge
process.*!

17
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Figure 7. Working cycle of a TES system, showing the three main steps and
the variation of stored energy over time (adapted from Dincer and Rosen*
and Fredi, et al.*)

A3.1 Types of thermal energy storage systems

There are different principles how thermal energy can be stored. In general, TES methods
can use the physical or chemical change of a system providing three kinds of TES systems,
namely sensible heat storage (SHS), latent heat storage (LHS) associated with phase change
materials (PCM), and thermochemical storage (TCS) by chemical reactions (Figure 8).

=T

r ¥

[ Physical Storage ] [ Chemical Storage }
(reactive)

r h ¥

[ Sansible Heat Storage ] [ Latent Heat Storage ] [ Thermochaemical Heat Storages ]

Figure 8. Classification of TES systems
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A 3.1.1 Sensible heat storage systems

In sensible heat storage (SHS) systems, thermal heat is stored by heating or cooling of a
storage medium that can be a liquid or solid.***® Commonly used storage media are rocks,
ground or water, probably the oldest and most popular one.** The choice of the material
depends on its effectiveness evaluated by the specific heat and the space available for
storage.*t

The amount of thermal energy that can be stored by an SHS medium is calculated by the
following Equation 1, in which Q is the amount of stored thermal energy (J), m the mass of
the storage medium (kg), c, its specific heat (J kg™ K), T; the initial temperature (K) and
T¢ the final temperature (K).

Ty
Q= mc, dT Equation 1
Ti

The most significant advantage of SHS is that the most commonly used storage media are
cheap and non-toxic.*® However, the energy density of sensible heat storage materials is
low (11.7 kWh/m?3 for a 10 °C change of water®?), which means big volumes are required to
store large amounts of energy. Further, thermal energy loss at any temperature is a
problem.>°

A 3.1.2 Latent heat storage systems

In latent heat storage systems, the phase transition of a material, either solid-liquid, liquid-
gas or solid-solid, is used to store thermal energy. For example, by providing thermal
energy, the material melts and stores the transferred heat that is released again when it
solidifies. Materials that are used as LHS systems are called phase change materials
(PCMs).*+44 The selection of a PCM is primarily made according to the required melting
enthalpy and melting temperature and further based on its availability and costs.* The
different types of PCMs and their thermal properties are further discussed in Chapter A 4
as the non-natural sugar alcohols presented within this thesis are potential PCMs.

The amount of thermal energy that can be stored by an LHS medium is calculated by the
following Equation 2, in which Q is the amount of stored thermal energy (J), m the mass of
the storage medium (kg), T; the initial temperature (K), T, the melting temperature (K),
T the final temperature (K), / the melt fraction and Aq the latent heat of fusion (J/kg).

Tm Tf
Q= mc,dT +m f Aq + mc, dT Equation 2
T; Tm

Compared to SHS, LHS is more efficient due to the higher energy storage density routed in
the additional phase transition.’® For example, the paraffin n-docosane possesses a latent
heat of 194.6 kl/kg that corresponds to an energy density of 42.4 kWh/m? in the melting
process.*
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A 3.1.3 Thermochemical heat storage systems

Thermochemical heat storage systems use reversible endothermic/exothermic reaction
processes to store and release thermal energy.*® In an endothermic reaction, the system
takes heat up (charging process), that can be released in the reversed, exothermic reaction
(discharging process).> Suitable chemical reactions are, for example, decarboxylation
reactions of metal carbonates, dehydration reactions of salt hydrates or metal hydrates,
and redox reactions with metal oxides.>> The reduction (Equation 3) and oxidation of a
metal oxide (Equation 4) are shown below.

MO0y, = M0y + 2 0, (endothermic — charging) Equation 3
MO0y + 2 0, = MOy, (exothermic — discharging) Equation 4

In addition to chemical reactions, sorption systems can also be used to store heat. In the
sorption process, the desorption of a gas or a liquid from a solid material or a liquid is the
charging process of the storage cycle, and the stored heat is released upon adsorption
(discharging process). Adsorbents that are commonly used as storage media are zeolites
and silica gels.*

Thermochemical storage systems provide the highest values for energy density compared
to SHS and LHS, making it of great interest for TES. For example, the energy storage density
of the sorption system water—LiCl is approximately 253 kWh/m?3. The hydration reactions
of MgS04 and Na3S possess even higher values of up to 780 kWh/m3.%° However, there are
some problems with TCS like stability issues and degradation over time that need to be
overcome to make TCS a usable tool.>®

A3.2 Comparison of SHS, LHS and TCS

The following Figure 9 sums up the principles of the three types of thermal energy storage
discussed in the earlier chapters A3.1.1, A3.1.2 and A3.1.3.

Sensible heat Latent heat Thermochemical reaction

[0} (0]
§ A § A Charging
© ©
g g . 1 P q —> 1
£ £
(] (0] o
[ [ .

Storage

4 Discharging

+1 . 1+Q

Stored he;t Stored h(;t

Figure 9. Methods of thermal energy storage (adapted from de Gracia and Cabeza®3)

The three different types of TES systems differ in characteristics like, for example, capacity,
power, efficiency, and storage time. Especially, the storage time of a TES system is essential
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when choosing a suitable storage technique depending on the energy source. The following
Table 2 displays the named parameters of the three different types of TES systems. In
general, any storage system should possess high energy storage density and also high
power capacity.*®

Table 2. Comparison of the thermal energy storage systems®*®

TES system Capacity Power Efficiency Storage time
(kWh/t) (Mw) (%)
Hot water (sensible) 10-50 0.001-10 50-90 day / year
PCM (latent) 50-150 0.001-1 75-90 hour / week
Chemical reactions 120-250 0.01-1 75-100 hour / day
A4 Phase change materials

Of the three present types of thermal energy storage systems, latent heat storage systems,
known as phase change materials (PCMs), are discussed in more detail within this chapter
as the non-natural sugar alcohols presented in this thesis are potential materials within this
class.

In general, PCMs are materials that store latent heat by undergoing a phase transition.
Possible phase changes for energy storage are liquid-solid, liquid-gas, and solid-solid, but
solid-liquid and solid-solid phase transitions are the most commonly occurring ones.>® A
solid PCM exposed to heat first absorbs energy, causing a rise of its temperature until the
phase transition temperature (melting point) is reached. Then, the phase transition occurs
at a constant temperature or in a narrow temperature range where a lot of energy is
consumed. After the melting process, again, a temperature rise of the storage material can
be obtained.*? This process is shown in the following Figure 10.

Temperature

¥

Energy storad

Figure 10. Temperature profile of the solid-liquid phase transition of
a PCM

The latent heat stored by the PCM upon melting is then released during the solidification
process.>* In a closed system and under the assumption that no thermal energy is lost, the
amount of energy released in the crystallisation process equals the absorbed energy. The
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transferred energy in the melting-solidification cycle is determined by the latent heat of
fusion of the material. The values for a material's latent heat of fusion are usually given in

units of kl/kg.>®

A4.1

Classification of PCMs

[ Phase Change Materials

r

h

L

Inorganic PCMs

Organic PCMs

Eutectic PCMs

—_—,

h 4

Salt hydrate
-

—_——————————————————————

> Paraffin

W

Metals
———

Mon-paraffin

inorganic-inonganic

inorganic-organic

arganic-organic

il

Figure 11. Classification of PCMs into inorganic, organic and eutectic

In general, PCMs are classified in inorganic, organic and eutectic PCMs, which can be
mixtures of organic or inorganic compounds, or both. Organic PCMs are divided further
into paraffins and non-paraffins (poly(ethylene glycol)s, fatty acids, polyalcohols etc.),

inorganic PCMs into salts and metals.

Figure 12 shows the different substance classes currently known as PCMs and their melting
energy (kJ/L) and melting temperature ranges (°C). In general, it can be seen here that the
volumetric latent heat storage capacity of inorganic materials is significantly higher than of
organic ones.”® While the used organic materials generally show melting points below
200 °C and relatively low melting energies, inorganic salts are found in the range above
200 °C°7 with melting points up to 1000 °C.>® More values of different physical properties
of some PCM-types summarised by Peng, et al.>® are shown in Table 3.
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Figure 12. Different PCM-classes according to their melting energy (kJ/L) and

melting temperature (°C)
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Table 3. Physical properties of some PCMs>®
Material type Transition Approx. Temp. Latentheat Latentheat Conductivity
range (°C) (kJ/L) (kJ/kg) (Wmtk?)

Paraffin S—L (dry) -12-71 128-197 145-260 ~0.2
Metallics S—L (dry) 30-125 200-800 20-80 10-50
Polyalcohols S-S (dry) 24-89 144-212 140-200 0.17-0.22
Nonparaffin organics S—L (wet) -13-178 131-438 80-280 ~0.2
Salt hydrates S—L (wet) 28-137 270-650 120-300 0.2-0.5

A4.2 Inorganic phase change materials

A 4.2.1 Salts and salt hydrates

Molten salts and salt hydrates are both inorganic PCMs but have different applications due
to their different temperature zones. Generally, molten salts are used in the medium to
high temperature range as they possess melting temperatures of up to 1000 °C. Hydrated
salts have lower phase change temperatures usually below 220 °C.>8

Molten salts used as PCMs are mainly metal nitrates, sulfates, carbonates, chlorides, and
eutectic mixtures of them. As already mentioned, they are chosen for their high melting
temperature and further for their relatively large thermal energy storage capacity.®!

Salt hydrates can generally be described with the formula AXBy-n(HZO).42 The solid-liquid
transformation of these salts means that during the melting process crystallisation water
is desorbed. At the same time, heat is absorbed, which leads to the formation of a salt
hydrate with fewer moles of water (Equation 5) or the anhydrous salt (Equation 6). By
cooling down, the inorganic salt and water recombine again, and the stored heat is
released. 4661
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AB-nH,0 = AB-mH,0 + (n —m) H,0 Equation 5
AB-nH,0 = AB +n H,0 Equation 6

Salt hydrates are suitable as PCMs because they have a fixed melting point, high latent heat
storage density, and relatively high thermal conductivity (compared to organic PCMs).
Furthermore, they show only small volume change during phase transition, are only slightly
corrosive, compatible with plastics, and inexpensive. However, there are two major
disadvantages: undercooling and incongruent melting.*® 6162 As incongruent melting is an
irreversible process, the storage efficiency is reduced significantly.®” Undercooling is
problematic as the temperature of the phase change is shifted.®3

Examples of salts and salt hydrates used as PCMs and their thermal properties are shown
in Table 4.

Table 4. Thermal properties of salts and salt hydrates with potential use as PCMs#%646

Salt / Salt hydrate Melting temperature (°C) Heat of fusion (kJ/kg)
LiNOs 250 370
KClO4 527 1253
MgCl2 714 452
Ba(OH)2-8H20 78 266
Mg(NOs)2-6H20 89.3 150
CaCl2:6H.0 28 174

A4.2.2 Metals and metal alloys

Some metals and their alloys have potential as PCMs, especially for high temperature latent
heat storage because of their higher melting temperatures compared to salt hydrates and
other materials used for LHS. Furthermore, the main advantages of metallic PCMs are their
features of high thermal conductivity and high heat of fusion per unit volume. However,
the latent heat of fusion per unit weight of metals is relatively low, and the metallic storage
media are expensive.4® 6!

Examples for metals that have the potential to be used as PCMs are Al, Zn, Si, Cu etc., and
their alloys like Al-Si alloy, Cu-Si alloy, etc.?! In Table 5, the thermal properties of some
metals and alloys are shown.

Table 5. Thermal properties of metals and alloys used as PCMs®!

Metal or alloy Melting temperature (°C) Heat of fusion (kJ/kg)
Al (Al (60 wt%)/Al203 (40 wt%)  655.1 149.2

Al-Si (75:25 wt%) 576 429

Cu-Si (80:20 wt%) 802 352.2
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A43 Organic phase change materials

Organic materials that have been investigated as potential PCMs in the last couple of years
cover a wide range, and many of them were found to have suitable melting temperature
and high latent heat of fusions. In general, the classes of paraffins, fatty acids and their
esters, and polyalcohol species have drawn main attention among perspective organic
PCMs and are therefore further discussed within this chapter.

A 4.3.1 Paraffin waxes

Generally, the term paraffin is used for alkanes (C,H,,4,) with 14 — 40 carbon atoms®® that
possess melting points in the range of 5 — 75 °C>¢. Commercial paraffin waxes are mixtures
of different straight-chain n-alkanes.®* The melting point and latent heat of fusion depend
on the chain length and increase with the number of carbon atoms.*6:6

Paraffin PCMs have the advantages of being non-toxic, non-corrosive, non-hygroscopic and
cheap as they are by-products of petroleum refining. Furthermore, owing to their chemical
stability, no degradation occurs due to repeated phase transition cycles.>® In contrast to
inorganic salt hydrate PCMs, paraffins show good nucleating properties (no undercooling)
and congruent melting, as well as little volume changes on melting. Drawbacks are that
their thermal conductivity is low, they are not compatible with plastic containments and
are moderately flammable.>®

Some selected paraffins with different numbers of carbon atoms and their physical
properties are shown in Table 6. The latent heat of fusion of paraffins is generally in the
range of 200 — 300 kJ/kg®8, and their melting points occur at approximately 5 — 75 °C>®.

Table 6. Thermal properties of paraffins with potential use as PCMs®?

Paraffin Melting temperature (°C) Heat of fusion (kJ/kg)
n-Tetradecane (C14) 6 228
n-Pentadecane (Cis) 10 205
n-Hexdecane (Cis) 18 237
n-Eicosane (C20) 37 246
n-Triacontane (Czo) 66 251

A 4.3.2 Nonparaffin organic PCMs
A4.3.2.1 Poly(ethylene glycol)s

Poly(ethylene glycol)s, short PEGs, are chains of linear dimethyl ether groups with terminal
hydroxy groups. Their general formula is HO-CH,-(CH,-0-CH,-),-CH,-OH.®°

o) _H
oo

Figure 13. General structure of poly(ethylene glycol)s
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PEGs are useful as PCMs because of their high heat of fusion, relatively broad and moderate
melting temperature range, high thermal and chemical stability, and low vapour pressure.
Furthermore, PEGs are non-flammable, biodegradable, non-toxic and inexpensive.?®7% On
the other side, long PEG chains show supercooling during the melting process. The melting
temperature and latent heat capacity of PEGs increase with the molecular weight of the
PEG chain. Therefore, their thermal properties can be further adjusted by mixing PEGs of
different molecular weights.%°

The thermal properties of some PEGs with different molecular weights are shown in the
following Table 7.

Table 7. Thermal properties of PEGs with different MWs5°

Molecular weight (g/mol) Melting temperature (°C) Heat of fusion (kJ/kg)
400 3.2 91.4

2000 51.0 181.4

20000 68.7 187.8

The heat of fusion of poly(ethylene glycols) is approximately in the range of
90 — 190 kJ/kg®, which are relatively low values compared to other organic PCMs.

A4.3.2.2 Fatty acids and derivatives

o]

HsC
} \M)kOH
n

Figure 14. General structure of a saturated fatty acid

Fatty acids with the general formula CH3(CH,),,COOH are of animal or plant origin, thus
of renewable origin but currently more expensive than paraffin waxes.®? However, their
properties make them suitable for PCM applications. Fatty acids possess high latent heat
and show congruent melting. Furthermore, little or no supercooling occurs during the
phase change, and thousands of melting and freezing cycles can be performed without
thermal degradation. Some other superior properties of fatty acids are good thermal and
chemical stability, non-toxicity and biodegradability, and their melting temperatures in a
suitable range for the application in TES systems. Eutectic mixtures of fatty acids can be
prepared to adjust the phase transition temperature interval for the desired application
and increase the TES capacity. As fatty acids have some disadvantages like corrosivity, bad
odour, and high sublimation rate, ester derivates were prepared as a new material class of
organic PCMs.®° For example, the methyl esters of stearic and palmitic acid were studied
by Nikoli¢, et al.”!, showing high values of the enthalpy of melting/fusion reversible process
with stability in a large number of cycles.

In Table 8 some fatty acids and their ester derivates are shown together with their thermal
properties.
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Table 8. Thermal properties of some fatty acids and derivatives®’!

Fatty acid or derivative Melting temperature (°C) Heat of fusion (kJ/kg)
Lauric acid (12 C) 41-44 178-183

Stearic acid (18 C) 65-70 196-253

Methyl stearate (C18) 37.8 240

Methyl palmitate (C16) 29.0 215

A4.3.2.3 Polyalcohols and derivatives

Polyalcohols are PCMs that undergo a solid-solid transition where thermal energy in the
form of latent heat is stored. At low temperatures polyalcohols like pentaerythrol (PE),
pentaglycerine (PG) and neopentyl glycol (NPG) are heterogenous or amorphous but
become homogeneous face-centred crystals when the temperature rises to their solid-solid
phase change temperature.’? This phase transition gives polyalcohols the ability to absorb
or release a large amount of heat and makes them attractive as organic PCMs. In addition
to their high latent heat capacity above 100 kJ/kg’3, polyalcohols possess advantageous
properties such as small volume change in the phase change, no segregation or phase
separation, low temperatures of phase transition and no leakage above the melting
temperature when it is, for example, microencapsulated.®

The chemical structures of some polyalcohols are shown in Figure 15 and their thermal
properties are given in Table 9.

0] (0]
HO OH ~
pentaerythritol neopentyl glycol pentaglycerol

Figure 15. Structures of some polyalcohols used as PCMs

Table 9. Thermal properties of some polyalcohols as solid-solid PCMs®

Polyalcohol Phase transition temperature (°C)  Heat of phase transition (kJ/kg)
Pentaerythritol 185-187 289.0-339.5

Pentaglycerol 82 172.6

Neopentyl glycol 42-44 110.4-119.1

A4.3.2.4 Sugar alcohols

Sugar alcohols (SAs) as a subclass of polyalcohols are not as intensively studied as the
already presented organic PCMs but are potential candidates to serve as PCMs due to their
high phase change enthalpy. Their melting point range is suitable for medium temperature
application (100-200 °C)* in, for example, solar process heat.’® Further advantages of SAs
are that they are from natural origin, non-toxic, non-flammable, non-corrosive and
affordable. Compared to other organic PCMs such as paraffins and fatty acids, sugar
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alcohols provide a higher volumetric energy density that is in the range of the energy
provided by salt hydrates.'” The most studied SAs for PCM application is erythritol with a
melting temperature of 118 °C and latent heat of 340 kJ/kg. Erythritol also shows excellent
thermal stability but undergoes severe undercooling as several other SAs.”* Other sugar
alcohols that have been considered as PCMs are xylitol and b-mannitol as they also show
large latent heat but are also easy to handle.'®

In Table 10, the thermal properties of the already mentioned sugar alcohols are shown.

Table 10. Examples for sugar alcohols used as PCMs and their thermal properties’*

Sugar Alcohol Melting temperature (°C) Heat of fusion (kJ/kg)
Erythritol 118 324

Xylitol 94.3 239.3

D-Mannitol 166.1 318.3

Natural sugar alcohols and mixtures possess latent heats of fusion in the range of
approximately 200 — 350 kJ/kg*’, which are considered as relatively high values for organic
PCMs. An even higher potential as PCMs is expected for non-natural sugar alcohols with a
longer carbon backbone chain as such a trend is, for example, observed for paraffins. In
this context, a recent computational study by Inagaki and Ishida’> predicted thermal
storage densities of up to 450 — 500 kJ/kg for sugar alcohols with twelve carbon atoms and
separately distributed hydroxy groups.

Ad.4 Non-natural sugar alcohols as potential PCMs

As already mentioned, Inagaki and Ishida’> published a computational study in which the
thermal storage densities and melting points of modelled sugar alcohols with more than
six carbon atoms were predicted by molecular dynamics simulations. The design of these
non-natural sugar alcohols was done following three guidelines, that were found to have a
positive impact on the thermal properties (melting point, latent heat of fusion) according
to an earlier theoretical study, in which the origin of differences in the enthalpy of fusion
of the four natural hexitols galactitol, mannitol, sorbitol and iditol was investigated:’®

(1) Linear elongation of the carbon backbone
(2) 1,3-anti-Relationship of all hydroxy groups
(3) Even number of carbon atoms in the carbon backbone

Following these rules, a series of non-natural sugar alcohols was designed that we refer to
as the "manno-series", as it originated from the natural b-mannitol XXIV. Further, the
thermal storage densities of the designed molecules were calculated and are shown in
Figure 16. Compared to the best performing, existing organic PCMs, that possess thermal
storage densities of up to 350 kl/kg (red, dashed line in Figure 16), for all the investigated
non-natural sugar alcohols higher values and therefore better potential performance as a
PCM were observed within this study. According to the performed calculations,
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outstanding thermal properties are expected for the presented C12 sugar alcohol XXX with
thermal storage density of up to 450-500 kJ/kg.
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A
OH OH
“__OH

OH OH
>~
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Figure 16. (Non-natural) Sugar alcohols and their calculated thermal storage densities — the
best performance is predicted for the C12 sugar alcohol XXX with a value of 450-500 kJ/kg”>

Additional to the "perfect" C8 sugar alcohols with all hydroxy groups in a 1,3-anti-
relationship, the melting points and thermal storage densities of "imperfect" isomers were
calculated, too. For the C2-epimer XXXI of manno-octitol XXVIII, the presence of only one
1,3-syn relationship between two hydroxy groups led to a significant drop of the thermal
storage density from 440 kJ/kg to 257 kJ/kg, and also the melting point that was predicted
to be 207 °C instead of 327 °C for the "perfect" C8 sugar alcohol. Even lower values were
calculated for the C8 isomer XXXII in which two hydroxy groups are inverted (C2 & C6)
resulting in two 1,3-syn relationships.”> The structures of those sugar alcohols are shown in
Figure 17, their predicted melting points and thermal storage densities in Table 11.

all 1,3-anti 3 x1,3-anti 1x1,3-syn 2 x 1,3-anti 2x1,3-syn
AFRASLA AASLFA AR
OH OH OH OH OH OH OH OH OH
; OH A A OH A __-OH
HO i H HO Y Y HO Y <
OH OH OH OH OH OH OH OH OH
= o W 4 g W g 7 7
D-erythro-L-manno-octitol D-erythro-L-gluco-octitol D-threo-L-gluco-octitol
XXV XXXI XXXII

Figure 17. C8 sugar alcohols XXVII, XXXI and XXXII with different distributed hydroxy groups
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Table 11. Melting temperatures and thermal storage densities of the non-natural sugar alcohols with eight
carbon atoms (shown in Figure 17)7°

Sugar alcohol

D-erythro-L-manno-octitol XXVII
D-erythro-L-gluco-octitol XXXI
D-threo-L-gluco-octitol XXXII

Melting temperature (°C)

327
207
127

Thermal storage density (kJ/kg)

440
257
136

Some of the non-natural sugar alcohols presented here (octitols) and other sugar alcohols
with an uneven number of carbon atoms (heptitols) were already successfully synthesised
by Draskovits 77 (see Chapter A 2.2.3.4). Furthermore, their melting points and enthalpies
were determined via simultaneous thermal analysis (STA), which is a technique that
combines differential scanning calorimetry (DSC) and thermogravimetric analysis (TG).
Within this study, the impact of the distribution of hydroxy groups on the physical
properties could be shown and further, that an even number of carbon atoms is necessary
to obtain high thermal storage densities. Additionally, several of the predictions and
calculations by Inagaki and Ishida’® were validated, showing, that a precise and trustworthy
prediction of the physical properties was performed.

HO

1,3-anti

HO

Natural sugar
alcohol (C6)

all 1,3-anti

A
OH OH

OH
OH OH
v

mannitol
XXVII

1,3-syn

AN
OH OH
OH

OH OH
) W g

glucitol
XXXIV

Non-natural sugar
alcohol (C7)

all 1,3-anti

A
OH OH
HO™ <" OH
OH OH OH
~ 7 7

manno-heptitol
XXX

1,3-anti 1,3-syn

HO : OH

OH OH OH
~ 7 7

gluco-heptitol
XXXV

HO

1,3-anti

HO

Non-natural sugar
alcohol (C8)

all 1,3-anti

AR
OH OH OH

OH OH OH
~7 7

manno-octitol
XXVII

Vo VW am N
OH OH OH

OH OH OH
N 4 W= 4
gluco-octitol
XXXVI

1,3-syn

OH

OH

Figure 18. Sugar alcohols that have been investigated in our group according to
their melting points and thermal storage densities
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Figure 19. Thermal storage densities of natural and non-natural sugar alcohols;
literature values (hexitols)”?, measured values (heptitols, octitols)’” and
calculated values (octitols)”®
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A5 Aim of the thesis

In the presented computational study on non-natural sugar alcohols’3, Inagaki and
Ishidadeeply investigated the "manno-series" of sugar alcohols to evaluate their potential
as PCMs and their findings for the manno-octitol species were already proven in our group
(Chapter A 4.4). On the one hand, this match in the calculated and actually observed
properties of this substance class confirmed the accuaracy and reliability of their
investigations and, on the other hand, fueled our interest in non-natural sugar alcohols as
promising materials in the field of PCMs. According to the postulated guidelines, we
designed the second series of sugar alcohols, the "galacto-series" (Figure 20 (bottom)). This
series is formally derived from "correct" elongation of the natural sugar alcohol
galactitol XXXVII, the second hexitol next to mannitol XXVIII that fulfils all stated criteria:
linear carbon backbone, 1,3-anti-relationship of all hydroxy groups, even number of carbon
atoms.”® The only difference between mannitol and galactitol can be found in the relative
configuration of the two terminal stereocentres that are in a 2,3-anti-relationship for the
mannitol and in a 2,3-syn-relationship for the galactitol. The fact that the natural galactitol
possesses an even higher melting point and thermal storage density than mannitol makes
this series even more attractive as a potential PCMs (Figure 20 (top)).

all 1,3-anti Melting point all 1,3-anti
A A . VS
166 °C : 188 °C
2,3-anti OH ?H : 2,3-syn OH (:JH
A OH : OH
HO : Thermal storage density HO -
OH OH . OH OH
~_7 318 ki/kg : 354 kl/kg ~ 7
mannitol ' galactitol
XXVII XXXVII
all 1,3-anti all 1,3-anti all 1,3-anti
AL A A A LA SFA AFRALFASFLFAELFA
2,3-syn OH (:JH OH 2,3-syn OH 9H OH (:JH 2,3-syn OH (:JH OH (;.)H OH
: OH : A_-OH : : OH
HO Y HO H Y HO Y H
OH OH OH OH OH OH OH OH OH OH OH OH
g W 4 A\ A W o =4 e e ey
L-threo-D-galacto-octitol L-galacto-L-galacto-dectitol L-threo-D-galacto-D-galacto-dodecitol
[6] 71 (8l

Figure 20. The natural hexitols mannitol XXVIII and galactitol XXXVII in comparison regarding structural
features, melting points and thermal storage densities (top) and the "galacto-series" of non-natural sugar
alcohols [6], [7] and [8] based on the requirements postulated by Inagaki and Ishida” (bottom)

With this intent, we aimed to develop an efficient enantioselective strategy to realise the
synthesis of non-natural sugar alcohols with all hydroxy groups in a 1,3-anti-realtionship
and galacto-configuration (2,3-syn-realtionship) for thermal analysis. The observed
experimental properties will be their melting points and thermal storage densities. Further,
the physical properties of this new set of high-carbon sugar alcohols are being calculated
in cooperation with Inagaki and Ishidaand will be compared to our experimental results.

In general, the focus of this thesis can be divided into three parts covering different aspects
of the synthetic challenges of the synthetic route:
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(i)

As the main aspect, a synthesis protocol for the galacto-octitol [6] should be developed
which will then serve as blueprint for the efficient synthesis of non-natural sugar
alcohols with all hydroxy groups in a 1,3-anti-relationship and galacto-configuration
(2,3-syn-relationship). So far, higher sugar alcohols were synthesised via IMA of the
aldose and subsequent ozonolysis of the formed enitol with reductive work-up
(Scheme 17 (top)). But this protocol only allows the preparation of sugar alcohols with
manno-configuration, meaning a 2,3-anti-relationship. Therefore, we were looking for
an adjusted route to allow a similar repetitive approach towards the galacto-
configurated sugar alcohols and suggested the general pathway shown in Scheme 17
(bottom). Starting from the aldose, the enitol species should be obtained via indium-
mediated acyloxyallylation as in the "manno-series" approach. With this reaction, the
sugar's backbone is elongated by three carbon atoms including the introduction of two
new stereocentres with high selectivity for the desired Ixyo-configuration at the former
reducing end of the sugar. In contrast to the manno-route, the enitol should then
directly be converted into the sugar alcohol by selective hydroxylation instead of
performing ozonolysis and subsequent reduction. This approach allows the
introduction of a third stereocentre while the number of carbon atoms remains the
same.

Synthesis of manno-configurated sugar alcohols

OH OH (l) VA OH OH OH Ozonolysis OH OH OH (lj
HO : S o) : LA > HO : +
H +3C H : -1C H :
OH OH +2SC OH OH OH OH OH OH
D-mannose (C6) nonenitol (C9) octose (C8)
XXVI XXXVII
Reduction
+/-0C
OH OH OH 2,3-anti
HO ; +
Y + Y OH
OH OH OH
manno-octitol (C8)
Aimed synthesis route towards galacto-configurated sugar alcohols
OH O IMA OH OH selective. OH OH OH
| H Hydroxylation H OH
e NS —_— NG
4 o+ X Y~ o+ +
HO : +3C HO = +/-0C HO :
OH OH +2SC OH OH OH +1SC OH OH OH2,3-syn
L-lyxose (C5) octenitol (C8) galacto-octitol (C8)

3] [4] (6]

Scheme 17. Synthetic route towards manno-configurated sugar alcohols, shown for the
manno-octitol XXVII (top), and aimed synthesis route towards galacto-configurated sugar
alcohols (galacto-series), shown for the galacto-octitol [6] (bottom) (newly formed
stereocentres are marked with a +)
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(ii)

(iii)

34

As next step, we planned to use the new protocol as a blueprint for the synthesis of
the galacto-decitol [7] (C10) and galacto-dodecenitol [8] (C12) (see Figure 20) in a
repetitive fashion from the higher aldoses as starting materials. With the rising number
of carbon atoms and present hydroxy groups, these sugars are expected to be less
reactive in the IMA as lower solubility, and a lower open-chain content are predicted
for them.

According to the anticipated problem with the longer chain sugars, we wanted to
optimise the indium-mediated acyloxyallylation as the standard protocol using EtOH
as the solvent and 3-bromopropenyl acetate [1] as the reagent (Chapter A 2.2.3) was
found to only be high yielding when short-chained, reactive aldoses like, e.g., erythrose
and lyxose are used as starting materials. Standard sugars like mannose showed lower
reaction rates in the IMA towards the corresponding enitols due to lower solubility and
a lower open-chain content making the free aldehyde moiety less available. Therefore,
we set out to develop an improved protocol for the IMA that allows also the
transformation of less reactive aldoses required for the accomplishment of the longer-
chain sugar alcohols from (ii).

AcO” X gy
OH OH OH i OH OH OH
"Ro HO™ | HO™ ™ :
OH OH OH O OH OH OH
D-mannose ~0.3% successful transformation only when

.) more solvent was used
.) efficient stirring was guaranteed

Scheme 18. IMA of b-mannose under standard conditions with 3-bromopropenyl acetate [1] in EtOH
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B Results and discussion

B1 Retrosynthetic analysis

To obtain higher-carbon sugars and the corresponding sugar alcohols, the indium-mediated
acyloxyallylation is a handy tool, as it has already been discussed in Chapter A 2.2.3.4. In
the IMA, aldoses can be elongated by three carbon atoms giving enitols that can further be
transformed into the corresponding aldose due to subsequent ozonolysis. Alternatively, by
performing a reductive work-up after the ozonolysis, sugar alcohols elongated by two
carbon atoms compared to the starting sugar are obtained, with the two terminal
stereocentres in an anti-relationship. However, as we were interested in sugar alcohols
with a 2,3-syn-configuration, we thought of a different reaction sequence to obtain
non-natural sugar alcohols with the desired structural features directly from sugar enitols
that are accessible by IMA. The principle planning is exemplified towards the octitol [6] but
can be translated to homologous sugar alcohols with longer chain length.

syn syn syn syn syn syn
OH OH EOH : OH OH OH i(_)H OH OH OH OH EOH
: se OH : “ts. OH : : R *. OH
HO M “.** : HO M M L : HO M N R
OH OH OH : OH OH OH OH : OH OH OH OH OH
anti : anti : anti
octitol (C8) : dectitol (C10) : dodectitol (C12)
[6] : [7] : (8]
Dihydroxylation Dihydroxylation Dihydroxylation
lyxo lyxo
——— . ———
syn syn
OH OH OH : OH OH OH OH
- © HO - TN © Ho . s
OH OH OH : OH OH OH OH ; OH OH OH OH OH
anti anti anti
octenitol (C8) decenitol (C10) dodecenitol (C12)
: [10] : [12]
In-mediated Ozonolysis In-mediated Ozonolysis In-mediated
Acyloxyallylation Acyloxyallylation Acyloxyallylation
OH O OH OH O OH OH OH O
HO AT Bl o - RO™ X" 1 Ho ; <~ RO g
OH OH [1 E OH OH OH : OH OH OH OH
L-lyxose heptose (C7) nonose (C9)
[3] : [11] : (13]
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Scheme 19. Retrosynthetic analysis for the three targeted sugar alcohols: L-threo-b-galacto-octitol [6],

L-galacto-L-galacto-decitol [7] and L-threo-D-galacto-b-galacto-dodecitol [8]
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The retrosynthetic analysis for the C8 sugar alcohol L-threo-b-galacto-octitol [6] is shown
in Scheme 19 (left). The sugar alcohol [6] should directly be obtained from the
corresponding octenitol [9] via diastereoselective dihydroxylation of the terminal double
bond, a standard method to introduce diols. In the next step, the synthesis of L-glycero-
D-manno-octenitol [9] can be realised via indium-mediated acyloxyallylation of L-lyxose [3]
with 3-bromopropenyl acetate [1] to form the organoindium species. This is a literature?3
known reaction that has already been described in Chapter A 2.2.3.2.

The critical step in this sequence is expected to be the dihydroxylation reaction, as high
diastereoselectivity for the 2,3-syn(threo)-configurated product is required in order to
obtain all hydroxy groups in a 1,3-anti-relationship. Two standard dihydroxylation
protocols are considered at this step: First, the Upjohn dihydroxylation, in which the
stereochemical outcome of the reaction only depends on the substrate's nature, second,
the Sharpless dihydroxylation, in which a chiral catalyst controls the face selectivity of the
catalyst's coordination to the double bond. In both methods, an osmium-catalyst is used,
and the introduction of the two hydroxy groups takes place from the same side of the
double bond. We assumed that especially asymmetric Sharpless dihydroxylation gives us
the opportunity to influence the stereochemical outcome of the introduction of the
hydroxy groups and allows the selective synthesis of the targeted 2,3-syn-octitol [6].

We further considered that it might be necessary to first protect the hydroxy groups
present in the enitol species and then perform the dihydroxylation reaction, according to
literature research on dihydroxylation conditions used for similar polyols.”® The necessity
of protection can be addressed to the solubility of the substrate under the aimed reaction
conditions, but also disturbance of the hydroxy groups in the dihydroxylation reaction.

This principle retrosynthetic analysis can further be extended for the galacto-decitol [7]
(Scheme 19 (middle)) and the galacto-dodecitol [8] (Scheme 19 (right)). The higher aldoses
that are the starting materials in the sequence can be obtained via ozonolysis of the
corresponding enitols that are intermediates in the synthetic route towards the galacto-
octitol (heptose [11]) and galacto-decitol (nonose [13]), respectively.
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B2 Synthesis of the 3-bromopropenyl esters used for IMA

In the course of this work, three different bromopropenyl esters were synthesised and used
as reagents in the indium-mediated acyloxyallylation of aldoses, namely the
3-bromopropenyl acetate, benzoate and pivalate. The synthesis of these compounds was
carried out according to a literature protocol®, in which the ester is obtained from the
corresponding acid bromide and acrolein, using ZnCl; as a catalyst (Scheme 20 (a)).

(a) o 0

0 chlz )J\
P AT N S T
R” "Br DCM
-20t0 0 °C
[14]R = CH; [11 R=CH; 73%
[15]R = t-Bu [16]R=t-Bu 65%
[17]R =Ph [2R=Ph 72%
(b) 0 0
Br, + PPhs —_—> PPh3Br,  + OH ——>
DCM, 0 °C DCM, rt Br
52%
[18] [15]

Scheme 20. Synthesis of the 3-bromopropenyl esters [1], [2] and [16] (a) and
synthesis of the pivalic acid bromide [15] (b)

The bromides of the acetic acid and benzoic acids are commercially available, but the pivalic
acid bromide [15] had to be synthesised following the protocol shown in Scheme 20 (b).
First, the bromination reagent PPh3Br, was formed from bromine and triphenylphosphine,
then pivalic acid [18] was added, giving the desired pivalic acid bromide [15] that was
isolated via distillation in good yield.

The 3-bromopropenyl esters [1], [2] and [16] were obtained by mixing the commercially
available acid bromides [14] and [17] and the obtained one [15] with acrolein in DCM at
lower temperatures (< -20 °C) because of the exothermic nature of this reaction (Scheme
20 (a)). The initiation of the reaction was achieved by allowing the reaction mixture to warm
up to 0°C, where a significant jump up to + 15 °C could be observed. Due to efficient
cooling, the temperature was lowered again (- 10 °C), and kept at that temperature to
achieve full conversion of the starting materials. Isolation of the 3-bromopropenyl acetate
[1] and pivalate [16] was possible via distillation while the crystalline 3-bromopropenyl
benzoate [2] was purified by flash column chromatography.
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B3 The synthetic route towards the galacto-octitol

This chapter deals with the development of a new synthesis route towards the L-threo-
D-galacto-octitol [6] (C8 sugar alcohol) based on the indium-mediated acyloxyallylation of
aldoses, a handy tool for the preparation of higher sugar species. According to the
retrosynthetic analysis (Chapter B 1, Scheme 19), the forward synthesis for the L-threo-
D-galacto-octitol [6] starting from the pentose L-lyxose [3] was planned as it is displayed in
Scheme 21.

In-mediated

Acyloxyallylation Protection
OH O _— OH OR OR
| B ™ “OAc conditions
—_— —_—
HO : In, EtOH = RO T \
OH OH OH OH OH OR O OR
L-lyxose [9]
[31
Os-catalyst Dihydroxylation
all 1,3-anti
Deprotection
OH OH - OR OR
conditions
MOH D W
OH OH

L-threo-D- galacto -octitol
[6]

Scheme 21. Planned synthesis route towards the L-threo-D-galacto-octitol [6]

However, for initial investigations the enantiomeric D-lyxose [19] and the corresponding
octenitol [20] were used as starting materials due to its lower cost and availability in large
guantities in our laboratory. For the sake of clarity, only the structures for the L-series are
depicted in the following discussion, but for the molecules of the enantiomeric b-series
stereochemical information is shown with straight bars instead of wedges as those are used
to give information about relative stereochemistry.

B3.1 Indium-mediated acyloxyallylation of lyxose towards the
glycero-manno-octenitol

The indium-mediated acyloxyallylation of lyxose was straight forward as this reaction was
already performed for L-lyxose [3] on large scale by Stanetty and Baxendale?3. p-Lyxose [19]
was dissolved in EtOH, and 3-bromopropenyl acetate [1] and indium were added at once
under vigorous stirring (Barbier-type protocol). Efficient stirring is crucial at this stage, as
the underlying reports?®>3 showed that otherwise side reactions of the reagent are
favoured (Wurtz-type dimerization), leading to incomplete conversion of the starting
material. However, in this case, full conversion was observed within 15 minutes, and a
mixture of enitol isomers was observed following a peracetylation — Zemplén deacetylation
sequence, as it was described in the general procedure for the IMA of aldoses with
3-bromopropenyl acetate [1] by Draskovits, et al.?%. The peracetylation as an additional
step facilitates separation of the product species from any inorganic components. A
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mixture of isomers was obtained as the crude material with the lyxo-configurated octentiol
[20] as the major component. The ratio of the formed diasteromers was in accordance with
the observations of Stanetty and Baxendale?3, being lyxo: xylo: ribo = 65:25:10
(according to *H-NMR). From this, the desired octenitol [20] with lyxo-configuration could
be isolated upon trituration in i-PrOH and recrystallisation from a MeOH/H,0 mixture with
a yield of 33%.

Y
1) g™ 0Ac lyxo
(1] —
In, EtOH, 48 °C syn
o OH O 2.) Ac;0, pyridine OH OH
g ) /\H\) 3.) NaOMe, MeOH :
MOH HO H 4.) trituration - HO H S
OH OH 5.) recrystallisation OH OH OH
33% anti
[19] [19] 120]

Scheme 22. Synthesis of glycero-manno-octenitol [20] via IMA of b-lyxose [19]

B3.2 Introduction of protecting groups to the octenitol

As the next step, the diastereoselective dihydroxylation of the octenitol was planned.
However, literature research on dihydroxylation conditions used for similar polyols’83!
always showed the necessity of partial or full protection of the hydroxy groups. Therefore,
different protecting groups (PG) were introduced to the octenitol to give fully protected
enitol material. Four common PGs used for hydroxy groups in sugar species, each
representing a different chemical class, were considered (Table 9).

Table 12. Protecting groups that were considered for the octenitol [8] and [20], respectively

Name Abbreviation Structure Chemical class

0
acetate Ac %Ok ester

™o
benzyl ether Bn /\© aromatic ether
O\IL
isopropylidene (acetonide) - w§/o cyclic ketal

tert-butyldimethylsilyl ether TBS 5',)< silyl ether
~
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OAc OAc

AcO Y X
OAc OAc OAc

[21]

OBn OBn OTBS OTBS

BnO - A TBSO - X
OBn OBn OBn OTBS OTBS OTBS

[22]

Figure 21. The four targeted, protected octenitols [21], [22]
and [23]

The compounds [21], [22] and [23], namely the hexaacetyl, hexabenzyl- and
triisopropylidene-octenitol, could successfully be synthesised and their preparations are
shown and discussed in the following Chapters B 3.2.1 (Ac), B 3.2.2 (Bn) and B 3.2.3
(acetonide). The fully TBS-protected ocentitol could not be obtained under the applied
conditions, using TBSCI (9 equiv.) and imidazole (18 equiv.) in DMF. Only an octenitol
species with four TBS-groups present as confirmed by HPLC-MS and NMR analysis was
observed and this approach was not followed up further within this work.

B 3.2.1 Introduction of acetate groups to the octenitol

The octenitol peracetate [21] was obtained from [9] with acetic anhydride and a catalytic
amount of DMAP in pyridine at room temperature. An aqueous work-up upon complete
conversion gave the desired product [9] quantitative (99%). No further purification was
necessary, and the peracetlyated enitol was obtained as a colourless solid.

OH OH OAc OAc
H Ac,0, DMAP B
HO H N pyridine AcO N N
OH OH OH 0°Ctort,1.5h OAc OAc OAc
[9] 99% [21]

Scheme 23. Introduction of acetate protecting groups to the
octenitol [9]

B 3.2.2 Introduction of benzyl groups to the octenitol

Another common protecting group for hydroxy groups in sugar species we were interested
in was the benzyl group. The formation of benzyl ethers is usually carried out in two steps.
First, the hydroxy groups of the substrate [9] are deprotonated using sodium hydride as a
base, forming the corresponding alkoxides. Then, benzyl bromide is added that reacts with
the substrate in a nucleophilic substitution reaction. Additionally, a catalytic amount of
tetrabutylammonium iodide was added for the in situ formation of benzyl iodide. As iodides
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are more reactive than bromides in Sn2 reactions, the reaction rate is accelerated, and the
product [22] was isolated after chromatographic purification in excellent yield.

OH OH BnBr, NaH OBn OBn
: n-BugNI :
—_—
HO ; X OVF BnO ; X
OH OH OH 0°Ctort,3.5h OBn OBn OBn
[9] 93% [22]

Scheme 24. Introduction of benzyl protecting groups to the
octenitol [9]

B 3.2.3 Synthesis of the 3,4:5,6:7,8-O-triisopropylidene-octenitol

The introduction of three acetonide protecting groups to the six hydroxy groups present in
the octenitol was not as straightforward as the formation of the hexaacetyl- [21] and
hexabenzyl-species [22]. However, the targeted product [23] was formed by treating the
octenitol [20] with 2,2-dimethoxypropane and p-TsOH at 50 °C in DMF and obtained in pure
form upon column chromatography in a yield of 19% only.

(0]
OH OH 2,2-dimethoxypropane 0.,,
: p-TsOH ><
HO : o DMF — °© 0 N
OH OH OH 50 °C,48h )TO
[20] 19% [23]

Scheme 25. Introduction of acetonide protecting groups to the octenitol [20]

Under the applied conditions, full conversion of the starting material was observed within
6 h, but several spots were observed on TLC. By the portionwise addition of further p-TsOH
over 48 hours, it was tried to drive the reaction to more formation of product [23], the
most apolar species in the mixture. Still, the ratio of the formed products did not change
according to TLC. One of the main side products showed a similar polarity as the targeted
species [23], but the separation of these two species could still successfully be performed
via column chromatography. While the more apolar reaction product could be identified
as the targeted 3,4:5,6:7,8-O-triacetonide [23], the structure of the side-product could not
be fully clarified by NMR analysis (*H-NMR, 3C-NMR, COSY, HSQC, HMBC). However, it was
confirmed that it is an octenitol species with also three isopropylidene groups present in
the molecule, but the spectral data did not provide information on the very constitution. It
is hypothesised that a species with 6-membered instead of 5-membered rings was formed,
as a correlation between the H5 and H7 with the same quartenary carbon atom from an
isopropylidene group was observed in the HMBC spectrum. As no further signals with
information on the position of the isopropylidene groups were detected, the assumption
could not be confirmed, and no structure could be proposed.

41



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Results and discussion Master Thesis Biedermann Nina

B3.3 Dihydroxylation of the protected octenitol

As it was shown in the retrosynthetic analysis (Scheme 19), we wanted to perform a direct
transformation of the octenitol species into the sugar alcohol by selective dihydroxylation
of the olefin, as this is a standard method to introduce diols.

all 1,3-anti
A RASA
OR OR OR OR OH
: Dihydroxylation - OH
RO + X T > Ro x ~
OR OR OR OR OR [OR |threo

A W g (Syn)

Scheme 26. Desired reaction outcome of the dihydroxylation
reaction of the protected octenitol to obtain the partly protected
octitol with all alkoxy/aryloxy groups in a 1,3-anti-relationship

B 3.3.1 Evaluation and investigation of different dihydroxylation conditions

Two standard dihydroxylation methods were considered for the transformation of the
enitol species into the corresponding partly protected sugar alcohol: the Upjohn
dihyroxylation and the asymmetric Sharpless dihydroxylation.

Upjohn dihydroxylation

In the general Upjohn procedure, catalytic quantities of osmium tetroxide (OsQa), usually
0.01-2 mol%, are used together with a cheap co-oxidant, namely N-methylmorpholine
N-oxide (NMO), in stoichiometric amounts.®? To avoid the handling of OsO; as it is volatile
and toxic, the potassium salt K2[OsO2(OH)4] can be used as the catalyst precursor from
which is generated in situ by the oxidation with NM Q.83

In general, the product with erythro-configuration between the pre-existing alkyl-/ aryloxy
group and the newly formed secondary hydroxy group is expected for acyclic alkenes with
an allylic, oxygen-bearing stereocentre. Erythro-configuration means an anti-relationship
between the two described stereocentres (Scheme 27).8* This diastereoselectivity is
assumed to arise from the preferential approach of OsQO4 to the face opposite to that of the
alkyl-/aryloxyl group due to considerations of stereoelectronic ground as it is displayed in
the catalytic cycle (Scheme 28).8%

0504, NMO | on
—_— R]/\/
0504 OR_lerythro

(anti)

Scheme 27. Expected diastereoselectivity for the erythro-
configurated product in the Upjohn dihydroxylation of
acyclic alkenes with allylic, oxygen-bearing stereocentres®
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oH o 0570
WA OH 2 H 0 o
_‘/\ RO 4 !
OR_lerythro
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0., 1Mo
First Cycle A second Cycle o/(ljf\
ro. A 0 97 B\ _OR
\¢S
NMM %
o
(I:I) i\ O,, Iviko
Vil 'Os‘
’495\‘0 H O( \0
OO ‘/ RO H H OR

/ NMO
RO%H

H o H,0

\o_{v(\)
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W]/:\/OH
OR__lerythro
(anti)
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Scheme 28. Catalytic cycle of the Upjohn dihydroxylation towards the erythro-configurated product,
showing the first and second cyclic (adapted from Wai, et al.®¢ and Gao and Cheun®’)

According to this, we expected the partly protected octenitol with the wrong
stereochemistry (erythro-configuration) that is shown in Figure 22 as the major product.
Still, the dihydroxylation reaction of the protected octenitols was carried out under these
conditions as this has not been reported in literature on such starting materials and the
presence of the other stereocentres generally complicates predictions on the
stereochemical outcome. It was expected that from whatever native selectivity was found,
the use of Sharpless conditions would allow tuning towards the targeted stereochemistry.

1,3-anti 1,3-syn

AR
OR OR OH

OH
ROW]/\/

OR  OR [OR_lerythro

| o W 4 (antj)

Figure 22. Structure of the expected major product
from the Upjohn dihydroxylation of the protected
octenitols

The protocol that was used for the octenitols [21], [22] and [23] is displayed in Scheme 29.
All three enitols could successfully be converted into the targeted dihydroxylated products
giving mixtures of the two diastereomers.
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OR OR K2[0s02(OH)4] (1 mol%) OR OR OH
: NMO-H,0 (1.2 equiv.) : OH
RO : S t-BUOH/H,0 (1:1) or :
OR OR OR t-BUOH/H,0/DCM (1:1:1), rt OR OR OR
[21] R=Ac 98% [24]/[25] R = Ac
[22] R=Bn 96% [26]/[27] R =Bn
[23] R = acetonide quant. [28]/[29] R = acetonide

Scheme 29. Upjohn dihydroxylation conditions that were used for the
protected octenitols [21], [22] and [23]

In early attempts, only a 1:1 (v/v) mixture of t-BuOH and H,0O was used as the solvent but
the observed reaction rates were low, and even after several days no full conversion of the
starting material could be achieved in some cases. By the addition of DCM
(t-BuOH/H,0/DCM 1:1:1), faster reaction progress was achieved. It is assumed that
solubility issues played a significant role here, and the reactions were speeded up due to
the substrates' better solubility in the reaction mixture.

Regarding the stereochemical outcome, in all three transformations the erythro-
configurated product was obtained as the major one, as expected from literature research,
but none of the two isomers was predominantly formed. The determination of the product
ratios and the exact values are shown and discussed together with the results of the
Sharpless AD in Chapter B 3.3.2.

Sharpless dihydroxylation

In the Sharpless dihydroxylation, facial selectivity can be induced due to the use of chiral
ligands. Two different mixtures of reagents are commercially available, namely AD-mix-a
and AD-mix-B, and are used depending on the substrate's structure and the targeted
stereochemistry in the product. This reagent mixtures contain potassium osmate dihydrate
(K2[0s0O2(0H)a4]), potassium carbonate (K2COs), the terminal oxidant potassium ferricyanide
(KsFe(CN)g), and either the chiral ligand (DHQ),PHAL (a-mix) or (DHQD)2PHAL (B-mix).28
Usually, methanesulfonamide (MsNH>) is added to the reaction mixture due to its positive
impact on the reaction rate as it accelerates the hydrolysis of the osmium (VI) glycolate
product (see Scheme 31) considerably.??

Generally, it is expected that the stereochemical outcome of the dihydroxylation reaction
under Sharpless conditions can be controlled by the choice of the AD-mix as two sets of
chiral ligands are available. Predictions on the stereoselectivity are usually made based on
the mnemonic scheme that was developed by Sharpless and co-workers, in which the
alkene's structure and orientation and the catalyst's coordination are considered.®
However, for chiral substrates a matched and mismatched pairing between the substrate
and the catalyst species can be observed, the later one typically resulting in low reaction
rates and yields as the reagent has to overcome the intrinsic diastereofacial bias of the
olefin substrate. In Scheme 30, the mnemonic scheme for 1,1-disubstituted alkenes as
substrates is shown since this model is the most suitable one for the description of a
terminal alkene as it is present in the octenitol species. According to the investigation by
Sharpless, flat, aromatic substituents fit well in the southwest quadrant, or, in their
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absence, "large" aliphatic groups (represented by R* in Scheme 30), whereas the northwest
quadrant is more accessible for substituents of moderate size (R?).8° However, further
investigations on the dihydroxylation of 1,1-disubstituted allyl alcohol derivatives by Hale,
et al.’! showed, that oxygen-containing substituents like, e.g., BhnOCH; or PivOCH; have a
relatively low tendency to occupy the SW quadrant.

OMe

(DHQD),PHAL-ligand

B-face RZHO OH
R! = flat, aromatic substituent,
K2[0s0(OH)al, KgFe(CN); ~ __R _______ or "large" aliphatic group
K,COs, aqg. t-BuOH 1 ) .
e R2 R R? = substituent moderate size
a-face HO OH

(DHQ),PHAL-ligand

Scheme 30. Mnemonic scheme of the Sharpless dihydroxylation for 1,1-disubstituted alkenes showing
alkene orientation and face selectivity (adapted from Kolb, et al.?)

Due to the presence of only one substituent at the double bond in our enitol substrate,
which possesses chiral centres and an alkoxy or aryloxy group in a-position to the olefin, it
was difficult to predict the stereochemical outcome of the dihydroxylation with the two
different ligands. Furthermore, Hale, et al.’* showed that the rule for face-selectivity by
Sharpless cannot easily be applied for the AD of allyl alcohol derivatives. The following
Figure 23 shows an example for the ambiguity of the empirical mnemonic device on two
substrates with a benzyloxy group at the allylic position. For the substrate in entry 1, the
(S)-diol was expected with AD-mix-p according to the face-selection rule, but the (R)-optical
antipode was predominantly formed. A similar substrate with a methyl group instead of an
ethyl group as the second substituent (entry 2) gave the (R)-configurated product that was
confirmed to the mnemonic model in the reaction with AD-mix-a.%?
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Olefin AD-mix % yield % ee Product
Me Me OH OH
1 ): B 63 31 )_/
BnO BnO
Me Me OH OH
2 a 93 45 -
BnO BnO

Figure 23. Asymmetric dihydroxylation of 1,1-disubstituted allyl
alcohol derivates with one substituent being a benzyloxy
group, the other one an alkyl chain

According to all these findings, no reliable prediction could be made, and in a first attempt,
the dihydroxylation of the peracetylated octenitol [21] was conducted using commercially
available AD-mix-B and MsNH; in a biphasic mixture of tert-butanol and H,0 at 0 °C. Under
these conditions, the substrate did not undergo any conversion to the targeted product, so
the reaction was carried out again at room temperature (25 °C) as this was suggested by
Morikawa, et al.?? for sterically demanding substrates that showed low turnover numbers.
Furthermore, attention was paid to efficient stirring as this is essential for the reaction's
selectivity and rate since the oxidation of the substrate takes place in the organic phase,
and the re-oxidation of the catalyst in the aqueous phase, as it is shown in Scheme 31.%3

Rl/\/R2
R! OH

: (0]
o— 2
O lvi R? RIJ\(R ,(IJISV\IH
_Os 06’/ ~0

(gl
L

- N

—

20H 2- 2- H
ol
2H,0 HO_ 11Y'OH HO. ﬂ’/‘/'b
S S
HO” 1I “OH HO™11°0
0 o}
2 OH 2H,0
2 Fe(CN)g> 2 Fe(CN)g*

Scheme 31. Catalytic cycle of the dihydroxylation with OsOa as the catalyst
and Fe(CN)s> as the re-oxidant in a biphasic mixture (adapted from Ogino,
et al.?® and Kolb, et al.??)

Further, DCM was added as a co-solvent, for the same reason that has already been
discussed for the dihydroxylation under Upjohn conditions. Even though the formation of
hydroxylated product [24]/[25] could be observed, the reaction progress was sluggish.
After 8 days, a conversion of only about 20% (according to HPLC-MS) was achieved. To
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speed up the reaction, a more concentrated AD-mix was used that contained three times
the standard quantity of the potassium osmate salt (0.6 mol%) and ligand (3 mol%) over
the other components (AD-mix-a/B (x3)), a modification by Kobayashi, et al.?*. Using this
AD-mix-B (x3) with MsNH2 (1 equiv.) in t-BuOH/H,O/DCM (1:1:1) on the peracetylated
substrate [21], full conversion towards the dihydroxylated species could be obtained. These
conditions using both reagent mixtures in the concentrated version were applied to all
three protected octenitol species [21], [22] and [23] (Scheme 32).

OR OR AD-mix-a (x3) (1.4 g/mmol) OR OR OH
H MsNH, (1 equiv.) :
RO ) X > RO ] OH
: t-BUOH/H,0/DCM (1:1:1), rt :
OR OR OR OR OR OR
[21] R = Ac 95% [24]/[25] R = Ac
[22] R=Bn quant. [261/[27] R =Bn
[23] R = acetonide 99% [281/[29] R = acetonide
OR OR AD-mix-B (x3) (1.4 g/mmol) OR OR OH
: MsNH, (1 equiv.) :
RO A > RO OH
: t-BuOH/H,0/DCM (1:1:1), rt E
OR OR OR OR OR OR
[21] R = Ac quant. [24]/[25] R = Ac
[22] R =Bn quant. [26]/[27] R = Bn
[23] R = acetonide 99% [281/[29] R = acetonide

Scheme 32. Optimised Sharpless dihydroxylation conditions with both
AD-mix-a (x3) and AD-mix-B (x3) that were used for the protected
octenitols [21], [22] and [23]

B 3.3.2 Results for the screening of substrates and reaction conditions

The optimised dihydroxylation conditions were applied to all three substrates [21], [22]
and [23] to find the optimal set of protected enitol and dihydroxylation conditions to get
towards the desired 2,3-syn(threo)-configurated product. At the stage of the partly
protected octitols, the two diastereomers formed in the DH reactions were always
identified as one species when analytics (TLC, HPLC-MS) were performed. So, no simple
preparative separation of the mixtures could be accomplished in order to get the threo-
and erythro-configurated partly protected ocitols in enantiomerically pure form. To
facilitate comparison of the ratio of the two diastereomeric products formed under
different reaction conditions, the dihydroxylation products were converted into the
corresponding sugar alcohols by subsequent deprotection (Scheme 33). The deprotection
of the peracetate species [24]/[25] was successfully performed via Zemplén deacetylation
using NaOMe in MeOH, giving the sugar alcohol in excellent yields. The benzyl ethers of the
mixture [26]/[27] were cleaved via catalytic hydrogenation using palladium on activated
carbon as catalyst in MeOH. Here, the addition of a catalytic amount of hydrogen chloride
significantly improved the reaction rate, giving the deprotected octitol species in good
yields. The acetonide groups were cleaved by treatment with Dowex-H*, an acidic ion
exchange resin, in a solution of [28]/[29] in H0.
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OAc OAc OBn OBn
ACO/\‘/'\:/\‘/\ BnO/Y'\;/\‘/\
OAc OAc OAc OBn OBn OBn
[21] [22]
Dihydroxylation Dihydroxylation Dihydroxylation
OAc OAc OH OBn OBn OH
: OH
BnO ¥
OAc OAc OAc OBn OBn OBn
[24]/125] [26]/127] [28]/129]
NaOMe H,, Pd/C Dowex-H*
MeOH MeOH H,0
C,
1
© Y
1
CH,0H CH,OH
2 all 1,3-anti 1,3-anti 1,3-syn 2
H——OH HO——H
AFAASA AFASA
HO——H OH OH OH OH OH  OH HO——H
HO—+—H Z : H HO——H
[pauty RS, — OH OH —
op HA‘L—OH = Ho/Ykg/\]/k/ + HOW]/\/ == H—on
H——OH OH OH |OH threo OH OH [|OH prythro H——OH
. 7 =7 (syn) 7 =7 (anti)
HO——H HO——H
| [6] [30]
¢H,0H CH,OH

Scheme 33. Synthetic route towards the octitol (a mixture of the threo(syn)- [6] and erythro(anti)-
configurated product [30]) by dihydroxylation of the protected entitol species and subsequent cleavage
of the protecting groups'

The ratio of the diastereomeric mixture was determined from NMR analysis. Usually,
'H-NMR spectroscopic integration is a powerful method for evaluating ratios of product
mixtures (e.g., diastereomers or constitutional isomers). This is since *H-NMR spectroscopy
is a fast method to determine structures at a molecular level that has been intensively
investigated as a quantitative method.®>®® However, due to overlapping signals, the
quantification could not be deduced from the 'H-NMR spectra, but the two diastereomers
[6] and [30] could easily be distinguished in the 3C-NMR spectra as almost all signals of the
two diastereomers were separated. Therefore, the evaluation of the octitol ratio was done
by integration of the signals in the obtained 3C-NMR spectra. In the case of diastereomers,
sufficiently similar response factors for the '3C-NMR spectroscopic integration were
assumed even with standard 3C-NMR techniques (standard pulse sequences, including
broadband decoupling; short D1 values), based on the detailed study by Otte, et al.>> on

i From compound [28]/[29] the enantiomers of the displayed ocitol species [6] and [30] were obtained. For
clarity, only the structures of the L-series are shown in this scheme.
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13C-NMR spectroscopy for the quantitative determination of compound ratios. For the
octitol mixture, the 3C-NMR spectrum shows four signals from the targeted symmetrical
threo-isomer [6], each representing two carbon atoms, and eight signals from the
asymmetrical erythro-isomer [30]. In Figure 24, the 3C-NMR spectrum for a roughly 1:1.6
threo/erythro-octitol mixture is shown, which was obtained from the acetonide protected
octenitol [23] using Upjohn conditions in the dihydroxylation step. As it can be seen here,
almost all signals are separated and can either be assigned to the erythro(anti)- or
threo(syn)-configurated octitol. The assignment of the signals was done according to
13C-NMR spectra of octitol samples where one of the isomers was enriched (Figure 25).

72.794

71.533
_-70.285
~70.185
- 69.444
~ 69.342
~69.114
—68.507
— 68.206
63.292
A 63.258

61.928

anti (s
68.51
anti (s) | anti (s anti (s
70.18 || 69.11 63.26
anti (s anti (s syn (s) syn (s) | syn (s) syn (s) anti (s
72.79 71.53 70.28| 69.34| | 68.21 63.29 61.93
anti (s
69.44
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— — — - o - [a\] o
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Figure 24. *3C-NMR (600 MHz) assigned for a roughly 1:1.6-1.7 threo(syn)/erythro(anti) mixture of the two
diastereomeric octitols [6] and [30]
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Figure 25. Comparison of the 3C-NMR spectra of a threo/erythro-octitol mixture [6]/[30] (top, black), the
erythro- [30] (middle, blue) and threo-octitol [6] (bottom, pink)

The carried out dihydroxylation reactions and the obtained threo/erythro-product ratios,
determined by 3C-NMR analysis upon deprotection, are displayed in Table 13.

Table 13. Screening results for the different dihydroxylation conditions and octenitol substrates on
analytical scale

R K2[0s0O,(OH)4] + NMO AD-mix-a (x3) + MsNH: AD-mix-B (x3) + MsNH
Yield Ratio Yield Ratio Yield Ratio
(2 steps) threo/erythro (2 steps) threo/erythro (2 steps) threo/erythro
(3C-NMR) (3C-NMR) (3C-NMR)
Ac 98% 1:1.4-15 95% 1:1.3 quant. 1:2.3-2.4
Bn 96% 1:10 quant. 1:9 quant. 1:20
acetonide quant. 1:1.6-1.7 99% 1:15 96% 1:1.2

In all cases, the desired product [6] with threo-configuration of the introduced secondary
hydroxy group and the alkyl-/aryloxy group was the minor one, independent of the used
substrate and dihydroxylation conditions. Surprisingly, the selectivity for the erythro-
product [30] in the Upjohn dihydroxylation of the acetate [21] and acetonide protected
octenitols [23] was not as high as expected from a related literature case®*. Furthermore,
both AD-mixes containing different chiral ligands gave the erythro-configurated
product [30] as the major one, with only small deviations towards opposite sides.
Outstanding high diastereoselectivity for the erythro-product [30] was obtained for the
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benzylated octenitol [22] as a substrate, independent of the applied dihydroxylation
conditions.

B 3.3.3 Dihydroxylation of the Bn-protected octenitol with high selectivity
for the 2,3-anti-product

As it turned out, that under common dihydroxylation conditions the synthesis of the
desired octitol with all hydroxy groups in a 1,3-anti relationship cannot be accomplished,
an adaption of the planned synthesis strategy was necessary. The idea was to perform the
dihydroxylation of benzylated octenitol [22] with high diastereoselectivity for the
untargeted erythro-configurated isomer [30], and then invert the stereochemistry of the
free secondary hydroxy group to get towards the targeted octitol species [6]. Therefore,
the dihydroxylation of the hexabenzyl-octenitol [22] was carried out on larger scale under
Upjohn (Scheme 34 (top)) and Sharpless conditions, using AD-mix-B (x3) (Scheme 34
(bottom)).

OBn OBn K2[0s02(0H)4] OBn OBn OH
: NMO-H,0 T on
BnO ; > BnO ¥ *
: t-BuOH/H,0/DCM (1:1:1) :
OBn OBn OBn rt, 4 days OBn OBn OBn
[22] quant. [26]/[27]
~10:1
(2,3-erythro/threo)
OBn OBn AD-mix-f (x3) OBn OBn OH
6o R MsNH; - 66 : : OH
Y Y *
n : t-BUOH/H,0/DCM (1:1:1) " H
OBn OBn OBn rt, 8 days OBn OBn OBn
[22] 93% 126]/[27]
~20:1

(2,3-erytho/threo)

Scheme 34. Dihydroxylation of the benzylated octentiol [22] on larger scale under
Upjohn (top) and Sharpless conditions (bottom), both with high selectivity for the
2,3-anti(erythro)-product [26]

Compared to the analytical experiments on small scale, significantly lower reaction rates
were observed with reaction times of up to 8 days, and further, more AD-mix was necessary
to obtain full consumption of the starting material in the case of the Sharpless DH.

B3.4 Inverting the stereochemistry via a Mitsunobu protocol

A well-established method for the inversion of stereochemical centres is the Mitsunobu
reaction. In general, the Mitsunobu reaction is a bimolecular nucleophilic substitution (Sn2)
reaction where a primary or secondary alcohol is coupled with a pronucleophile (NuH). This
substitution is mediated by a redox combination of a dialkyl azodicarboxylate, diethyl
azodicarboxylate (DEAD) and diisopropyl azodicarboxylate (DIAD) being the most common
ones, and a trialkyl- or triarylphosphine, usually triphenylphosphine (PPhs).?” When a chiral,
secondary alcohol is used as a substrate, full inversion of the stereochemistry is observed
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in the substitution of the hydroxy group with the nucleophile. Suitable pronucleophiles for
the formation of the desired C-O bonds are acidic species, for example, carboxylic acids and
phenols, giving the corresponding esters.*®

PPth PPth:O
o
R;— 0 R;—/\‘,, 0 R; M2
OH + 0—PPh; + _ -0
4 o 4 oA 4
/COOR4 /COOR"
/NZN H/N—NH
R*00C R*00C
DEAD: R4=Et

DIAD: R*=isopropyl

Scheme 35. General Mitsunobu reaction of a secondary alcohol with a carboxylic acid as the
nucleophile, mediated by PPhs and a dialkyl diazocarboxylate, giving the corresponding ester

To invert the stereochemistry of the secondary hydroxy group that was introduce via
asymmetric dihydroxylation, we considered a Mitsunobu reaction under classical
conditions, using a carboxylic acid as the nucleophile. As it is shown in the general
Scheme 35, the corresponding ester is formed which can be cleaved subsequently to obtain
the hydroxy group again. In our case, two free hydroxy groups are present in the
substrate [8], a primary and a secondary one. Therefore, we thought of performing a
"double Mitsunobu" reaction that leads to the esterification of both hydroxy groups by
using an excess of reagents to get towards the octitol with all (protected) hydroxy groups
in the desired 1,3-anti-relationship. Examples from literature that showed "double
Mitsunobu" reactions on 1,2-diols in sterically even more demanding substrates with
4-nitrobenzoic acid as the nucleophile®®° encouraged our intention.

In preliminary experiments, acetic acid was used as the nucleophile together with PPh3 and
DIAD in THF on a diastereomeric mixture of partly benzylated octitol [26]/[27] with a ratio
of about 10:1 (erythro/threo). According to HPLC-MS of the reaction mixture, a monoester
was formed under these conditions, but no full conversion of the starting material was
achieved, even though all reagents were present in excessive amounts (5 equivalents). A
study by Hughes and Reamer® on the effect of acid strength in Mitsunobu esterification
reactions might explain the unsuccessful esterification of the substrate with acetic acid, as
weaker acids react faster with the adduct formed between PPhs and DIAD than the alcohol.
Due to this, the carboxyl is favourably activated instead of the alcohol, and the ester
formation cannot occur. For stronger acids, like, for example, 4-nitrobenzoic acids, it was
shown, that the rates of both activation reactions, the carboxyl and hydroxyl activation, are
reduced, but the wanted hydroxyl activation leading to successful esterification is
significantly favoured. This provides better yields in esterification reactions and further
allows the esterification of sterically hindered alcohol substrates as it is the case for our
substrate.'%° According to this, we switched to 4-nitrobenzoic acid as the nucleophile that
is a stronger acid (pKa 3.45%°1) than acetic acid (pKa 4.74'9%). The reaction was then
performed under anhydrous conditions in THF by mixing the starting material and an excess
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of PPhs and 4-nitrobenzoic acid (5 equiv. each), and subsequent addition of DIAD (5 equiv.)
at 0°C. Proceeding the reaction under room temperature, the targeted "double
Mitsunobu" product [31] could be obtained in good vyield after purification via column
chromatography (Scheme 36).

NO,

NO
OBn 0Bn OH PPhs, DIAD OBn 0Bn 07 YO ?
. o/\('\/:\(:\/OH 4-nitrobenzoic acid . O/\‘/k/:\('\/o
Y * - Y *
n anhydrous THF n

OBn OBn OBn 0°Ctort,18 h OBn OBn OBn 0

! oo S
(2,3—thred /erythro) (2,3-threo /.erythro)

Scheme 36. "Double Mitsunobu" reaction of a diastereomeric mixture of the partly benzylated
octitol with a ratio of about 1:10 of the 2,3-threo- and 2,3-erythro-configurated isomer

As the starting material was a mixture of the two diastereomers [27]/[26], the obtained
fully protected sugar alcohol [31] was contaminated with a small amount of the sugar
alcohol species with one 1,3-syn relationship (erythro-configuration) [32], but the
enantiomerical purity could be improved from 90% to 95%. This enhancement is addressed
to the chromatographic purification step that was performed after the Mitsunobu reaction.

B3.5 Deprotection towards the octitol

The targeted octitol [6] could then be obtained by subsequent deprotection of [31]. First,
the 4-nitrobenzoate esters (PNB) were cleaved via transesterification, using NaOMe in
MeOH, followed by reductive hydrogenation using palladium on activated charcoal as the
catalyst. As a diastereomeric mixture was used as starting material, the octitol [6] was not
obtained in pure form and further purification was necessary.

OBn QBn OPNB OBn C_)Bn OH H,, Pd/C OH QH OH
. H OPNB NaOMe . R OH HCl (cat.) o z ! OH
Y Y * Y
n : MeOH " : MeOH :
OBn OBn OBn rt,2 h OBn OBn OBn rt, 14 h OH OH OH
[31]/132] [27]/126] 73% [6]/[30]
~20:1 ~20:1 (over 2 steps) ~20:1
(2,3-threo/erythro) (2,3-threo/erythro) (2,3-threo/erythro)

Scheme 37. Deprotection of the "double Mitsunobu" product [31]/[32] towards the free sugar
alcohol [6]/[30]
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B 3.6 Purification of the enantiomeric mixture

According to experiences with the separation of diastereomeric enitol mixtures, it was
assumed that the fractioning of the two diastereomeric octitols [6] and [30] should be
possible via recrystallisation. The galacto-isomer [6] was expected to be less soluble than
the talo-isomer [30] due to higher crystallinity because of the perfect 1,3-anti-distribution
of all hydroxy groups. Therefore, recrystallisation was performed from several mixtures of
MeOH and H;O (4:1, 1:4, 1:8, 1:10) and also H,O. Still, only further enrichment of the
galacto-isomer [6] could be achieved, but never a complete removal of the
talo-isomer [30].

Due to new findings in the synthesis route towards the galacto-decitol (see Chapter B 4.3),
a different attempt was chosen to get pure L-threo-p-galacto octitol [6] from the isomer
mixture. Therefore, a mixture of the diastereomers L-threo-D-galacto- [6] and L-threo-
D-talo-octitol [30] (major component) was transformed into the corresponding octabenzyl-
species [33] and [34] which were then separated by column chromatography. Complete
separation of the two diastereomers was not possible using a regular silica column, but
some pure material of both could successfully be isolated.

OBn OBn OBn
- OBn
BnO ¥
OBn OBn OBn 10%
OH OH OH BnBr, NaH OBn OBn OBn /
. , O 33
: oH  n-BuNI : oBn column 33]
HO Y DME > BnO ¥ \hromaiography
OH OH OH 0°Ctort OBn OBn OBn
OBn OBn OBn
[61/130] 69% [331/[34] I
(2,3-threo /erythro) (2,3-threo/erythro) BnO OBn

OBn OBn OBn  43%
[34]

Scheme 38. Formation of the octabenzyl octitols for separation of the two diastereomers [33] and [34] via
column chromatography

The following deprotection via catalytic hydrogenation gave the L-threo-p-galacto-
octitol [6] in enantiomerically pure form. Usually, MeOH was used as the solvent in the
catalytic hydrogenation together with HCl in catalytic amounts. As the starting material [33]
was insoluble in MeOH, the solvent was switched to EtOAc with a few drops of acetic acid.
Under these conditions, full deprotection of the galacto-octitol could be achieved although
in a rather sluggish fashion (see also Chapter B 4.5 for issues in the hydrogenolysis protocols
and solutions thereof).

OBn OBn OBn H,, Pd/C OH OH OH
6o : OBn AcOH (cat.) o : OH
n : EtOAc :
OBn 0OBn O0OBn rt, 3 days OH OH OH
[33] 95% (6]

Scheme 39. Catalytic hydrogenation of octabenzyl-galacto-octitol [33]
towards the desired galacto-configurated C8 sugar alcohol [6]
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B3.7 Summary of the synthesis route towards the L-threo-p-galacto-
octitol

A synthesis route towards the L-threo-D-galacto-octitol [6] was successfully developed. The
major steps starting from the L-lyxose [3] are the following:

(1) Indium mediated acyloxyallylation
(2) Protection of the enitol species

(3) Diastereoselective dihydroxylation
(4) "Double Mitsunobu" reaction

(5) Deprotection

OOH
AT
HO
[31
1) g S0Ac
1; [
In, EtOH BnBr, NaH
OH O 2.) Ac,0, pyridine OH OH n-BugNI OBn OBn
| 3.) NaOMe, MeOH H DMF H
> —_—
HO B 4.) trituration HO : o 93% BnO H A
OH OH 5.) recrystallisation OH OH OH OBn OBn OBn
33%
L-lyxose L-glycero-D-manno-octenitol [22]
[3]1 [91
K2[0s0,(0H)4)
NMO.H,0
t-BuOH/H,0/DCM (1:1:1)
quant.
all 1,3-anti 1.) NaOMe 1,3-anti 1,3-syn
A AL A MeOH VN PPhg, DIAD VN
OH OH OH 2.)H,, Pd/C OBn OBph OPNB C7HsNO,4 OBn OBn OH
; OH  MeoH ; opng TP ‘| Al _oH
- R "
HO r . ~eew B0 Y A 2% BnO : ]A*
OH OH OH OBn OBn |0Bn |threo OBn OBn |OBn_|erythro
7 7 (syn) (anti)
L-threo-D-galacto-octitol [311/132] [271/126]
[6]/[30] 10:1 (threo/erythro) 1:10 (threo/erythro)

20:1 (galacto/talo)

Scheme 40. Complete synthesis route towards the L-threo-D-galacto-octitol [6]

The biggest challenge in the synthesis of the L-threo-p-galacto-octitol [6] was that in the
key steps of the sequence (IMA, dihydroxylation, Mitsunobu reaction) always a mixture of
isomers was obtained as products. For the IMA, the isolation of the desired lyxo-
configurated diastereomer [9] could be performed successfully using the established
trituration/recrystallisation protocol from Stanetty and Baxendale??® Draskovits, et al.?.
However, the separation of diastereomeric octitol-mixtures [6]/[30] turned out to be quite
challenging in the later steps, and the talo-configurated isomer [30] could never fully be
separated from the desired galacto-octitol [6]. It had been assumed that separation could
be performed at the end of the sequence via recrystallisation due to their expected
different physical properties, as described in Chapter B 3.6. Therefore, initially the focus
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was not on the separation of the obtained diastereomer mixtures along the synthetic
sequence. Besides, the isomers were always observed as one species in the analyses carried
out (TLC, HPTLC, HPLC-MS) in the synthetic path. As it turned out that the purification could
not successfully be performed by recrystallisation, especially on the performed scales, it
was necessary to look for another option to get enantiomerically pure galacto-octitol [6].
To this end, the octitol isomer mixtures [6]/[30] obtained from the performed
dihydroxylation reaction condition screening were transformed into the octabenzyl species
[33]/[34] as at this stage separation was possible via column chromatography (Scheme 41).

BnBr, NaH

OH (_)H OH n-BuaNI OBn QBn OBn
o : OH DMF_ 60 : OBn
: 69% n :
OH OH OH OBn OBn OBn
[61/130] [331/[34]
)AUN
chromatography
OBn QBn OBn OBn QBn (_JBn
" OBn - - OBn
BnO ¥ BnO ¥
OBn OBn OBn  10% OBn OBn OBn  43%
[33] [34]
H,, Pd/C, AcOH (cat.)
EtOAc, rt
95%
all 1,3-anti
AASFA
OH OH OH
; OH
HO ¥
OH OH OH
\ = 4 W 4

L-threo-D-galacto-octitol
[6]

Scheme 41. Alternative route towards enantiomerically pure L-threo-D-galacto-octitol [6]
via the octabenzyl-octitol [33] as separation of the two diastereomers [33] and [34] was
found to be possible at this stage via column chromatography
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In order to lower the number of steps in the sequence, the octabenzyl-octitol [33] could be
obtained from the hexabenzyl-octitol mixture [6]/[30] after the cleavage of the
nitrobenzoate esters from the Mitsunobu product [26]/[27]. By performing preparative
HPLC, the fully protected octitol [33] can be obtained in diastereomerically pure form, and
subsequent catalytic hydrogenation then gives the desired L-threo-D-galacto-octitol.

1,3-anti 1,3-anti all 1,3-anti
A A
OBn OBn OPNB 1.) NaOMe OBn OBp OBn H,, Pd/C OH QH OH
R MeOH, rt : AcOH (cat.) :
OPNB OBn OH
BnO - e T >38no - * N T ——>HO <
= 2.) NaH, BnBr = EtOAcC, rt =
OBn OBn [0OBn |threo DMF OBn OBn [0OBn |threo OH OH OH
(syn) (syn) 7 7
[311/[32] [33] L-threo-D-galacto-octitol
~20:1 (threo/erythro) isolation via prep. HPLC [6]

Scheme 42. Assumed alternative route towards enantiomerically pure L-threo-D-galacto-octitol [6] via the
octabenzyl-octitol [33] which should be isolated by preparative HPLC of the diastereomeric mixture
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B4 Synthesis of galacto-decitol - Application of the
developed synthetic route

As a synthetic protocol for the galacto-octitol [6] could successfully be developed in which
the single steps were deeply investigated and optimised, we further planned to use this
route to get towards the two carbon longer galacto-decitol [7] (C10 sugar alcohol) in
analogous manner. However, we did not expect that the investigated sequence can be
easily applied as physical properties due to the presence of two more carbon atoms and
therefore two more hydroxy groups might get even more "extreme" and cause problems
like solubility issues, steric hindrance, etc. It was especially expected that an improved IMA
protocol would be necessary as higher-carbon aldoses (above pentoses) are known to be
generally less reactive in reactions at the aldehyde functionality according to a lower OCC
(see Chapter A 1.4.2) in solution which has already been observed in our group for the
hexose D-mannose.

In general, all steps after the indium-mediated acyloxyallylation (Chapter B 3.1) presented
within this chapter have not been optimised according to the obtained yields and will be
further improved in the future upon repetition.

B4.1 Preparation of L-glycero-D-manno-heptose via ozonolysis

As the retrosynthetic analysis in Chapter B 1 shows, the synthesis of the L-galacto-L-galacto-
decitol [7], short galacto-decitol, requires the reducing sugar L-glycero-b-manno-
heptose [11] as starting point. This non-natural sugar can be obtained via ozonolysis of
L-glycero-b-manno-octenitol [9], an intermediate in the synthetic route towards the
galacto-octitol [6] (Chapter B 3.1). The ozonolysis was performed using a modern
ozonolysis protocol'®? that was adapted in our group for polar compounds?*2?4. In this,
water is used as a solvent together with acetone and the reaction is conducted at 0 °C. Due
to the presence of water, the aldehyde can directly be obtained from the organic peroxide
thatis formed as an intermediate leading to the formation of H,0; as a by-product (putative
mechanism in Scheme 43 (bottom)). The H,0. and other formed peroxides are then
reduced with PPhs which can easily be removed by extraction with organic solvents,
together with the formed oxidation product PPh3=0, allowing the isolation of pure
heptose [11] from the aqueous layer. Following this protocol, the octenitol [9] was
converted to the L-glycero-b-manno-heptose [11] with excellent yield (Scheme 43 (top)).
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HO
OH OH OH OH O
: 03 o HO o
_— e H
HO H acetone/H,0 HO : 80
OH OH OH 0 °C, 10 min OH OH OH OH
[9] 97% [11] [11]
0; | -HCHO -H0;
Ho _H
(0]
OH OH ( _ OH OH COH
B o) H N _OH
HO Y 0 — > Ho - o~
OH OH OH ° OH OH OH

Scheme 43. Ozonolysis towards the L-glycero-D-manno-heptose [11] (top), including the
putative mechanism of the ozonolysis with a water/acetone mixtures as a solvent (bottom)

As large quantities of the heptose peracetate [5] were available in our group, the ozonolysis
was only carried out on a small scale. The heptose material used for the following step was
obtained via Zémplen deacetylation of the peracetate [5] using NaOMe in MeOH. The
obtained L-glycero-b-manno-heptose [11] was then used without further purification.

AcO HO
AcO Oéc NaOMe HO OB
—_—
A% MeOH "9
OAc rt,2h OH
[51 99% [11]

Figure 26. Preparation of L-glycero-D-manno-
heptose [11] from the corresponding peracetate
species [5]

B4.2 Indium-mediated acyloxyallylation of L-glycero-b-manno-heptose
towards the manno-decenitol

With the starting material in hand, the indium-mediated acyloxyallylation was aimed next.
As already pointed out in the aim of the thesis (Chapter A 5), an improved elongation
protocol was necessary at this stage due to the already known problems in the IMA of
aldoses with lower solubility and reactivity under the usual IMA conditions that were
described for the more reactive lyxose (see Chapter B 3.1). Therefore, the development of
the indium-mediated acyloxyallylation for the unreactive aldose heptose is described in this
chapter.

In general, the IMA was planned to be performed using indium and a 3-bromopropenyl
ester to obtain a diastereomeric mixture of the decenitol species from the C7-sugar [11]
that is converted into the free decenitol [10] by following a peracetylation — Zemplén
deacetylation sequence (Scheme 44). As it has already been described in earlier chapters,
this addition of organoindium reagents presented here shows high diastereoselectivity
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towards the lyxo-configurated enitol product [10] that can generally be isolated due to its
superior crystallinity and therefore lower solubility compared to the other isomers. This
observed property is addressed to the fact that in the Ixyo-entiol all hydroxy groups are in
a 1,3-anti-realtionship, comparable to the rules of of Inagaki and Ishida’® for the sugar

alcohols.
HO
HO OH
H
fo
OH
[11]
AN
o on o Br | OR OH OH OH
: n :
: :
HO B solvent HO H A
OH OH OH OH OH OH OAc
[11]
1.) Ac,0, pyridine
2.)NaOMe, MeOH
OH OH OH 1.) trituration OH OH OH
H 2.) recrystallisation H
-
HO - 7T HO - X
OH OH OH OH OH OH OH OH
[10] mixture of diastereomers

Scheme 44. General pathway of the indium-mediated acyloxyallylation of
L-glycero-D-manno-heptose [11] towards the decenitol [10]

B4.2.1 Performing the IMA using the Barbier-type protocol

Initially, the elongation of the heptose [11] towards the corresponding decenitol [10] was
carried out according to the procedure for lyxose presented in Chapter B 3.1, using 3-
bromopropenyl acetate [1] as the reagent and EtOH as the solvent. However, preliminary
experiments on this, performed on a small scale (~60 pumol in 300 uL EtOH (0.2 M)), gave
only little of the desired product according to TLC analysis. Compared to lyxose, the
heptose [35] is less soluble in EtOH which slows down the reaction rate drastically. This
problem was anticipated as it has already been observed earlier in our group when the
acyloxyallylation of the hexose b-mannose was carried out (Chapter A 2.2.3.4). In that case,
the drawback of low solubility could be overcome by increasing the amount of solvent
(concentration <1% according to the starting material) and reagent.”” Those changes made
a quick addition of the indium as well as the reagent even more crucial together with
efficient stirring, in order to suppress side reactions of the reagent. Furthermore, mannose
shows a lower open-chain content than lyxose as it has been discussed in Chapter A 1.4.2.
This influences the reaction rate, too, as the aldehyde functionality is not as readily
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available as for aldoses with high OCCs in solution. Therefore, no full conversion had been
achieved with mannose. In general, in the In-mediated acyloxyallylation, the balance
between the availability of the free aldehyde moiety of the aldose and the stability of the
organometallic reagent is crucial. For an aldose, that shows a low open-chain content, the
reaction rate is expected to be lower than for an aldose with a high OCC in solution. This
means that a longer lifetime of the elongation reagent in the reaction mixture is crucial to
obtain complete conversion of aldoses like this.

To overcome the solubility issues, the solvent was changed to a dioxane/H,0 mixture (8:1)
which also required the use of 3-bromopropenyl benzoate [2] instead of 3-bromopropenyl
acetate [1] due to higher stability of the benzoate ester under aqueous conditions. This
protocol was presented by Palmelund and Madsen?? for the less reactive hexoses
D-mannose, D-galactose and D-glucose obtaining the corresponding nonenitol peracetates
with diastereoselectivity for the lyxo-product over the xylo-product with good to excellent
yields (Scheme 45).

B ™ 0Bz . Z
[2] OBz 1.) NaOMe, MeOH OAc
CHO In OH 2.) Ac;0, pyridine OAC
= —_— >
(}mOH), dioxane/H,0 (8:1) (f~0H), (f~oAc),

OH 60 °C OH OAc
D-galactose lyxo/xylo 3.5 :1(90%)
D-glucose lyxo/xylo 3.5:1 (71%)
D-mannose lyxo/xylo 3.0 : 1 (71%)

Scheme 45. IMA of hexoses with 3-bromopropenyl benzoate [2] in a dioxane/H20
mixture performed by Palmelund and Madsen??

However, applying this protocol to the glycero-manno-heptose [35] (0.1 M) with In
(2.0 eq.) and 3-bromopropenyl benzoate [2] (3.0 eq.) in dioxane/H-0, still, only about 20%
conversion to the two main diastereomeric decenitols (lyxo and xylo) was observed. The
quantification was performed via H-NMR after the sequence IMA —acetylation —
deprotection was followed, using maleic acid as an internal standard that gives a singlet at
6.40 ppm in D20 representing two protons. For the enitol species, the diagnostic signals at
4.20 ppm (H3 lyxo) and 4.26 ppm (H3 xylo) were considered.

B4.2.2 Atwo-step Grignard protocol for the IMA

As both literature-known Barbier-type protocols for the indium-mediated acyloxyallylation
of aldoses did not work smoothly for the heptose, we considered a classic Grignard two-
step protocol that involves the pre-formation of the organoindium-species under
anhydrous conditions followed by the addition of phthalate buffer (pH 3) and the aldehyde
species. This synthetic protocol was developed and investigated by Lombardo, et al.38 for
simple aldehydes and is shown in Scheme 46 in general.
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o)
1 on
AN Bri o ] R _H J\(\
n  + B N —_— '
Br OR  anhydrous THF In OR THF/H,0 (pH 3) R S
O0°Ctort rt OR

Scheme 46. General two-step Grignard protocol for the indium-mediated acyloxyallylation
of aldehydes using indium in THF/H20 (pH 3)

According to our findings so far, we assumed that this protocol could overcome the
observed issues regarding the acyloxyallylation of the heptose and bring the following
improvements:

(1) The heptose [11] showed significantly lower reactivity than the lyxose [3] in the
IMA under the tested conditions so far. We assume that this can be addressed
to a lower open-chain content and therefore lower availability of the free
aldehyde moiety of the sugar. Therefore, the two-step protocol might be
beneficial as the aldose present in the open-chain form can immediately react
with the organometallic species, which impacts the chemical equilibrium
between the cyclic and open-chain form, leading to a faster (re)formation of the
open-chain structure and therefore faster reaction rates.

(2) In the Barbier-type protocol with aqueous reaction conditions, the added
bromopropenyl ester might be hydrolysed before forming the organoindium
species. Due to this, less reagent is present in the reaction mixture, which leads
to lower conversion of the starting material to the desired product. Even though
this is not a problem, for example, in the IMA of the reactive sugar lyxose [3], it
might become an issue when a less reactive aldose is used as a starting material
where the reaction rate is lower (see (1)), and stability of the reagent plays a
more important role. By preforming the organoindium species under anhydrous
conditions, the hydrolysis of the bromopropenyl ester cannot occur, and an early
decomposition of the reagent precursor should not be an issue anymore.

(3) The solubility of the heptose should be given in the aqueous buffer.

According to our knowledge, this two-step protocol has not been implemented in the IMA
of aldoses so far. Therefore, we first investigated this procedure for the reactive
D-lyxose [19]. In contrast to Lombardo, et al.38, we decided to use the 3-bromopropenyl
benzoate [2] instead of 3-bromopropenyl acetate [1] due to the higher stability of this
reagent under aqueous conditions. Following the procedure, the organoindium species was
pre-formed by stirring indium and the bromopropenyl ester vigorously in anhydrous THF
at 0 °C and allowing the reaction mixture to warm up to room temperature after 5 min. As
the reagent formation proceeded, a solution with only a little indium left was obtained
within 40 min, to which the aldose (0.13 mmol) was added as a solution in phthalate buffer
(pH 3). TLC analysis at this stage indicated complete conversion of the sugar to the desired
enitol species and 'H-NMR analysis of the crude mixture after following the peracetylation
— Zemplén deacetylation sequence confirmed the applicability of this protocol for sugar
species. As for the Barbier-type protocol, the lyxo- and xylo-configurated octenitols [20]
and [35] were the major diastereomers in the mixture and the ratio determined by *H-NMR
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was found to be lyxo : xylo : ribo =71 : 18 : 11, which represents an even slightly increased
selectivity over the standard Barbier type protocol. This observation is in accordance with
the findings of Draskovits, et al.?*, who investigated different halopropenyl esters in the
IMA of L-erythrose.

lyxo

——r—
OH OH
H :
H . . OH OH OH
ﬁm — HO/\l)\:)
OH OH OH [20]
[19] [19]
xylo
———
In OH OH
PR l 1.) Ac,0, pyridine /\l)\A/\
+ —_— : == >
P anhydrous THE L1 OPV ] THE/H,0 (pH3)  2.) NaOMe, MeOH HO A
Br ™ Sop;  0°Ctort rt OH OH OH
[2] 89% [35]
ribo
—r—
OH OH

j

HO

OH OH OH
[36]

Scheme 47. Indium-mediated acyloxyallylation of b-lyxose [19] using a two-step Grignard protocol adapted
from Lombardo, et al.3® with 3-bromopropenyl benzoate [2], giving the lyxo-octenitol [20] as the major
isomer

We set out to apply the new protocol for the IMA of the glycero-manno-heptose [11].
However, no full conversion of the starting material could be achieved and the overall yield
for the diastereomeric mixture of decenitols was only about 40% according to *H-NMR
analysis (quantification with maleic acid as internal standard), an improvement to the
Barbier conditions but not enough to be practical.

Further, we moved on to another reagent, the 3-bromopropenyl pivalate [16], that has
already been investigated in the IMA of tetroses in our group’’. Compared to the acetyl
and benzoyl esters, the pivaloyl ester is more stable against hydrolysis due to sterical
demand of the pivalate group, enhancing the lifetime of the reagent under aqueous
conditions, which has been shown by Draskovits, et al.?* in a time-resolved NMR-study of
the bromopropenyl acetate [1] and bromopropenyl pivalate [2] as a solution in MeOH-d..
This change in the synthetic protocol finally allowed us to achieve a clean transformation
of the glycero-manno-heptose [11] into the corresponding decenitol species [10] (see
Scheme 48). 'H-NMR analysis of the decenitol crude mixture that was obtained after the
peracetylation — Zemplén deacetylation sequence showed the enitols in the usual ratio of
lyxo : xylo : ribo=71:19:10.

B 4.2.3 Synthesis of the L-lyxo-.-manno-decenitol

With this two-step protocol in hand, the indium-mediated acyloxyallylation of the
L-glycero-b-manno-heptose [35] was carried out at a scale of ~10 mmol in order to have
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enough material in hand for the subsequent steps towards the L-galacto-L-galacto-
decitol [7]. The organoindium species was pre-formed by mixing indium and
3-bromopropenyl pivalate [16] in anhydrous THF as it has been described in Chapter B
4.2.2. To this, the heptose [11] was added as a solution in phthalate buffer (pH 3, THF/H,0
6:1) to give a mixture of decenitol diastereomers upon peracetylation/deacetylation with
the lyxo-configurated species [10] as the major isomer. The isolation of the L-lyxo-
L-manno-decenitol [10] could be achieved upon repeated trituration with MeOH and final
recrystallisation from water as the Iyxo-isomer is highly crystalline due to
1,3-anti-distribution of all hydroxy groups which is a huge benefit in the purification and
isolation procedure. The desired product [10] was obtained in enantiomerically pure form
with an overall yield of 31% over three steps.

HO
OH OH O
HO=—( OH T
"Ro — "0 :
OH OH OH OH
[11] [11]
lyxo
—r—
In 1) Ac,0, pyridine OH OH OH
PPN 2.) NaOMe, MeOH b
+ _— i =
anhydrous THF Brin OPiv THF/H,0 (pH3)  3.) trituration HO H : N
Br/‘“m/\opiv 0°Ctort rt 4.) recrystallisation OH OH OH OH

[16] 31% [10]

Scheme 48. Indium-mediated acyloxyallylation of L-glycero-b-manno-heptose [11] using a two-step
Grignard protocol adapted from Lombardo, et al.3® with 3-bromopropenyl benzoate [2], giving the lyxo-
decenitol [10] as major isomer

B4.3 Protection and dihydroxylation of the manno-decenitol

With the decenitol material in hand, the synthesis route that has been developed for the
corresponding galacto-octitol was followed with the next steps being the benzyl-protection
and subsequent diastereoselective dihydroxylation under Sharpless DH conditions.

The formation of the octabenzyl-manno-decenitol [37] was carried out as described in
Chapter B 3.2.2. From the enitol [10], the octabenzyl-decenitol [37] was obtained by
treatment with sodium hydride, benzyl bromide and a catalytic amount of
tetrabutylammonium iodide. The desired product was isolated upon flash column
chromatography with a yield of 66%. The low yield is to be attributed to technical losses
during the workup, not to inefficiency of the used reaction protocol which suggested full

conversion.
OH OH OH BnBr, NaH OBn OBn OBn
- n-BugNI T
—_—
HO - 7N oVIF BnO : 7N
OH OH OH OH 0°Ctort,35h OBn OBn OBn OBn
[10] 66% (37

Scheme 49. Protection of the decenitol [10] with benzyl groups
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With this material, the dihydroxylation reaction towards the partly benzyl-protected
decitol [37] was performed using Sharpless dihydroxylations conditions (AD-mix-B (x3))
with high diastereoselectivity for the L-galacto-L-talo-configurated product [38], as it has
been observed for the corresponding octenitol (Chapter B 3.3.2). Practically, a suspension
of AD-mix-B (x3) in t-BuOH/H,0 (1:1) was treated with MsNH; to which the protected
decenitol [37] was added as a solution in DCM (1:1:1).

OBn OBn OBn AD-mix-B (x3) (1.4 g/mmol) OBn OBn OBn OH
H MsNH, (2 equiv.) H
BnO ' X > BnO ' oH
n : : t-BUOH/H,0/DCM (1:1:1), rt : :
OBn OBn OBn OBn OBn OBn OBn OBn
[37] 78% [38]/[39]
column
chromatography

OBn OBn OBn OH

OH
: H BnO Y ¥
OBn OBn OBn OBn OBn OBn OBn OBn
[38] (39
65% (FCC) 2% (FCC)
62% (HPLC) 10% (HPLC)

Scheme 50. Diastereoselective dihydroxylation of the octabenzyl-decenitol [37] using AD-mix-f (x3)

In contrast to the octitol species, TLC analysis of the reaction mixture showed two different
product spots with close polarity that were assumed to be the two possibly formed
diastereomers, the talo-decitol [38] and the galacto-decitol [39]. This assumption could be
confirmed upon successful separation of the observed products by performing preparative
normal phase HPLC on a small scale to obtain both diastereomers in pure form. Therefore,
a standard flash column chromatography was performed in the case of the dihydroxylation
of the octabenzyl-decenitol [37] at bigger scale (~1 mmol) subsequently to the
dihydroxylation reaction to obtain a product fraction that is enriched with the
talo-configurated decitol [38]. This species should further be transformed into the
galacto-configurated decitol [39] upon Mitsunobu reaction and subsequent deprotection.
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B4.4 Mitsunobu reaction and ester cleavage towards the octabenzyl-
galacto-decitol

In preliminary experiments, the "double Mitsunobu" reaction of the partly benzylated talo-
decitol [38] was performed using the protocol developed for the octitol species (Chapter
B 3.4). However, no full conversion could be achieved, and the synthetic procedure was
further optimised regarding the order of reagent addition (according to Keith and
Gomez!%) and temperature (according to Fletcher®®). In the initial protocol, the alcohol
substrate, carboxylic acid and PPhs were mixed in the solvent (THF) and DIAD was added
subsequently at 0 °C. The reaction was then conducted at room temperature. In the new
protocol, the PPh3/DIAD-complex was pre-formed at 0 °C in THF, and a mixture of the
octabenzyl-talo-decitol [38] and 4-nitrobenzoic acid in THF was added. As soon as room
temperature was reached, heating to 45 °C was performed to achieve full conversion of the
starting material to the desired product. The "double Mitsunobu" product [40] was isolated
upon trituration in ice-cold Et,0 (removal of PPh3=0) and flash column chromatography
with a yield of 51%. Losses of the product can be attributed to the performed trituration
and difficulties in the separation via column chromatography due to traces of PPh3=0 that
were present in the crude mixture. Likely upon repetition the achieved yields will be further
improved.

NO,

NO
OBn OBn OBn OH PPhs, DIAD OBn OBn 0Bn 07 “O :
; OWOH 4-nitrobenzoic acid - . OWO
n anhydrous THF n

OBn 6Bn OBn C_)Bn 0°Cto45°C,18h OBn C_)Bn OBn C_)Bn (0]

[38] 51% [40]

Scheme 51. "Double Mitsunobu" reaction of the octabenzyl-talo-detitol [38] under optimised reaction
conditions according to literature®®°1,103

In the next step, the cleavage of the ester groups was performed via transesterification
with NaOMe in MeOH to obtain the octabenzyl-galacto-decitol [39]. At this stage, again
column chromatography was performed as traces of the octabenzyl-talo-decitol [38] were
present in the obtained crude product. In the future, preparative HPLC as it has been tested
for an inverse mixture of those two isomers on a smaller scale (B 4.3) will allow the isolation
of pure [39] with a higher yield.

OBn OBn OBn OPNB OBn OBn OBn OH

- OPNB NaoMe - o OH
n : H MeOH n : H
OBn OBn OBn OBn rt,3.5h OBn OBn OBn OBn
[40] 52% [39]

Scheme 52. Deprotection of the "double Mitsunobu" product [40] towards the octabenzyl-
galacto-decitol [39]
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B 4.5 Deprotection towards the L-galacto-L-galacto-decitol

The last step in the sequence to obtain the galacto-decitol [7] was the deprotection of the
hydroxy groups. In the octitol-case, all benzyl groups could be cleaved successfully via
catalytic hydrogenation under standard conditions using palladium on charcoal (10 w%) as
the catalyst, MeOH as the solvent, catalytic amounts of hydrochloric acid and a hydrogen
balloon (see Chapter B 3.5). This protocol could not be applied here as the octabenzyl-
decitol [39] was insoluble in MeOH at room temperature. Therefore, we switched to ethyl
acetate instead of MeOH to achieve complete solubility of the starting material. Under
these conditions, cleavage of benzyl groups could be observed, but a mixture of
intermediates with a different number of benzyl groups present was obtained. According
to HPLC-MS, besides products with 0 to 7 Bn-groups also starting material was left in the
reaction mixture. It was assumed, that solubility issues played a major role here, as due to
deprotection the material is expected to get insoluble in the organic solvent and likely
precipitates, making the conversion to the free decitol impossible. Further, precipitate
might coat the catalyst particles, deactivating the catalyst's surface.

OBn OBn OBn OH Ha, Pd/C OR OR OR OH
5o z z OH AcOH (cat.) co : : OH
n : : EtOAc : :
OBn OBn OBn OBn rt, 48 h OR OR OR OR
[39] mixture of partly protected decitols

(R=H,Bn)

Scheme 53. Catalytic hydrogenation of octabenzyl-decitol [39] in EtOAc, giving a mixture
of partly protected decitols (according to HPLC-MS)

We surveyed the literature for similar cases of extreme differences in solubility between
starting material and products. Following Guazzelli, et al.’°*, who performed a global Bn-
deprotection of glucuronoxylomannan (GXM) polysaccharides via catalytic hydrogenation,
the solvent was changed to a mixture of EtOAc, water and acetic acid (4:2:1), and the
reaction was conducted using a Parr hydrogenator to provide higher gas pressure (up to
5 bar). Under these conditions, no cleavage of the benzyl groups of the substrate [39] could
be observed which might be addressed to the biphasic nature of the reaction mixture.
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A different approach that was considered to overcome solubility issues was performing the
reaction at higher temperatures. For this attempt, a mixture of MeOH and water (4:1) with
acetic acid (cat.) was used as solvent and higher catalyst loading was used (1 equiv.), as the
reaction was only conducted on a small scale (0.01 mmol). Performing the hydrogenation
at 50 °C and atmospheric pressure, all benzyl groups could successfully be cleaved, and the
targeted galacto-decitol [7] could be obtained within 3 days. This way it could be shown
that the principle way is feasible and will be further optimised at larger scale in due time.

OBn OBn OBn OH H,, Pd/C OH OH OH OH
. R : OH AcOH (cat.) o : R OH
n : : MeOH/H,0 (4:1) : :
OBn OBn OBn OBn 50 °C, 3 days OH OH OH OH
[39] 67% L-galacto-L-galacto-decitol
(71

Scheme 54. Successfully performed deprotection of octabenzyl-decitol [39] towards the
galacto-decitol [7] on small scale via catalytic hydrogenation at higher temperature
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B4.6 Summary of the synthesis route towards the L-galacto-L-galacto-
decitol

The developed synthesis route for the galacto-octitol could successfully be applied to
obtain the L-galacto-L-galacto-decitol [7] from the L-glycero-D-manno-heptose [11] with
some necessary adaptations in the sequence.

HO
HO OH
H
fo
OH
[11]
1L 1) g 0piv
In, THF/H;O_ (pH 3) BnBr, NaH
OH OH 0O 2)Ac0,pyridine OH OH OH n-BugNI OBn OBn OBn
H || 3.) NaOMe, MeOH H DMF H
_— —_—
HO - 4.) trituration HO - - N 66% BnO - : A
OH OH OH 5.)recrystallisation OH OH OH OH OBn OBn OBn OBn
31%
L-glycero-D-manno-heptose L-lyxo-L-manno-decenitol [37]
[11 [10]
AD-mix-B (x3)
MsNH,
t-BuOH/H,0/DCM (1:1:1), rt
65%
1,3-anti 1,3-syn
Vo PPhs, DIAD A A
OBn OBn OBh OPNB 4-nitrobenzoic acid OBn OBn OBn OH
: - THF, 0 to 45 °C -
: A OPNB ’ : OH
BnO : N <~ 8o - <
OBn OBn OBn [0Bn |threo OBn OBn OBn |0Bn lerythro
(syn) (anti)
[40] [38]
NaOMe
MeOH, rt
52%
all 1,3-anti
H,, Pd/C AR SFA
OBn OBn OBn OH AcOH (cat.) OH OH OH OH
: : OH MeOH/H,0 (4:1), SO‘E o : R OH
BnO : : 67% : H
OBn OBn OBn OBn OH OH OH OH
L W A= 4
[39] L-galacto-L-galacto-decitol
71

Scheme 55. Complete synthesis route towards the L-galacto-L-galacto-decitol [7]

The main achievement herein was the development of an improved protocol for the IMA
suitable for less reactive reducing sugars. By switching to a two-step Grignard protocol
instead of the Barbier type protocol, a solvent change, and the use of bromopropenyl
pivalate [16] instead of the corresponding acetate [1] or benzoate [2] as the reagent, the
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conversion of heptose could be boosted from 20% to completion and was successfully
transformed into the targeted L-lyxo-.-manno-decenitol [10]. Further, the octabenzyl-
species [39] was obtained in diastereomerically pure form as the two diastereomeric
products from the dihydroxylation step were successfully separated via column
chromatography. This adaption in the sequence allowed the synthesis of galacto-
configurated decitol [7] without further purification at the stage of the free sugar alcohol.
However, the last step of the sequence, the cleavage of the benzyl groups, turned out to
be quite challenging due to solubility issues, but again the targeted product could be
obtained at least on small scales upon again re-optimisation of reaction conditions (solvent,
temperature). Repetition at larger scale will deliver the necessary amounts for physico-
chemical evaluation.
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B5 First steps towards the galacto-dodecitol

We further planned to use the synthetic strategy, developed for the galacto-decitol [6] and
already adapted on application to the galacto-decitol [7], to get towards the galacto-
dodecitol [8].

all 1,3-anti all 1,3-anti all 1,3-anti

AFASLA AFRASLFASFA AFRASLRASLFASLFA

OH OH OH OH OH OH OH OH OH OH OH OH

; OH : “__OH : ; OH
HO Y HO Y Y HO Y Y
OH OH OH OH OH OH OH OH OH OH OH OH
7 7 e 7 A W 4 W 4 W 4
L-threo-D-galacto-octitol L-galacto-L-galacto-dectitol L-threo-D-galacto-D-galacto-dodecitol
(6] (71 (8]

Figure 27. The three galacto-configurated sugar alcohols of interest

According to the retrosynthetic analysis, the L-glycero-D-manno-b-manno-dodecenitol [8]
should be obtained from the non-natural sugar L-lyxo-.-manno-nonose [13]. This aldose has
not been described in literature yet but is accessible from L-glycero-b-manno-heptose [11]
in the lab via indium-mediated acyloxyallylation with subsequent ozonolysis of the
decenitol [10] that is the intermediate of the synthetic route towards the shorter
decitol [7].

B5.1 Preparation of L-lyxo-.-manno-nonose via ozonolysis

The nonose [13] could be obtained from ozonolysis of the corresponding L-lyxo-.-manno-
decenitol [10] (Scheme 56 (top)) using the protocol that has already been described in
Chapter B 4.1 for the preparation of the L-glycero-b-manno-heptose [11]. To dissolve the
decenitol [10], the use of more water (H.O/acetone 4:1) compared to the original report?
was necessary. Then, the ozonolysis could successfully be performed and the nonose [13]
was obtained from the aqueous phase after the reduction of peroxides with PPhs and
extraction with various organic solvents. In order to guarantee high purity of the starting
material in the subsequent IMA, the nonose [13] was transformed into the corresponding
peracetate [40] under classic conditions (Ac;0, pyridine) and obtained in pure form upon
flash-column chromatography (o/B = 2:1 according to H-NMR analysis). The free
nonose [13] was received again via Zemplén deacetylation with the two anomers in a ratio
of a/B =6.5: 3.5 (Scheme 56 (bottom)).
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OH OH OH OH OH OH O
R (05! R |
—_—
HO - - = acetone/H,0 HO - -
OH OH OH OH 0 °C, 10 min OH OH OH OH
[10] quant. [13]

Ac,0, DMAP NaOMe
_— S
pyridine MeOH
rt,2h AcO rt,1h
[13] 75% [41] 99% [13]

Scheme 56. Ozonolysis towards the L-lyxo-.-manno-nonose [13] (top) and purification via a
peracetylation — Zemplén deacetylation sequence (bottom)

B5.2 Indium-mediated acyloxyallylation of L-lyxo-.-manno-nonose
towards the manno-dodecenitol

With the new two-step Grignard protocol for unreactive aldoses in hand, we thought that
the elongation of the nonose [13] towards the desired dodecenitol [12] should be possible
as it worked smoothly for the heptose [11]. Nevertheless, the IMA of the nonose was not
successful regarding the obtained yields using the protocol described in Chapter B 4.2.3.

Preliminary experiments on the optimisation of the elongation conditions for the
nonose [13] included the use of a higher excess of indium and bromopropenyl pivalate [16]
and performance of the reaction at different concentrations. Still, the modified protocols
did not lead to the complete conversion of the aldose to the enitol species, and the yield
could not be boosted even after purification of the nonose by the described
acetylation/deacetylation sequence. The IMA (0.18 mmol) was finally carried out using the
Grignard two-step protocol with an excess of indium (4 equiv.) and 3-bromopropenyl
pivalate [16] (6 equiv.) in THF/H2O (pH 3, 5:1, 0.15 M). Isolation of the diastereomeric
dodecenitol mixture was possible upon acetylation (Ac,0, pyridine) via column
chromatography but only in a yield of 26% with unreacted nonose recovered in the
peracetylated form [41] (66%). Upon deacetylation (NaOMe, MeOH), a diastereomeric
mixture of the dodecenitol species XX was obtained. To determine the diastereomeric
ratio, a part of the material was taken up in D20 to perform *H-NMR, which was found to
be lyxo : xylo : ribo=71:22:7.
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OH OH OH O

OH OH OH OH

[13]
In OAc OAc OAc OAc AcO'-
Ac,0 :
+ —_— —_— +
anhydrous THF  THF/H,0 (pH 3)  pyridine AcO - - S
B Sopiv  0°Ctort rt OAc OAc OAc OAc OPiv  AcO
[16] [41]

26% 66%

1.) NaOMe, MeOH
2.) trituration
3.) recrystallisation

lyxo
——r—

OH OH OH OH

HO N

OH OH OH OH OH

L-glycero-D-manno-D-manno-dodecenitol
[12]

Scheme 57. Indium-mediated acyloxyallylation of L-lyxo-.-manno-nonose [13] using the two-step Grignard
protocol with 3-bromopropenyl pivalate [16], giving the lyxo-configurated dodecenitol [12] as major
isomer

However, it could be proved that the synthesis of sugar species with twelve carbon atoms
in the backbone is possible in general, but further investigations are necessary for a more
efficient protocol. It is also expected that not only the IMA of the nonose [13] towards the
dodecenitol [12] will cause troubles, but also the further steps on the path to the sugar
alcohol species due to more "extrem" changes in the polarity upon protection and
deprotection of the present hydroxy group, the possibility of forming more complex
networks through hydrogen bond etc. as it has already been observed for the shorter
decitol [7].
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B5.2.1 The open-chain contents of L-glycero-D-manno-heptose and L-lyxo-
L-manno-nonose

According to the findings in the performed elongations of the non-natural sugar L-glycero-
D-manno-heptose [11] and L-lyxo-L.-manno-nonose [13], we were looking for an explanation
for the low reactivity of those species. As already mentioned earlier, the open-chain
content of sugars is assumed to impact the reactivity of the sugar in the IMA, as a low OCC
means that the aldehyde functionality is less readily available to react with the
organoindium species.

HO
HO OB OH (:)H (0]
L-glycero-D-manno-heptose (C7) Hﬁ - x
[e] I
OH OH OH OH
[11] [11]

OH OH OH ?

L-lyxo-L-manno-nonose (C9) Ho

OH OH OH OH
[13]

Figure 28. The aldoses L-glycero-D-manno-heptose [11] and L-lyxo-.-manno-
nonose [13] in the cyclic pyranose and open-chain form

Therefore, the OCC values of the two reducing aldoses were determined using a kinetic
photometric assay that was developed in the group, in which the formation of an adduct
between the aldose and ABAO is followed’. The results of the measurements are shown in
Table 14 together with the OCCs of D-lyxose and D-mannose for comparison, also
determined using the same assay.

Table 14. Measured OCCs of the non-natural sugars used as starting materials for the IMA and the natural
aldoses D-lyxose and b-mannose

Entry Name No. of C-atoms OCC (%)
(ABAO assay)
1 D-lyxose 5 0.11
2 D-mannose 6 0.032
3 L-glycero-D-manno-heptose [11] 7 0.0344
4 L-lyxo-L.-manno-nonose [13] 9 0.0343

It turned out, that the OCCs of the heptose (Entry 3) and nonose (Entry 4) were quite similar
and also in the range of the hexose b-mannose (Entry 2) that has already been investigated
in the IMA in our group. Even though the aldehyde moiety is only little available in the
mannose and heptose, those two aldoses could successfully be converted into the
corresponding enitols elongated by three carbon atoms in our group (see Chapter A 4.4 for
mannose and B 4.2.3 for heptose) by adaption of the used reaction conditions. According
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to this, the observed behaviour of the nonose in the performed IMA cannot be explained
by its low OCC.

B5.2.2 Considerations on the low reactivity of the L-lyxo-L-manno-nonose
in the performed IMA

As the OCC of the C9 aldose [13] turned out to be quite similar to the ones of the
heptose [11] and b-mannose, we were looking for another explanation for the observed
low reactivity of the nonose in the IMA. Considering the mechanism of the IMA of aldoses,
that is shown in Scheme 58, the attack of the nucleophile at the aldehyde moiety takes
place upon chelation of indium to the oxygen atom of the carbonyl group and the hydroxy
group in a-position. In the D-mannose, one out of five hydroxy groups is involved in the IMA
to give the desired enitol species with high diastereomeric selectivity. In the nonose, eight
hydroxy groups are present so there is more competition to the 02/aldehyde chelation of
other hydroxy groups. As the aldehyde moiety is not readily available anyways, a slower
chelation of the indium further leads to slowed down reaction rates. Slow rates in the IMA
are always disadvantageous due to the fate of the organoindium species upon hydrolysis
and Wurtz-type dimerization.

I3+ syn

In3t. o’
; |O H 0 HO  OH o
R H —> HO.,. H —> — )—’TNU —> R AN
R H

OH R R OH OR'

Scheme 58. Cram-chelate model for the nucleophilic attack at the aldehyde moiety with
syn-selectivity (adapted from Draskovits, et al.?%)

However, further investigation on the IMA of non-natural aldoses are necessary and
ongoing in our group to obtain higher yields in the transformation of even these sugars
with very long side-chains.

75



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Results and discussion Master Thesis Biedermann Nina

B6 Physical properties of mannitol, galactitol and galacto-
octitol

With the synthesised galacto-octitol [6] in hand (Chapter B 3), STA was performed to
determine its physical properties. Additionally, commercially available galactitol XXXVII
and mannitol XXVIII were investigated, too, to evaluate the accuracy of the used method
and compare the obtained values.

all 1,3-anti all 1,3-anti all 1,3-anti
VS VN . AASLA
: OH OH OH
2,3-anti OH ?H 2,3-syn OH C:)H :2,3—syn : on
s OH : OH
HO Y HO v :  HO T
OH OH OH OH : OH OH OH
7 N~ : 7 evy
mannitol galactitol L-threo-D-galacto-octitol

XXVl XXXVII : (6]

Figure 29. Sugar alcohols that were investigated by STA

The physical properties of these compounds were measured by simultaneous thermal
analysis (STA). This technique combines differential scanning calorimetry (DSC) and
thermogravimetric analysis (TG) which allows the evaluation of decomposition during the
melting process as these two processes cannot be distinguished unambiguously using only
DSC.1% In general, it is assumed that the amount of latent heat stored in a molten PCM
which is released upon cooling and crystallisation is the same that was taken up by this
material in the melting process.'% Therefore, only the latent heat that is needed for melting
was determined via STA.

In Figure 30, the recorded STA curve of commercially available p-mannitol XXVIII is
displayed. The curve of the DSC (blue line) shows a negative peak starting at 168 °C and
ending at 192 °C that indicates a melting process in which heat was taken up by the
material. The area of this peak corresponds to the thermal storage density. The TG curve
(green line) shows that decomposition at temperatures above 250 °C took place which has
already been reported for mannitol in literaturel®’,

In contrast, the synthesised galacto-octitol [6] showed weight loss degradation process, as
it can be seen in Figure 31. The red line indicates the weight loss which was found to be
approximately 2%. Due to this, the calculated value for the thermal storage density by
integration of the obtained peak is not trustworthy. Taking this weight loss into account,
the thermal storage density was corrected to 368 kJ/kg instead of 361 kJ/kg.
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Figure 31. STA measurement of galacto-octitol [6]

A mechanism for the degradation of b-mannitol XXVIIl under thermal treatment (Scheme
59) has already been presented by Bayén and Rojas'®® based on the report of Yamaguchi,
et al.1®, who investigated the dehydration of mannitol in hot water at temperatures
between 250-300 °C under argon atmosphere.
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Scheme 59. Reaction pathways of mannitol dehydration proposed by Yamaguchi, et al.1%®

The obtained melting points and thermal storage densities of the three sugar alcohols
XXVIII, XXXVII and [6] are summarised in Table 15 and graphically displayed in Figure 32
together with the values presented in literature’4#!%0. The melting points were determined
using the extrapolated onset temperature in the transition region of the DSC curves,
according to Jia, et al.?%. For mannitol and galactitol, the average of two performed
measurements is given.

Table 15. Measured and in literature given melting temperatures and thermal storage densities of the
investigated sugar alcohols

Sugar alcohol Melting temperature (°C) Thermal storage density (kJ/kg)
measured literature measured literature
mannitol XXVIII 168 1667 333 3187
galactitol XXXVII 186 18874 357 35474
galacto-octitol [6] 228 233-23611%0 368 -
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Figure 32. Measured thermal storage densities of mannitol and
galactitol compared to literature values’ and the measured value for
the synthesised galacto-octitol

For the commercially available sugar alcohols mannitol XXVIII and galactitol XXXVII it can
be seen, that the obtained melting points are in well agreement with those reported in
literature’®, but the measured thermal storage densities are slightly higher. In general,
those two species have already been investigated in literature several times by DSC and the
values presented in different reportst>17.20111-112 glightly vary. As discussed by lJia, et al.?,
these deviations can arise from differences in the purity of the samples, measurement
conditions or the method used for data analysis.

The synthesised galacto-octitol [6] showed the highest thermal storage density of all three
sugar alcohols, which was expected according to the findings in our group for the manno-
octitol XXVII and based on the proposed guidelines by Inagaki and Ishida’>. However, the
observed value of about 368 ki/kg is significant lower compared to the thermal storage
density of ~420 kl/kg that was measured for the manno-configurated octitol XXVII in our
group (see Chapter A 4.4). This might be attributed to the different distribution of the
hydroxy groups, as the first two stereocentres are in a syn-relationship for the galacto-
configuration and in an anti-relationship for the manno. Furthermore, decomposition of
the material took place at temperatures above the melting point which might be blamed
on the sample preparation for to the STA as traces of water or acid favour dehydration
reactions, as presented for mannitol in Scheme 59. Further investigations on the stability
of this sugar alcohol under thermal treatment are necessary to evaluate its potential as a
PCM.

The melting point observed via STA was 228 °C, but as the heating rate was rather high in
the DSC measurement (10 °C/min) this value can only be seen as an indicative value. A
more precise measurement which was additionally performed on a BUCHI melting point
apparatus with a heating rate of 1.0 °C/min, gave a melting point of 240.3-241.1 °C.
Nevertheless, these are promising preliminary results and further investigations are
necessary and pending in our group. In the near future, larger amounts of the galacto-
octitol and also sugar alcohols with differently distributed hydroxy groups and uneven
numbers of carbon atoms will be synthesised and investigated via STA.
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C Conclusion and outlook

Within this thesis, a synthetic route for higher sugar alcohols with high control of
diastereoselectivity for the introduced stereocentres was successfully developed. This
protocol allows the synthesis of sugar alcohols with a syn-relationship between the two
hydroxy groups at the terminal stereocentres and a 1,3-anti-relationship of all hydroxy
groups (galacto-configuration) and was used to obtain the non-natural L-threo-
D-galacto-octitol, the corresponding decitol and partly the dodecitol as well. From the
octitol already enough material was prepared for further investigations in simultaneous
thermal analysis to determine its melting point and thermal storage density and evaluate
its potential as an organic phase change material. Further, we were able to synthesise sugar
species with ten carbon atoms in the backbone that could further be transformed into the
L-galacto-L-galacto-decitol, the second non-natural sugar alcohol of the galacto-series we
were interested in. Therefore, we could show that our synthesis strategy developed for the
galacto-octitol can also be used to obtain even longer sugar alcohols, even though some
steps turned out to be quite challenging due to the physical nature of these compounds
and required further investigations. As the synthesis of the galacto-decitol was only
performed on smaller scales, STA measurements have not been performed yet, but this
sugar alcohol will be synthesised in larger quantities to further determine its physico-
chemical properties.

In-mediated
acyloxyallylation
OH O OH OH
| s ™ 0AC :
—_—
HO : In, EtOH HO : N
OH OH OH OH OH
L-lyxose
Protectionen
Dihydroxylation
all 1,3-anti
. AR LA
OBn OBn OH Mitsunobu OH OH OH
H H Deprotection H
N A~_OH : OH
BnO ¥ HO :
OBn OBn OBn OH OH OH

7y 23-syn
L-threo-D-galacto-octitol

Scheme 60. The developed synthetic route towards the non-natural sugar alcohol L-threo-b-galacto-octitol,
that could also be applied for the synthesis of the L-galacto-L-galacto-decitol with further improvements
of some steps in the sequence
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En route towards the galacto-decitol, a major achievement was the development of an
improved protocol for the indium-mediated acyloxyallylation of unreactive aldoses like, for
example, L-glycero-b-manno-heptose. Three major changes in the reaction protocol turned
out to be the key for the successful transformation of such unreactive sugars to the

corresponding entiol species:

(1)

(2)

(3)

Two-step Grignard protocol

The Barbier-type protocol was replaced by a two-step Grignard protocol in which
the organoindium species is pre-formed under anhydrous conditions, and the
aldose is added to the reagent solution. This guaranteed that hydrolysis of the
bromopropenyl ester cannot take place in the first place and the reagent is
present in higher quantities. Further, it is assumed, that the reaction rate of the
aldose was accelerated as the sugar molecules present in the open-chain form
can immediately react with the organometallic species, fastening the
(re)formation of the open chain structure from the cyclic hemiacetal that is
dominantly present. Additionally, the reaction mixture turned homogeneous in
the first step which also positively impacted the reaction rate.

Change of the solvent system

Instead of EtOH, THF together with an aqueous buffer as a co-solvent in the 2"
step was used which guaranteed full solubility of the sugar species.

Change of the used 3-bromopropenyl ester as reagent

Instead of 3-bromopropenyl acetate or benzoate, which have deeply been
investigated in the IMA of aldoses so far, 3-bromopropenyl pivalate was used as
the reagent in this protocol. The benefits of the pivaloyl ester over the
mentioned acetyl and benzoyl esters were the following:

e The 3-bromopropenyl pivalate showed higher stability under aqueous
conditions as hydrolysis of the ester is less likely to occur. Due to this, the
lifetime of the reagent is extended which is crucial in the transformation
of sugars with a low OCC and therefore low reactivity.

e Slightly higher selectivity for the lyxo-configurated enitol product is
achieved due to increased preference for the si-face in the nucleophilic
attack at the aldehyde and 3,4-anti stereo-preference which is addressed
to the bulkiness of the ester group.

Step 1

Preformation of
organoindium species
—_—

Br_
+ - I > opiv
B Sopiv + lyxo
HO Step 2 syn
Additon of OH OH _BH
HCSO " OB reducing sugar ;
° THF/H;0 (pH 3) HO : A
OH OH OH OH OH

anti

Scheme 61. The improved protocol for the IMA of the unreactive sugar L-glycero-D-manno-heptose with a
two-step Grignard protocol giving the lyxo-configurated enitol as the major isomer
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In the future, our interests will also be on the synthesis of the galacto-dodecitol and other
non-natural sugar alcohols that do not fulfil the established guidelines by Inagaki and
Ishida’® to show the impact of the structural features on the physical properties of this
substance class. In cooperation with the authors of the presented computational study on
non-natural sugar alcohols, the melting points and thermal storage densities of the sugar
alcohols from the "galacto-series" are being calculated and will be compared to our
experimental results.

Further, the "manno-series" (Figure 33) will be completed based on the gained knowledge
in the IMA, attempting the synthesis of the manno-decitol XXIX (C10) and manno-
dodecitol XXX (C12) sugar alcohols (Figure 33) and measure their thermal storage densities
to evaluate the accuracy of the computational method.

all 1,3-anti all 1,3-anti all 1,3-anti
A AL A A AL AL A A AL AL AL A
OH OH OH OH OH OH OH OH OH OH OH OH

- OH - “_OH
HO™ ™ : HO™ ; HO

OH OH OH OH OH OH OH OH OH OH OH OH
7 7 T 7 A= A W A E A= 4
D-erythro-L-manno-octitol D-manno-D-manno-dectitol D-erythro-L-manno-L-manno-dodecitol

XXVII XXIX XXX

Figure 33. The "manno-series" of non-natural sugar alcohols that have already been investigated as
potential PCMs in a theoretical study by Inagaki and Ishida”
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D Experimental part

D1 Materials and methods

Reagents

The used reagents and solvents were bought from commercial sources with a purity of
> 95% if not stated different and used without further purification.

Solvents

Water-free solvents were available at the institute from a PureSolv solvent purification
system by Innovative Technology, or commercial sources that were stated as water-free
and stored in bottles with a septum and over molecular sieve. Dowex-H* was washed with
the respective solvent before use.

TLC analysis

TLC analysis for reaction monitoring and fraction analysis from column chromatography
was performed with silica gel 60 Fasa plates or HPTLC-plates (silica gel 60 Fzsa with
concentration zone 20 x 2.5 cm). Visualization of the spots was done using UV light (254
nm) followed by staining the plates with anisaldehyde solution (180 mL EtOH, 10 mL
anisaldehyde, 10 mL H;SOs (conc.), 2 mL AcOH), permanganate solution (3.0 g KMnOQs,
20.0g K2CO3, 250 mg KOH, 300 mL H,0) or cerium molybdate ("Mostain", 21g
(NH4)6M07024:2H,0, 1 g Ce(S04), 31 mL H2S04 (conc.), 500 mL H20).

Column chromatography

Chromatography columns were packed with silica gel from Merck with a pore size of 40—
63 um. The used column sizes and eluents were adapted to the corresponding separation
problem.

HPLC-MS

HPLC-MS analysis was performed on a Nexera X2® UHPLC system (Shimadzu®, Kyoto,
Japan) comprised of LC-30AD pumps, a SIL-30AC autosampler, CTO-20AC column oven,
DGU-20As,3 degasser module. Detection was accomplished by concerted efforts of SPD-
M20A photo diode array, a RF-20Axs fluorescence detector, an ELS-2041 evaporative light
scattering detector (JASCO®) and finally via a LCMS-2020 mass spectrometer. Separations
were either performed using a Waters® XSelect® CSH™ C18 2.5 um (3.0 x 50 mm) Column
XP at 40 °C, a flowrate of 1.7 mL/min and with UHPLC grade water and acetonitrile
containing 0.1% formic acid as the mobile phase, or a Waters® XBridge® BEH Amide 2.5 um
(3.0 x 50 mm) Column XP at 40 °C, a flowrate of 1.3 mL/min and with UPLC grade water (pH
8.5, 2.5 mM NH4COOH) and acetonitrile as the mobile phase.
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HR-MS

Accurate mass analysis was performed on an Agilent 6230 AJS ESI-TOF mass spectrometer
with ESl ionisation method or Q Exactive Focus, ESI, FIA injection, mobile phase 18% MeCN
with 0.1% formic acid.

NMR spectroscopy

The analysis of substances was done via NMR spectroscopy at 297 Kin the solvent indicated
using a Bruker Avance Ultra Shield 400 MHz and an Avance Ill HD 600 MHz spectrometer
with TMS as internal standard. Processing of the data was performed with standard
software and all spectra were calibrated to the solvent residual peak'!® if not stated
different. All assignments are based on 2D-sepctra (COSY, phase sensitive HSQC, HMBC —
depending on the molecule).

Melting points

Melting points were recorded on a BUCHI melting point apparatus Model B-545 with a
40%/90% threshold and a heating rate of 1.0 °C/min.

Ozone generator

Ozone enriched oxygen was generated using a Triogen LAB2B Ozone generator.

Simultaneous thermal analysis (STA)

Simultaneous thermal analysis (STA) including differential scanning calorimetry (DSC) and
thermogravimetric analysis (TG) measurements were performed on a STA 449 F1 JUPITER
Netzsch under nitrogen atmosphere with a heating rate of 10 K/min.
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D2 Synthetic procedures and analytical data

D21 3-Bromoprop-1-en-1-yl acetate [1]

o]

o ZnCl
0 2
N\ + —_— A N )k
= )LBr DCM Br Z 0
[42] [14] [1]
MW: 56.06 MW: 122.95 MW: 179.01

Procedure

According to a literature protocol?®’7, acrolein [42] (90%, 4.7 g, 5.6 mL, 84 mmol,
1.0 equiv.) was dissolved in dry DCM (65 mL), cooled to -20 °C using an acetone/liquid N2
cooling bath and acetyl bromide [14] (9.8 g, 6.0 mL, 80 mmol, 0.95 equiv.) was added to
the solution under stirring. Then, after the addition of anhydrous ZnCl; (0.11 g, 0.84 mmol,
1.0 mol%), the reaction mixture was allowed to warm up to =15 °C by lowering the cooling
bath as the exothermic reaction started and a temperature jump to +12 °C could be
observed. The flask was then re-immersed in the cooling bath, and the reaction mixture
was stirred for 1 hour, keeping the temperature below —-10 °C. As 'H-NMR-analysis (micro
work-up with Et,0 and aqg. sat. NaHCOs, drying over Na;S04) confirmed full conversion of
the starting material to the targeted product, H,O (30 mL) was added which led to the
formation of a white precipitate and a temperature rise to -10 °C.

The layers were separated, and the organic layer was washed with water (30 mL) followed
by sat. ag. NaHCO3 (2x40 mL — until pH remained basic). The greenish organic phase was
further washed with brine, dried over anhydrous Na,SO4 and evaporated, giving a brown,
oily liquid.

Purification

The pure product [1] was obtained by distillation in vacuo (bp 85-92 °C, 26-30 mbar) as a
colourless to slightly yellow liquid (9.9 g, 73%) in a ratio of £/Z=1:1.6 (according to
1H-NMR).

Yield 99¢g,73%
Appearance colourless/slightly yellow liquid
Boiling point 85-92 °C, 26-30 mbar (lit*® 69-71 °C, 22 Torr)

'H-NMR (200 MHz, CDCls)  (E)-isomer: & = 7.41 (d, J = 12.4 Hz, 1H, =CH-0), 5.69 (dt, J =
12.4,8.4 Hz, 1H, =CH-CH;), 3.97 (d, /= 8.4 Hz, 2H, CH»-Br), 2.14
(s, 3H, CH3) ppm.

(2)-isomer: 8 =7.17 (d, J = 6.3 Hz, 1H, =CH-0), 5.22 (td, J = 8.4,
6.3 Hz, 1H, =CH-CH.), 4.07 (d, J = 8.4 Hz, 2H, CH»-Br), 2.19 (s,
3H, CHs) ppm.
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13C-NMR (101 MHz, CDCls)

(E)-isomer: & = 168.0 (C=0), 139.6 (=CH-0), 111.7 (=CH-CHb,),
28.9 (CH2-Br), 21.0 (CHs)

(2)-isomer: & = 167.6 (C=0), 137.5 (=CH-0), 109.9 (=CH-CH.,),
24.0 (t, CH2-Br), 21.1 (q, CHs)

Spectral data in accordance with literature.®
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D2.2 1,2-Dideoxy-D-glycero-L.-manno-oct-1-enitol [20] — method A

1) Br/L”L/\OAc
[1]
In, EtOH, 48 °C
oH OH 0  2)AcQ, pyridine OH OH OH
Hﬁ 0 A/-\‘) 3.) NaOMe, MeOH H H
MOH =~ HO - 4.) trituration ~ HO - - A
OH OH 5.) recrystallisation OH OH OH OH
[19] [19] 33% [20]
MW:150.13 MW: 150.13 MW: 268.26
Procedure
Step 1 -IMA

According to a modified literature protocol?®, bp-lyxose [19] (700 mg, 4.66 mmol,
1.00 equiv.) was dissolved in dry EtOH (70 mL) in a round-bottom flask and heated to 48 °C.
First indium (1.07g, 14.0 mmol, 3.00equiv.) followed by 3-bromoprop-1-en-1-yl
acetate [1] (2.50 g, 9.33 mmol, 2.00 eqiv.) was added to the solution under vigorous
stirring. After 15 min, reaction monitoring via TLC (CHCls/MeOH/H,O 14:7:1, staining
reagent: anisaldehyde) indicated full conversion of the starting material (staining yellow)
to a less polar spot (staining violet). Stirring was continued for 10 more minutes to allow
the reaction mixture to cool down. The mixture was filtered, and the solvent was removed
in vacuo, giving a colourless solid (3.79 g).

Step 2 — Acetylation

This material was taken up in dry pyridine (10 mL), and Ac;0 (7.9 mL, 84 mmol, 18 eq.) was
added to the stirring mixture under ice-bath cooling. The mixture was stirred at rt for
20 min, then a spatula of DMAP was added. Stirring at rt was continued overnight, and a
micro work-up (with EtOAc and 1N HCI) for TLC analysis was performed the next day. Since
TLC (CHCI3/MeOH/H,0 14:7:1, LP/Et,0 1:2, staining reagent: anisaldehyde) indicated
complete conversion to a very nonpolar species, excessive reagent was quenched by the
addition of MeOH (25 mL) under ice-bath cooling, and the mixture was stirred for 45 min.
After diluting with EtOAc (150 mL), the organic phase was extracted with 1N HCI (2x70 mL
—until pH remained acidic) and washed with aq. sat. NaHCOs3 (40 mL) and brine. After drying
over anhydrous Na;SOa, the solution was evaporated to dryness (3.78 g).

Step 3 — Deacetylation

The residue was taken up in MeOH (HPLC grade, 30 mL) and NaOMe (30% in MeOH) was
added under stirring at rt until pH was about 8. Reaction monitoring via TLC (LP/Et;0 1:2)
after 3 hours showed full conversion. The reaction mixture was neutralized by the addition
of Dowex-H*, H,0 was added to dissolve the formed enitol, and the solution was filtered.
Evaporation of the solvent gave a beige solid matter (2.29 g) that was a mixture of
diastereomers in a ratio of lyxo : xylo : ribo = 65 : 25 : 10.
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Purification

The solid was then triturated with i-PrOH (10 mL), and filtration gave a white solid that was
further washed with small portions of MeOH (3 mL in total). The solid was further purified
by recrystallisation from MeOH/H,O (10:1), and the product [20] was obtained as
colourless, needle-shaped crystals (320 mg, 33%).

Yield

Appearance

Melting point
Rf

1H-NMR (600 MHz, D-0)

13C-NMR (151 MHz, D;0)

320 mg, 33% (over 3 steps)
white needles

171.2-171.3°C  (MeOH/H,0) (it 171.9-172.7 °C
(MeOH/H20))

0.23 (blue) (CHCI3/MeOH/H,0 14:7:1, staining agent:
anisaldehyde)

6=6.01(ddd, J=17.3, 10.5, 6.9 Hz, 1H, H2), 5.38 (d, /= 17.3
Hz, 1H, H1 trans (E)), 5.31 (d, J = 10.5 Hz, 1H, H1 (2)), 4.22 —
4.16 (m, 1H, H3), 4.01 — 3.96 (m, 1H, H7), 3.93 (dd, J = 9.4,
1.0 Hz, 1H, H5), 3.75 (dd, J = 8.2, 1.0 Hz, 1H, H4), 3.71 - 3.65
(m, 3H, H8a, H8b, H6) ppm.

§=136.7 (C2), 116.8 (C1), 71.5 (C3), 70.6 (C4), 69.3 (C7), 68.4
(C6), 67.4 (C5), 62.3 (C8) ppm.

Spectral data in accordance with literature.?3
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D23 1,2-Dideoxy-D-glycero-.-manno-dec-1-enitol [20] — method B

1) g™ oB:
[2]
OH OH O In, THF/buffer, OH OH
H 6) H | 0°Ctort :
QM — HO —> o X
OH - 2.) Ac,0, pyridine H
OH OH 3.) NaOMe, MeOH OH OH OH
[19] [19] 90% [20]/[35]/[36]
MW: 150.13 MW: 150.13 lyxo/ xylo/ribo
MW: 208.21
Procedure
Step 1 -IMA

Based on a literature protocol®, indium (36 mg, 0.31 mmol, 2.3 equiv.) was weighed in a
flame dried Schlenk flask and Schlenk technique was applied. Anhydrous THF (0.40 mL) was
added, and the mixture was cooled to 0°C using an ice-bath. 3-Bromopropenyl
benzoate [2] (112 mg, 0.46 mmol, 3.5 equiv.) was added dropwise to the vigorously stirring
mixture. After 5 min, the ice-bath was removed, and the suspension was allowed to warm
up to room temperature and stirred for another 40 min. Then, p-lyxose [19] (20 mg,
0.13 mmol, 1.0 equiv.) was added to the pre-formed reagent as a solution in phthalate
buffer (pH ~3, 0.06 mL). As TLC (CHCls/MeOH/H20 14:7:1, staining reagent: anisaldehyde)
indicated full conversion of the starting material (after 45 min), the reaction mixture was
diluted with MeOH and H,0 and filtered. The filtrate was concentrated in vacuo, giving a
colourless solid.

Step 2 — Acetylation

This material was taken up in pyridine (99%, 1.0 mL), and Ac20 (0.29 g, 0.27 mL, 2.8 mmol,
21 eq.) was added to the stirring mixture under ice-bath cooling. After 10 min, the ice-bath
was removed, and a spatula of DMAP was added. After 2.5 h, HPLC-MS indicated complete
conversion to the fully protected species, and excessive reagent was quenched by the
addition of MeOH (0.5 mL) under ice-bath cooling, and the mixture was stirred for further
30 min. After diluting with EtOAc (50 mL), the organic phase was extracted with 1N HCI
(2x10 mL — until pH remained acidic) and washed with aqg. sat. NaHCOs3 and brine. After
drying over anhydrous Na;S04, the solution was evaporated to dryness.

Step 3 — Deacetylation

The residue was taken up in MeOH (HPLC grade, 1.0 mL) and NaOMe (30% in MeOH) was
added dropwise under stirring at rt until pH was about 10. Reaction monitoring via HPLC-
MS after 3 hours showed full conversion. The reaction mixture was neutralized by the
addition of Dowex-H* (MeOH washed), H,O was added to dissolve the formed enitol, and
the solution was filtered. Evaporation of the solvent gave a beige solid matter (25 mg, 90%)
that was a mixture of diastereomers in the ratio lyxo : xylo : ribo : 71 : 18 : 11.
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As this reaction was just carried out as a proof of concept, no further purification and
characterization has been performed.

Yield 25 mg, 90% (over 3 steps) (mixture of diastereomers)
Appearance beige solid
Rt 0.23 (blue) (CHCI3/MeOH/H,O 14:7:1, staining agent:

anisaldehyde)
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D24 3,4,5,6,7,8-Hexa-0-acetyl-1,2-dideoxy-L-glycero-o-manno-oct-1-

enitol [21]
OH OH OAc OAc
R Ac,0, DMAP :
— >
HO : S pyridine AcO - N
OH OH OH OAc OAc OAc
99%
[9] [21]
MW: 208.21 MW: 460.43

Procedure

The octenitol [9] (0.10 g, 0.48 mmol, 1.0 equiv.) was taken up in dry pyridine (0.5 mL), and
Ac0 (0.88 g, 0.82 mL, 84 mmol, 18 equiv.) was added to the stirring mixture under ice-bath
cooling. The mixture was stirred at rt for 15 min, then a spatula tip of DMAP was added.
After 1.5 hours reaction monitoring via TLC (micro work-up with EtOAc and 1N HCI,
CHCI3/MeOH/H,0 14:7:1) indicated complete conversion to a very nonpolar species.
Excessive reagent was quenched by the addition of MeOH (0.35 mL) under ice-bath cooling,
and stirring was continued for 30 min.

The mixture was diluted with DCM (10 mL) and extracted with 1N HCI (2x5 mL — until pH
remained acidic). The organic phase was further washed with ag. sat. NaHCOs (40 mL) and
brine and dried over anhydrous MgSOs. The solution was evaporated, giving the
product [21] as white crystals (0.22 g, 99%).

Yield 0.22 g,99%
Appearance white crystals

Melting point 127.6-127.8 °C (DCM)
R¢ 0.34 (hexane/EtOAc 1:1)

1H-NMR (600 MHz, CDCls) & =5.68 (ddd, J = 17.2, 10.3, 7.9 Hz, 1H, H2), 5.51 (dd, J = 10.1,
1.9 Hz, 1H, H5), 5.34 (dd, J = 17.1, 0.9 Hz, 1H, H1 (£)), 5.30
—5.25 (m, 2H, H6, H1 (2)), 5.22 (dd, J = 8.2, 1.9 Hz, 1H, H4),
5.19 (ddd, J = 7.1, 4.9, 2.0 Hz, 1H, H7), 5.13 (t, J = 8.1 Hz, 1H,
H3), 4.28 (dd, J = 11.7, 4.9 Hz, 1H, H8a), 3.82 (dd, J = 11.7,
7.4 Hz, 1H, H8b), 2.11 (s, 3H, COCHs (C6/C7)), 2.08 (s, 3H,
COCHs (C6/C7)), 2.06 (s, 3H, COCHs (C5)), 2.05 (s, 3H, COCHs
(C4)), 2.03 (s, 3H, COCH3 (C3)), 2.01 (s, 3H, COCHs (C8)) ppm.

13C.NMR (101 MHz, CDCl;) & = 170.6, 170.4, 170.2, 170.0, 169.7, 169.7 (6xCOCHs),
132.4 (C2), 121.2 (C1), 72.1 (C3), 69.4 (C4), 67.7 (C6, C7), 66.5
(C5), 62.4 (C8), 21.2, 21.0, 20.9, 20.8, 20.8 (6xCOCHs) ppm.

HRMS (*ESI-TOF) m/z [M+NH4]* calc. for C20H32NO12 478.1918, found 478.1921
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D2.5 3,4,5,6,7,8-Hexa-0-benzyl-1,2-dideoxy-L-glycero-b-manno-oct-1-

enitol [22]
OH OH BnBr, NaH OBn OBn
: n-BugNI :
HO - N Towr > 8o - A
OH OH OH OBn OBn OBn
93%
[9] [22]
MW: 208.21 MW: 748.94

Procedure

The enitol [9] (0.50 g, 2.4 mmol, 1.0 equiv.) was suspended in dry DMF (5 mL) and NaH
(60% in paraffin oil, 1.4 g, 36 mmol, 15 equiv.) was added portionwise to the stirring
mixture under ice-bath cooling (formation of Hy). After stirring for 15 min at 0 °C, benzyl
bromide (4.9 g, 3.4 mL, 29 mmol, 12 equiv.) was added dropwise. The formation of a beige
precipitate was obtained, and further DMF (15 mL) was added to guarantee efficient
stirring while completing the addition of BnBr. The mixture was allowed to warm up to rt,
and n-BusNI (0.44g, 1.2mmol, 0.50equiv.) was added. After 3.5hours TLC
(CHCI3/MeOH/H,0 14:7:1, LP/EtOAc 2:1, staining reagent: anisaldehyde) indicated full
conversion to a single very nonpolar species. Excessive reagent was quenched by the
addition of MeOH (3 mL) and ag. NHaCl (10%, 30 mL), and the mixture was diluted with
Et,0 (50 mL).

The phases were separated, and the aqueous phase was extracted with Et,O (3x70 mL).
The pooled organic phase was washed with H,O (3x20 mL) and brine. After drying over
anhydrous Na;S04, the solvent was evaporated. The residue was taken up in acetonitrile
(40 mL), washed with n-hexane (3x20 mL) and vaporised again, giving a yellow, oily crude
material (2.6 g).

Purification

The pure product [22] was obtained by flash column chromatography (250 g SiO», LP/EtOAc
10:1 = 4:1, fraction size: 700 mL) as a colourless oil (1.7 g, 93%).

Yield 1.7 g, 99%
Appearance colourless oil
Rf 0.44 (hexane/EtOAc 3:1)

'H-NMR (600 MHz, CDCl3) & =7.33 —7.18 (m, 30H, 30xPh CH), 5.94 (ddd, J = 17.4, 10.4,
8.0 Hz, 1H, H2), 5.40 — 5.22 (m, 2H, H1 (), H1 (E)), 4.74 (dd,
J =11.6, 7.8 Hz, 2H, OCH-Ph), 4.67 — 4.54 (m, 6H, 3xOCH,-
Ph), 4.51 (d, J = 11.7 Hz, 1H, H8a), 4.47 — 4.35 (m, 2H, OCH,-
Ph), 4.10 (d, J = 11.7 Hz, 1H, H8b), 4.08 — 4.02 (m, 2H, H3, H7),
3.99 —3.90 (m, 3H, H5, H6, H4), 3.70 (d, J = 5.3 Hz, 2H, OCH»-
Ph) ppm.
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13C-NMR (151 MHz, CDCl3) & =139.2, 139.2, 139.0, 138.9, 138.8, 138.4 (6xPh C1), 136.1

HRMS (*ESI-TOF)

HRMS (ESI-TOF)

(C2), 128.6 — 127.2 (30xPh CH), 119.8 (C1), 81.3 (C3), 81.2
(C4), 78.8 (2xCH (C5/C6/C7)), 78.8 (C5/C6/C7), 74.0, 73.9,
73.3, 73.3, 73.0, 70.9 (6xOCH,-Ph), 70.0 (C8) ppm.

m/z [M+H]* calc. for CsoHs306 749.3761, found 749.3835
m/z [M-H] calc. for CsoHs106 747.3688, found 747.2446
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D 2.6 1,2-Dideoxy-3,4:5,6:7,8-tri-O-isopropylidene-p-glycero-L.-manno-
oct-1-enitol [23]

0O
OH OH 2,2-dimethoxypropane O R
: p-TSA ><
HO™ ™ TN DMF - ° o YT
OH OH OH (0]
19%
[20] [23]
MW: 208.21 MW: 328.40

Procedure

To a suspension of enitol [20] (800 mg, 3.84 mmol, 1.00 equiv.) in dry DMF (2 mL)
2,2-dimethoxypropane (2.40g, 2.83 mL, 23.1 mmol, 6 equiv.) and p-TSA-H,O (15 mg,
0.077 mmol, 2.0 mol%) were added under stirring at rt. Then, the mixture was heated to
50 °C and stirred at this temperature. Reaction monitoring via TLC after 6 h (LP/Et,0 2:1)
showed full consumption of the starting material but several more nonpolar species.
Another portion of p-TSA-H,O (15 mg) was added and stirring at 50 °C was continued
overnight, but reaction monitoring did not show further conversion to the very nonpolar
species (targeted product). After adding a 3™ portion of p-TSA-H,0 (13 mg), the mixture
was stirred for another night without any changes according to TLC. The reaction mixture
was quenched after 48 h in total by the addition of TEA (39 mg, 53 uL, 0.10 equiv.).
Co-evaporation with toluene (4x4 mL) gave a brown oil as crude material (1.30 g)

Purification

The pure product [23] was obtained by flash column chromatography (130 g SiO2, LP/EtOAc
6:1) as a colourless liquid (233 mg, 19%).

Yield 233 mg, 19%
Appearance colourless oil
R¢ 0.41 (hexane/EtOAc 3:1)

'H-NMR (400 MHz, CDCl;) & =5.90(ddd,J=17.4,10.7, 5.0 Hz, 1H, H2), 5.33 (dt, /= 17.7,
1.7 Hz, 1H, H1 (E)), 5.23 = 5.17 (m, 1H, H1 (2)), 4.16 (q, J =
6.8 Hz, 1H, H7), 4.11 (ddt, J = 6.6, 5.0, 1.6 Hz, 1H, H3), 4.00 —
3.85 (m, 2H, H8a, H8b), 3.87 —3.76 (m, 2H, H5, H4), 3.64 (dd,
J=8.1, 6.7 Hz, 1H, H6), 1.42 (s, 6H, CHs, CHs (07,08)), 1.40
(s, 3H, CHs), 1.38 (s, 3H, CH3 (07,08)), 1.34 (s, 3H, CH3), 1.32
(s, 3H, CHs) ppm.

13C-NMR (101 MHz, CDCls) 135.9 (C2), 116.4 (Cl1), 109.6 (C(CHs), (07,08)), 101.1
(C(CHs)2), 101.0 (C(CHs),), 76.8 (C7), 71.9 (C4), 70.7 (C6), 69.9
(C3), 68.8 (C5), 65.4 (C8), 26.6, 25.9 (2xCH3 (07,08)), 24.7,
24.5, 23.9, 23.8 (4xCH3) ppm.
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D 2.7 Screening of octenitol substrates and dihydroxylation conditions,
followed by deprotection to determine the ratio of the octitol
isomers (3*C-NMR)

D 2.7.1 Dihydroxylation of the protected octenitols [21], [22] and [23] on
analytical scale

Upjohn dihydroxylation conditions

OR OR K2[0s0(OH)4] OR OR OH OR OR OH
: NMO-H,0 : : :
> OH OH
y X > < +
RO : £-BUOH/H,0 (1:1) or RO : RO :
OR OR OR t-BuOH/H,0/DCM (1:1:1), rt OR OR OR OR OR OR
[21] R = Ac MW: 460.43 98% [25] R=Ac MW: 494.44 [24]
[22] R=Bn MW: 748.94 96% [221 R=Bn MW: 782.96 [26]
[23] R = acetonide MW: 328.40 quant. [29] R =acetonide MW:362.41 [28]

The protected octenitol (0.10-0.22 mmol) was suspended in t-BuOH/H20 (1:1, 0.1-0.3 M)
at room temperature. Then, NMO-H,0 (1.0 equiv.) was added, followed by K,[OsO2(OH)a4]
(1.0 mol%). For octenitol [22] (Bn) and [21] (acetonide), DCM (final ratio 1:1:1) was added,
too. Reaction monitoring was performed via TLC (LP/Et;0) and HPLC-MS. As soon as
complete consumption of the starting material was obtained (1-3 days), the reaction
mixture was quenched by the addition of Na;S,0s. After stirring for 1 h, extraction of the
aqueous phase was performed with DCM or EtOAc. The pooled organic phase was washed
with brine, dried over anhydrous Na;S04 and evaporated.

Sharpless dihydroxylation conditions

OR OR AD-mix (x3) OR OR OH OR OR OH
: MsNH; : : H
- oH ., OH
RO : ~ t-BUOH/H,0/DCM (1:1:1), rt RO : RO :
OR OR OR OR OR OR OR OR OR

[21] R= Ac MW: 460.43 a:95% [: quant. [25] MW: 494.44 [24]
[22] R =Bn MW: 748,94  o: quant. B: quant. [27] MW: 782.96 [26]
[23] R = acetonide MW:328.40 a:99% PB: 96% [29] MW: 362.41 [28]

AD-mix-a (x3) or AD-mix-B (x3) (1.4 g/mmol substrate) was suspended in t-BuOH/H,0 (1:1,
0.4 M (with respect to the substrate)) and MsNH; (1.0 equiv.) was added. After stirring for
1 hour, the starting material was added as a solution in DCM (0.8 M). Reaction monitoring
was performed via TLC (LP/Et20) and HPLC-MS. As soon as complete conversion was
obtained (days), the reaction mixture was quenched by the addition of Na,S,0s. After
stirring for 1 h, it was diluted with DCM and H,0, and extraction of the aqueous phase was
performed with DCM. The pooled organic phase was washed with brine, dried over
anhydrous Na;S04 and evaporated.
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D 2.7.2 Deprotection of the semi-protected octitol mixtures [24]/[25],
[26]/[27] and [28]/[29]

Deacetylation of crude octitol mixture [24]/[25]

OAc OAc OH OH OH OH
Ao : OH NaOMe o : OH
¢ H MeOH :
0Ac OAc OAc OH OH OH
[241/[25] [30]/[6]
MW: 494.44 MW: 242.22

The crude material [24]/[25] from the dihydroxylation reaction was taken up in MeOH
(HPLC grade, 0.1 M) and NaOMe (30% in MeOH) was added dropwise under stirring at rt
until a pH of 9-10 was reached. Upon complete conversion to fully unprotected octitols
(HPLC-MS), the reaction mixture was neutralized by the addition of Dowex-H* resin (MeOH
washed) and filtered. The solution was vaporised, giving a colourless to beige solid. An
NMR-sample (~5-10 mg) was prepared in D20 (~0.7 mL), and 3C-NMR analysis was
performed to determine the ratio of the two isomers [30] and [6].

Catalytic hydrogenation of crude octitol mixture [26]/[27]

OBn OBn OH OH OH OH

a0 OH Ha PA/C o : OH
. : MeOH :
OBn OBn OBn OH OH OH
[26]/127] [30]/[6]
MW: 782.96 MW: 242.22

The crude material [26]/[27] from the dihydroxylation reaction was taken up in MeOH
(HPLC grade, 0.1 M) and Ar-atmosphere was generated. Then, palladium on activated
carbon (Pd/C, 10w%) was added, and Ar-atmosphere was switched to H,-atmosphere using
a balloon. Upon complete conversion to fully unprotected octitols (HPLC-MS), the reaction
mixture was diluted with H,0 and filtered over Celite®. The solution was vaporised, giving
a colourless to beige solid. An NMR-sample (~5-10 mg) was prepared in D20 (~0.7 mL), and
13C-NMR analysis was performed to determine the ratio of the two isomers [30] and [6].

Acidic cleavage of the acetonide protecting groups of crude octitol mixture [28]/[29]

A

(0]

0., OH OH OH OH
o OH Dowex-H* : OH
Q H,0 - !
)(0 OH OH OH
[28]1/[29] ent.[30]/ent.[6]
MW: 328.40 MW: 242.22

The crude material [28]/[29]from the dihydroxylation reaction was taken up in H,0 (0.3 M)
and Dowex-H* resin (MeOH washed, 20w%) was added. The reaction mixture was stirred
at 80 °C until HPLC-MS indicated complete conversion to fully unprotected octitols. The
mixture was filtered over Celite® and vaporised, giving a colourless to beige solid. An NMR-
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sample (~5-10 mg) was prepared in D,0 (~0.7 mL), and 3C-NMR analysis was performed to

determine the ratio of the two isomers [30] and [6].

D2.7.3
yields and product ratios [6]/[30]

Results of the substrate and method screening, including obtained

The following table summarises the results of the dihydroxylation reactions of the octenitol
substrates [21], [22] and [23] conducted under different reaction conditions, including the

obtained yields and product ratios [6]/[30].

R K2[0sO,(OH)4] + NMO AD-mix-a (x3) + MsNH:
Yield Ratio Yield Ratio
(2 steps) [61/[30] (2 steps) [61/[30]
(13c_NMR)iii (13c_NMR)iii
Ac 98% 1:1.4-15 95% 1:13
Bn 96% 1:10 quant. 1:9
acetonide quant. 1:1.6-1.7 99% 1:15

i Determined upon deprotection.

AD-mix-B (x3) + MsNH;

Yield
(2 steps)

quant.
quant.

96%

Ratio
[61/[30]
(*C-NMR)’

1:2.3-24
1:20
1:1.2
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D 2.8 3,4,5,6,7,8-Hexa-0-benzyl-L-threo-D-talo octitol [26] — method A

OBn OBn K5[0s0,(0OH)4] OBn OBn OH
- NMO-H,0 - - OH
BnO : > BnO : x
H t-BuOH/H,0/DCM (1:1:1), rt H
OBn OBn OBn OBn OBn OBn
quant.

[22] [26]/127]
MW: 748.94 MW: 782.96

Procedure

The protected octenitol [22] (1.0 g, 1.3 mmol, 1.0 equiv.) was suspended in t-BuOH/H,0
(1:1, 4 mL) and DCM (2 mL) was added to dissolve the starting material. Then, NMO-H,0
(0.22 g, 1.6 mol, 1.2 equiv.) was added to the vigorously stirring mixture followed by
K2[0sO2(OH)4] (5.0 mg, 13 umol, 1.0 mol%). Reaction monitoring via HPLC-MS did not
confirm full conversion of the starting after 3 days, so further NMO-H,O (0.11 g) and
K2[0sO2(OH)4] (3.0 mg) were added, and stirring was continued for another day. After
4 days in total, HPLC-MS indicated complete conversion to the targeted product. The
reaction mixture was quenched by the portionwise addition of NaS,0s (1.5 g), stirred for
one hour and diluted with H,O and DCM.

The layers were separated, and the aqueous phase was extracted with DCM (3x70 mL). The
pooled organic phase was washed with brine, dried over anhydrous Na;SOs and
evaporated, giving an enantiomeric mixture of hexabenzyl-L-threo-p-talo/galacto-
octitol [26]/[27] (talo/galacto ~10:1 (screening Chapter D 2.7)) as a colourless oil (1.2 g,
guant.) that was not further purified.

Yield 1.2 g (crude material), quant.

Appearance colourless oil

3,4,5,6,7,8-Hexa-0-benzyl-L-threo-p-talo-octitol [6]

Re 0.51 (LP/EtOAc 1:1)

1H-NMR (400 MHz, CDCls) 7.69 — 6.67 (m, 30H, 30xPh CH), 4.69 — 4.46 (m, 8H,
4x0CH,-Ph), 4.42 — 4.20 (m, 4H, 2xOCH,-Ph), 4.01 (dd, J = 5.3,
2.8 Hz, 1H, CH), 3.88 (tq, J = 7.5, 3.8, 3.1 Hz, 3H, 3xCH), 3.71
(dt, J = 8.0, 4.2 Hz, 1H, CH), 3.69 — 3.48 (m, 5H, CH, H1a, H1b,
H8a, H8b).

HRMS (*ESI-TOF) m/z [M+H]* calc. for CsoHss010 783.3889, found 783.3909
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D29 3,4,5,6,7,8-Hexa-0-benzyl-L-threo-D-talo-octitol [26] — method B

OBn OBn AD-mix- OBn OBn OH
BnO : MsNF, > o ‘. _A_ _OH
n : t-BUOH/H,0/DCM (1:1:1), rt n : *
OBn OBn OBn OBn OBn OBn
93%
[22] [26]1/127]
MW: 748.94 MW: 782.96
Procedure

AD-mix-B (x3) (1.16 g, 1.40 g/mmol starting material.) was suspended in t-BuOH/H,0 (1:1,
2 mL) and MsNH; (158 mg, 1.66 mmol, 2.00 equiv.) was added under vigorous stirring.
After one hour, the protected octenitol [22] (620 mg, 0.828 mmol, 1.00 equiv.) was added
as a solution in DCM (1 mL). As TLC analysis (LP/EtOAc 1:1) and HPLC-MS did not show full
conversion of the starting material after 7 days, more solvent (t-BuOH/H,0O/DCM 1:1:1,
3 mL) and AD-mix-B (580 mg) was added. After an additional day, full conversion was
observed, and the reaction mixture was quenched by the addition of solid Na;S,0s which
caused heavy foaming.

After dilution with H,0 (20 mL) and DCM (50 mL) the phases were separated, and the aq.
phase extracted with DCM (3x30 mL). The pooled organic phase was washed with brine,
dried over Na;SO4 and vapourised, giving an enantiomeric mixture of hexabenzyl-L-threo-
D-talo/galacto-octitol [26]/[27] (talo/galacto ~20:1 (screening Chapter D 2.7)) as a yellow
oil (600 mg, 93%) that was not further purified.

Yield 600 mg (crude material), 93%.

Appearance colourless oil

3,4,5,6,7,8-Hexa-0-benzyl-L-threo-p-talo-octitol [26]

R¢ 0.51 (LP/EtOAc 1:1, staining agent: Mostain)

1H-NMR (400 MHz, CDCls) & = 7.69 — 6.67 (m, 30H, 30xPh CH), 4.69 — 4.46 (m, 8H,
4x0CH,-Ph), 4.42 — 4.20 (m, 4H, 2xOCH,-Ph), 4.01 (dd, J = 5.3,
2.8 Hz, 1H, CH), 3.88 (tq, J = 7.5, 3.8, 3.1 Hz, 3H, 3xCH), 3.71
(dt, J = 8.0, 4.2 Hz, 1H, CH), 3.69 — 3.48 (m, 5H, CH, H1a, H1b,
H8a, H8b).

HRMS (*ESI-TOF) m/z [M+H]* calc. for CsoHss010 783.3889, found 783.3909
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D2.10 3,4,5,6,7,8-Hexa-0-benzyl-1,2-di-O-(p-nitrobenzoyl)-L-threo-b-
galacto-octitol [31]

NO,

NO
OBn OBn OH PPhs, DIAD OBn 0Bn 07 SO ?
; O/\(k/\/:\/OH 4-nitrobenzoic acid > . O/M/O
* Y *
n THF n

OBn OBn OBn OBn OBn OBn 0

66%

[26]1/[27] [31]1/[32]
MW: 782.96 MW: 1081.16
Procedure

The starting material [26]/[27] (~10:1) (180 mg, 0.230 mmol, 1.00 equiv.) was weighed in a
flame dried Schlenk flask. The flask was flushed with Ar three times via Schlenk technique,
and dry THF (3.6 mL) was added. Then, 4-nitrobenzoic acid (192 mg, 1.15 mmol,
5.00 equiv.) and PPh3 (302 mg, 1.15 mmol, 5.00 equiv.) were added to the stirring solution
under Ar stream. The reaction mixture was cooled to 0 °C using an ice-bath, and DIAD
(180 L, 234 mg, 1.15 mmol, 5.00 equiv.) was added dropwise. The flask was left in the ice-
bath allowing slow warming up to rt and stirring was continued overnight. Reaction
monitoring via HPLC-MS the next day confirmed full consumption of the starting material
and the formation of the targeted product but also side products. TLC (LP/EtOAc 3:1)
analysis was performed, too. The reaction mixture was evaporated, giving a yellow, oily
crude material (950 mg).

Purification

The crude material was purified via column chromatography (95 g SiO,, LP/EtOAc 10:1 -
2:1) giving the targeted product (164 mg) as a mixture of the two diastereomers [31]/[32]
(galacto/talo ~20:1 — determined upon deprotection) and mixed fractions with a side-
product with similar polarity (45 mg).

Yield 164 mg, 66%
Appearance slightly yellow oil
Rs 0.52 (LP/EtOAc 2:1, staining agent: Mostain)

!H-NMR (400 MHz, CDCl3) & =8.19-8.13 (m, 2H, 2xPNB CH), 8.05 - 7.94 (m, 6H, 6xPNB
CH), 7.35 — 7.05 (m, 30H, 30xPh CH), 5.96 (dt, J = 8.0, 3.2 Hz,
1H, H2), 4.77 (d, J = 11.7 Hz, 1H, OCH,-Ph), 4.72 — 4.49 (m, 9H,
4xOCH2-Ph, H1a), 4.45 (d, J = 2.3 Hz, 2H, OCH,-Ph), 4.36 (d,
J=11.6 Hz, 1H, OCH,-Ph), 4.20 (dd, J = 11.6, 3.6 Hz, 1H, H1b),
4.16 — 4.09 (m, 2H, H4, H5/H6), 4.08 — 3.98 (m, 3H, H7, H3,
H5/H6), 3.72 (d, J = 4.0 Hz, 2H, H8a, H8b) ppm.
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13C-NMR (101 MHz, CDCls) & = 164.3, 164.2 (2xPNB C=0), 150.7, 150.5 (2xPNB Ph C6),
138.8, 138.7, 138.4, 138.2, 138.2, 137.8 (6xBn Ph C1), 135.4,
135.1 (2xPNB Ph C1), 130.8 (2xPNB Ph CH), 130.8 (2xPNB Ph
CH), 128.8 —127.0 (30xBn Ph CH), 123.6 (2xPNB Ph CH), 123.5
(2xPNB Ph CH), 79.7 (C4/C5/C6), 79.6 (C4/C5/C6), 79.1
(C3/C5/C6/C7), 77.4 (C3/C5/C6/C7), 74.7, 74.1, 73.5, 73.5,
73.4,72.7 (6xOCH2-Ph), 71.9 (C2), 70.5 (C8), 65.4 (C1) ppm.
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D2.11 3,4,5,6,7,8-Hexa-0O-benzyl-L-threo-p-galacto-octitol [27]

NO,

NO,
OBn (_)Bn (0] (6] OBn C_)Bn OH
B OMO —)NaOMe B O/Y'\/:\‘/'\/OH
* Y *
n MeOH n

OBn OBn OBn o 0Bn OBn OBn

quant.
[31]/[32] [27]/[26]
MW:1081.16 MW: 782.96

Procedure

The starting material [31]/[32] (164 mg, 0.152 mmol, 1.00 equiv.) was taken up in MeOH
(HPLC grade, 2.0 mL) and NaOMe (30% in MeOH) was added dropwise under stirring at rt
until pH was about 10. After 2 hours, HPLC-MS indicated full conversion and the reaction
mixture was neutralized by the addition of Dowex-H*. After filtration and evaporation, the
residue was taken up in DCM (40 mL), extracted with sat. ag. NaHCOs (2x10 mL) and
washed with brine. After drying over anhydrous Na,S0O4, the organic phase was evaporated,
giving the crude product (120 mg) as a yellow oil that was used for the next step without
further purification.

Yield 120 mg, crude

Appearance yellow oil

3,4,5,6,7,8-Hexa-0-benzyl-L-threo-p-galacto-octitol [27]

R¢ 0.50 (LP/EtOAc 1:1, staining agent: Mostain)

1H-NMR (400 MHz, CDCls) 7.37 — 7.16 (m, 30H, 30xPh CH), 4.79 — 4.57 (m, 8H,
4x0CH,-Ph), 4.47 (d, J = 11.5, 1H, OCHH-Ph), 4.44 — 4.38 (m,
2H, OCH2-Ph), 4.35 (d, J = 11.5, 1H, OCHH-Ph), 4.12 (m, 3H,
H4, H5, H6), 4.04 — 3.97 (m, 2H, H2, H7), 3.87 (dd, J = 6.6,
1.9 Hz, 1H, H3), 3.75 — 3.61 (m, 4H, H8a, H8b, H1a, H1b).

13C-NMR (101 MHz, CDCls) & =141.8—140.2 (6xBn Ph C1), 128.2 — 127.3 (30xPh CH), 78.8
(ca/cs/C6), 78.7 (C7), 78.5 (C4/C5/C6), 78.3 (C4/C5/C6), 77.9
(C3),73.9, 73.2, 73.1, 72.9, 72.8, 72.7 (6xOCH2-Ph), 71.4 (C2),
69.9 (C8), 63.1 (C1)

HRMS (*ESI-TOF) m/z [M+H]* calc. for CsoHss010 783.3889, found 783.3909

Note

The given shifts for the 13C-NMR were determined from the recorded HSQC spectrum.
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D 2.12 |-Threo-p-galacto-octitol [6] — method A

OBn OBn OH H,, Pd/C OH OH OH
. R OH HCl (cat.) o : OH
Y * 3 Y *
no = MeOH z
OBn OBn OBn OH OH OH
73% (2 steps)
[271/126] [61/[30]
MW: 782.96 MW: 242.22

Procedure

The crude material [27]/[26] (120 mg) was taken up in MeOH (HPLC grade, 1.0 mL) and
Pd/C (10 w%, 12 mg, 7 mol%) was added followed by a drop of 2N HCI. Hydrogen
atmosphere was guaranteed using a balloon, and the reaction mixture was stirred at rt for
14 hours, as HPLC-MS indicated full deprotection. The mixture was diluted with H,O,
filtered over Celite®, and the filter cake washed with fresh water. Evaporation of the
aqueous phase gave a colourless solid (27 mg) with a ratio of 20:1 [6]/[30] (galacto/talo)
according to 13C-NMR.

Yield 27 mg, 73% (over 2 steps from [31]/[32])
Product ratio galacto/talo 20:1 (according to *C-NMR)
Appearance colourless solid

L-Threo-b-galacto-octitol [6]

Rf 0.17 (red) (CHCl3/MeOH/H,O 14:7:1, staining agent:
anisaldehyde)

Melting point 240.3-241.1 °C (H,0) (lit'1° 233-236 °C)

1H-NMR (600 MHz, CDCls) & =4.01—3.98 (m, 2H, H2, H7), 3.95 (d, J = 9.3 Hz, 2H, H4, H5),
3.72 —3.68 (m, 6H, H1, H8, H3, H6) ppm.

13C.NMR (151 MHz, CDCls) & = 70.3 (C2, C7), 69.3 (C3, C6), 68.2 (C4, C5),
63.3 (C1, C8) ppm.

HRMS (*ESI-TOF) m/z [M+H]* calc. for CgH190s 243.1075, found 243.1135

HRMS (ESI-TOF) m/z [M-H] calc. for CsH170g 241.0929, found 241.1002
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D 2.13 L-Threo-D-galacto-octitol [6] — method B

OBn OBn OBn H,, Pd/C OH OH OH
5o : OBn AcOH (cat.) o R OH
n B EtOAC :
OBn OBn OBn OH OH OH
95%
[33] [6]
MW: 963.20 MW: 242.22

Procedure

The starting material [33] (135 mg, 0.140 mmol) was taken up in EtOAc (HPLC grade,
1.0 mL) and Pd/C (10w%, 15 mg) was added. Hydrogen atmosphere was guaranteed using
a balloon, and the reaction mixture was stirred at rt. As HPLC-MS confirmed cleavage of all
benzyl groups (36 h), the mixture was diluted with H,O, filtered over Celite®, and the filter
cake washed with fresh water. Evaporation of the aqueous phase gave a colourless solid,
the octitol [6] (32 mg, 95%). For STA, this was recrystallised from H30.

Yield 32 mg, 95%

Appearance colourless solid

Melting point 240.3-241.1 °C (H,0) (lit'1? 233-236 °C)

R¢ 0.17 (red) (CHCI3/MeOH/H,O 14:7:1, staining agent:

anisaldehyde)

1H-NMR (600 MHz, CDCls) & =4.01—3.98 (m, 2H, H2, H7), 3.95 (d, J = 9.3 Hz, 2H, H4, H5),
3.72-3.68 (m, 6H, H1, H8, H3, H6) ppm.

13C-NMR (151 MHz, CDCl;) &6 = 70.3 (C2, C7), 69.3 (C3, C6), 68.2 (C4, C5),
63.3 (C1, C8) ppm.

HRMS (*ESI-TOF) m/z [M+H]* calc. for CgH190g 243.1075, found 243.1135

HRMS (“ESI-TOF) m/z [M-H] calc. for CgH170s 241.0929, found 241.1002
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D2.14 1,2,3,4,5,6,7,8-Octa-O-benzyl-L-threo-b-galacto-octitol [33] &
1,2,3,4,5,6,7,8-octa-O-benzyl-L-threo-p-talo-octitol [34]
OH QH OH OBn QBn OBn
B OH ; OBn
HO M BnO Y
OH OH OH OBn OBn OBn  10%
) s (22
OH OH OH L OBn OBn OBn
‘" _~_ _OH “_~_ _OBn
HO Y 69% BnO 7
OH OH OH OBn OBn OBn  43%
[30] [34]
Procedure

A mixture of [6] and [30] (0.370 g, 1.53 mmol, 1.00 equiv.) was suspended in dry DMF
(3 mL) and NaH (60% in paraffin oil, 1.22 g, 30.6 mmol, 20.0 equiv.) was added portionwise
to the stirring mixture under ice-bath cooling (formation of H;). After stirring for 30 min at
0 °C, benzyl bromide (4.18 g, 2.90 mL, 24.4 mmol, 15.0 equiv.) was added dropwise. The
formation of a beige precipitate was obtained. The mixture was allowed to warm up to rt,
and n-BusNI (0.28 g, 0.76 mmol, 0.50 equiv.) was added. As TLC (CHCl3/MeOH/H,0 14:7:1,
LP/EtOAc 3:1, staining reagent: anisaldehyde, Mostain reagent) indicated full conversion of
the starting material to a very nonpolar species, excessive reagent was quenched by the
addition of MeOH (2 mL) under ice-bath cooling, and aq. NH4Cl (10%, 20 mL) was added.
After 15 min, the mixture was diluted with Et,0 (50 mL) and transferred into a separation
funnel.

The phases were separated, and the aqueous phase was extracted with Et;0 (3x30 mL).
The pooled organic phase was washed with H,0 (3x20 mL) and brine. After drying over
anhydrous NaySQO4, the solvent was evaporated (2.7 g). The residue was taken up in
acetonitrile (50 mL), washed with n-hexane (3x20 mL) and vaporised again, giving a yellow,
oily crude material (2.0 g).

Purification

The crude material was purified by flash column chromatography (200 g SiO2, LP/EtOAc
10:1 (800 + 800 + 400 mL) = 5:1 (700 + 800 mL) giving the following product fractions:
fr2: 636 mg —[34] according to HPTLC (LP/EtOAc 3:1) and NMR

fr3: 240 mg — mixture of [33] and [34]

fr4: 135 mg —[33] according to HPTLC (LP/EtOAc 3:1) and NMR

With mixed fraction 3 (240 mg) column chromatography was performed again (17 g SiO,,
LP/EtOAc 10:1), giving 16 mg of [33].
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1,2,3,4,5,6,7,8-Octa-0O-benzyl-L-threo-b-galacto-octitol [33]

Yield

Appearance
Rs
1H-NMR (400 MHz, CDCls)

13C-NMR (101 MHz, CDCls)

HRMS (*ESI-TOF)

151 mg, 10%
colourless oil
0.44 (hexane/EtOAc 3:1, staining agent: Mostain)

& = 7.46 — 6.85 (m, 40H, 40xPh CH), 4.66 — 4.47 (m, 8H,
4x0CH,-Ph), 4.44 (d, J = 1.6 Hz, 4H, 2xOCH,-Ph), 4.36 — 4.27
(m, 4H, 2xOCH,-Ph (C1, C8)), 4.09 (d, J = 4.9 Hz, 2H, 2xCH
(H3/H6/H4/H5)), 3.94 (dd, J = 7.3, 4.1 Hz, 4H, 4xCH
(H2/H7H3/H6/H4/H5)), 3.62 (d, /= 5.2 Hz, 4H, H1a, H1b, H8a,
H8b) ppm.

& = 139.4 (2xPh C1), 139.1 (2xPh C1), 138.9 (2xPh C1), 138.5
(2xPh C1), 128.7 — 126.9 (m(40xPh CH)), 78.7 (2xCH
(C2/C7/C3/C6/C4/C5)), 78.7 (2xCH (C2/C7/C3/C6/C4/C5)),
78.4 (2xCH (C3/C6/C4/C5)), 73.3 (4xOCH2-Ph), 73.1
(2xOCH,-Ph), 73.0 (2xOCH2-Ph), 71.0 (C1, C8) ppm.

m/z [M+H]* calc. for CesHs70s 963.4726, found 963.4857

1,2,3,4,5,6,7,8-Octa-0O-benzyl-L-threo-p-talo-octitol [34]

Yield

Appearance

Rf

1H-NMR (400 MHz, CDCls)

13C-NMR (101 MHz, CDCls)

HRMS (*ESI-TOF)

108

636 mg, 43%
colourless oil
0.51 (hexane/EtOAc 3:1, staining agent: Mostain)

§ = 7.42 — 6.91 (m, 40H, 40xPh CH), 4.72 — 4.60 (m, 2H,
OCH,-Ph), 4.61—4.53 (m, 3H, OCHH-Ph, OCH.-Ph), 4.52 — 4.49
(m, 4H, 2xOCH,-Ph), 4.39 — 4.29 (m, 3H, OCHH-Ph, OCH,-Ph),
4.29 — 4.12 (m, 4H, 2xOCH,-Ph), 4.11 — 4.04 (m, 1H, H4/H5),
395 (ddt, J = 19.6, 8.0, 5.0 Hz, 4H, 4xCH
(H2/H3/H4/H5/H6/H7)), 3.80 (p, J = 7.6, 5.1 Hz, 1H, H2/H7),
3.66 (dd, J=10.5, 2.6 Hz, 1H, H1a/H8a), 3.58 (dd, J = 10.5, 5.3
Hz, 1H, H1b/H8b), 3.58 — 3.45 (m, 2H, Hla/H1lb/H8a/
H8b) ppm.

8§ =139.5 (Ph C1), 139.4 (Ph C1), 139.1 (Ph C1), 139.0 (Ph C1),
138.9 (Ph C1), 138.8 (Ph C1), 138.7 (Ph C1), 138.5 (Ph C1),
129.1 — 126.7 (40xPh CH)), 80.1, 79.8 , 79.5, 79.2, 79.2, 78.7
(6xCH), 74.3 , 73.4, 73.3, 73.1, 73.0, 72.8, 72.3, 72.2
(8xOCH2-Ph), 70.7 (C1/C8), 70.5 (C1/C8) ppm.

m/z [M+H]* calc. for CesHe70s 963.4726, found 963.4851
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D 2.15 3-Bromoprop-1-en-1-yl benzoate [2]

0 0

ZnCl
0 2
P a‘a + ©)J\Br T BrMOJK@
729
[42] [17] ° [2]
MW: 56.06 MW: 185.02 MW: 241.08

Procedure

According to a literature protocol®*®’’, acrolein [42] (90%, 1.50g, 1.79 mL, 26.8 mmol,
1.00 eq.) was dissolved in dry DCM (60 mL), cooled to —20 °C, using an acetone/liquid N;
cooling bath. Then, benzoyl bromide [17] (4.70 g, 25.4 mmol, 0.95 equiv.) was followed by
anhydrous ZnCl, (36 mg, 0.27 mmol, 0.01 equiv.). The reaction mixture was allowed to
warm up to =15 °C by lowering the cooling bath, and stirring was continued for one hour,
keeping the temperature below -10 °C. As *H-NMR-analysis (micro work-up with Et>0 and
aqg. sat. NaHCOs, drying over Na;S04) did not show any formed product but Just starting
material the stirring mixture was allowed to warm up to 0 °C and kept as this temperature
for 2 hours. Within this time, the solution turned orange and *H-NMR-analysis confirmed
full conversion of the starting material to the targeted product. Ag. sat. NaHCO3s (40 mL)
was slowly added to the mixture, followed by further DCM (200 mL).

The layers were separated, and the aqueous phase was extracted again with another
portion of DCM (150 mL). The combined organic phase was dried over anhydrous Na;SO4
and evaporated giving a brown, oily liquid (5.5 g).

Purification

The pure product [2] was obtained by flash column chromatography (100 g SiO,, LP/EtOAc
9:1, fraction size 150 mL) as a colourless liquid (4.2 g, 72%) in a ratio of £/Z="~0.4:0.6
(according to *H-NMR) that solidified in the freezer (-18 °C).

Yield 4.2g, 72%

Appearance white needles

Melting point 41.8-42.5 °C (LP/EtOAc)
R 0.48 (LP/EtOAc 2:1)

'H-NMR (400 MHz, CDCl5) & =8.20-8.03 (m, 2H, Ph-CH (E/Z)), 7.67 (dt, J=12.4, 1.1 Hz,
0.6H, =CH-O (2)), 7.65 — 7.58 (m, 1H, Ph-CH (E/Z)), 7.54 — 7.45
(m, 2H, Ph-CH (E/2)), 7.44 (dt, J = 6.2, 0.8 Hz, 0.4H, =CH-O (E)),
5.90 (dt, J = 12.3, 8.4 Hz, 0.4H, =CH-CH. (E)), 5.39 (td, J = 8.4,
6.2 Hz, 0.6H, =CH-CH; (2)), 4.21 (dd, J = 8.4, 0.8 Hz, 1.2H,
CH2-Br (2)), 4.07 (dd, J = 8.4, 1.0 Hz, 0.8H, CH3-Br (E)) ppm.
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13C-NMR (151 MHz, CDCl3) & = 163.3 (C=0 (2)), 162.9 (C=0 (E)), 139.5 (=CH-O (2)), 137.7

Spectral data in accordance to literature.

110

(=CH-O (£)), 134.1, 134.0, 130.2, 130.2, 128.8, 128.7 (6xPh-CH
(E/2)), 128.7, 128.5 (2xPh-CH (E/Z)), 112.0 (=CH-CH. (2)),
110.2 (=CH-CH; (E)), 28.7 (CH2-Br (2)), 23.7 (CH,-Br (E)) ppm.

38,77
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D2.16 3-Bromoprop-1-en-1-yl pivalate [16]

o o) 0
PPhsBra O Znch AN
—_— + —_—
OH DCM Br Z DCM Br™ ™~ "0
52% 65%
[18] ° [15] [42] ° [16]
MW:102.13 MW: 165.03 MW: 56.06 MW: 221.09

Step 1 — Synthesis of pivaloyl bromide
Procedure

According to a literature protocol?4, PPhs (89.9 g, 343 mmol, 1.00 equiv) was dissolved in
dry DCM (170 mL) and cooled to -10 °C, using an ice/NaCl-mixture (3:1). Then, Br, (54.8 g,
17.6 mL, 343 mmol, 1.00 equiv) was added dropwise as a solution in dry DCM (170 mL) in
a way that the temperature stayed below 0 °C. The formation of a white precipitate
(PPh3Brz) was obtained. Further, a solution of pivalic acid [18] (35.0 g, 343 mmol, 1.00
equiv.) in dry DCM (170 mL) was prepared that was quickly added to the reaction mixture
after complete addition of Br,. The mixture turned into a clear, orange solution and was
stirred at rt for 1.5 hours. Then, the solvent was removed, and the precipitate was taken
up in dry Et,0 that led to the formation of more precipitate. The solid was removed via
filtration, and the filtrate was concentrated in vacuo.

Purification

The pure product [15] was obtained by distillation in vacuo (bp 27-29 °C, 10 mbar) as a
colourless liquid (29.4 g, 52%).

Yield 29.4g,52%
Appearance colourless liquid
Boiling point 27-29 °C, 10 mbar (lit''# 65 °C, 15 Torr)

1H-NMR (400 MHz, CDCls) & = 1.31 (s, 3xCHs)
13C-NMR (101 MHz, CDCls) & = 6 = 178.8 (COBr), 52.8 (C(CHs)s), 27.2 (3xC(CH3))

Step 2 — Synthesis of 3-bromoprop-1-en-1-yl pivalate
Procedure

Acrolein [42] (90%, 11.1g, 13.2 mL, 198 mmol, 1.00 eq.) was dissolved in dry DCM
(100 mL), cooled to -20°C using an acetone/liquid N2 cooling bath, and pivaloyl
bromide [15] (29.3 g, 178 mmol, 0.90 equiv.) was added to the solution under stirring.
Then, after the addition of anhydrous ZnCl; (269 mg, 1.98 mmol, 0.01 equiv.), the reaction
mixture was allowed to warm up to -10 °C by lowering the cooling bath as the exothermic
reaction started and a temperature Jump to +10 °C could be observed. The flask was then
re-immersed in the cooling bath, and the reaction mixture was stirred for one hour,
keeping the temperature below -10 °C. As *H-NMR-analysis (micro work-up with Et,0 and
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aqg. sat. NaHCOs3, drying over Na;S0a4) confirmed full conversion of the starting material to
the targeted product, H,O (40 mL) was added which led to the formation of a white
precipitate and the temperature rose to -10 °C.

The layers were then separated, and the organic layer was washed with sat. ag. NaHCO3
(2x30 mL — until pH remained basic). The greenish organic phase was further washed with
brine, dried over anhydrous Na>SO4 and evaporated giving a brown, oily liquid.

Purification

The pure product [16] was obtained by distillation in vacuo (bp 73 °C, 3.2 mbar) as a
colourless to slightly yellow liquid (25.6 g, 65%) in a ratio of £/Z=~0.4:0.6 (according to
1H-NMR).

Yield 25.6 g, 65%
Appearance colourless/slightly yellow liquid
Boiling point 73 °C, 3.2 mbar (lit** 38 °C, 0.2 mbar)

'H-NMR (400 MHz, CDCl3) (E)-isomer: § =7.43 (d, J= 12.4 Hz, 1H, =CH-0), 5.71 (dt, J =
12.4, 8.4 Hz, 1H, =CH-CH_), 4.00 (dd, J = 8.4, 1.0 Hz, 2H, CH»-
Br), 1.24 (s, 9H, 3xCHs) ppm.

(2)-isomer: 6 =7.19 (d, J=6.2 Hz, 1H, =CH-0), 5.26 (td, /= 8.4,
6.2 Hz, 1H, =CH-CH,), 4.08 (dd, J = 8.4, 0.7 Hz, 2H, CH,-Br),
1.29 (s, 9H, 3xCHs3) ppm.

13C.NMR (101 MHz, CDCl3) (E)-isomer: & = 175.2 (C=0), 139.7 (=CH-0), 111.1 (=CH-CH,),
38.9 (C(CHs)3), 28.9 (CH2-Br), 27.0 (3xC(CHs)3) ppm.

(2)-isomer: & = 174.7 (C=0), 137.9 (=CH-0), 109.6 (=CH-CH),
39.2 (E(CH3)3), 27.1 (3XC(£H3)3), 23.6 (CHZ—BF) ppm.

Spectral data in accordance with literature.?*
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D 2.17 L-Glycero-p-manno-heptose [11] — method A

HO

OH OH 1)0s OH OH O
: 2.)PPhs : | HO OH
HO : = > Ho . ~— HQ 0
H acetone/H,0, 0 °C to rt = ¢}
OH OH OH OH OH OH OH
97%
[9] [11] [11]
MW: 208.21 MW: 210.18 MW: 210.18

Procedure

According to a literature protocol?32?4, octenitol [9] (100 mg, 0.480 mmol, 1.00 equiv.) was
dissolved in water/acetone (3:2, 2 mL) and a small amount of Sudan red (lll) in acetone was
added, staining the reaction mixture pink (for indication). The solution was cooled to 0 °C
using an ice-bath, and ozone was bubbled through a gas inlet tube. At the outlet, the gas
was passed through a gas washing bottle with aq. KI (10% w/w) solution. Bubbling of ozone
was performed until the pink colour diminished and TLC analysis (CHCIs/MeOH/H,0 14:7:1,
staining agent: anisaldehyde) indicated full conversion of the starting material.

The ozone generator was switched off and oxygen was bubbled through the solution for
~15 min. PPh3 (252 mg, 0.961 mmol, 2.00 equiv.) was added followed by further acetone
(to dissolve PPhs) and stirring was continued at rt overnight. The next day, the reduction of
all peroxides and H,0; was confirmed (peroxide test stripe) and the reaction mixture was
concentrated. The remaining aqueous layer was washed with DCM (20 mL), EtOAc (20 mL)
and Et20, concentrated in vacuo and co-evaporated from MeOH twice. The heptose [11]
was obtained as a yellow oil as an anomeric mixture with a ratio of a/B = 2:1 (*H-NMR).

Yield 98 mg, 97%
Appearance yellow, sticky oil
R¢ 0.13 (yellow/brown) (CHCl3/MeOH/H,0 14:7:1, staining

agent: anisaldehyde)

1H-NMR (400 MHz, D,0, ref. to MeOH = 3.34) 8=5.16 (d, J = 1.7 Hz, 2H, H-1a), 4.86
(d,J=1.1Hz, 1H, H1B), 4.02 (ddd,J=7.1,5.7, 1.4 Hz, 2H, H60),
3.97 (td,J=6.6,1.7 Hz, 1H, H6B), 3.92 (ddd, J=5.1, 3.3, 1.0 Hz,
1H, H2B), 3.91 (dd, J = 3.1, 1.7 Hz, 2H, H2a), 3.88 — 3.78
(m, 5H, H3a, H4a, H4B), 3.76 — 3.72 (m, 2H, H5a), 3.71 — 3.68
(m, 2H, H7a (B), H7b (B)), 3.68 —3.64 (m, 4H, H7a (), H7b (at)),
3.64 — 3.61 (m, 1H, H3B), 3.32 (dd, J = 9.8, 1.7 Hz, 1H,
H5B) ppm.

13C.NMR (101 MHz, D0, ref. to MeOH = 49.5) & =94.8 (Cla), 94.5 (C1B), 75.2 (C5P),
73.9 (C3B), 71.8 (C2B), 71.6 (C5a), 71.3 (C2a), 71.2 (C3a), 69.4
(C6a), 69.3 (C6P), 66.8 (C4a), 66.5 (C4B), 63.6 (C7a), 63.4

(C7B) ppm.

Spectral data in accordance with literature.?3
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D 2.18 L-Glycero-D-manno-heptose [11] — method B

AcO HO

AcO oéc NaOMe HO Ola
A% MeOH "o
OAc 99% OH
[5] [11]
MW: 462.40 MW: 210.18

Procedure

The Lb-heptose peracetate [5] (650 mg, 1.41 mmol, 1.00 equiv.) was taken up in MeOH
(HPLC grade, 10 mL) and NaOMe (30% in MeOH) was added dropwise until pH was about
9. After 2 hours, TLC (CHCl3/MeOH/H,0 14:7:1, LP/EtOAc 1:1, staining agent: anisaldehyde)
indicated full conversion and the reaction mixture was diluted with HO.

Dowex-H* resin (MeOH washed) was added until pH 7, and the solution was filtered and
evaporated to dryness, giving the heptose [11] (293 mg, 99%) as a yellow, sticky oil. The
obtained product was a mixture of the two anomers with a ratio of a/p = 2:1 (according to
'H-NMR). The obtained material was used without further purification.

Yield 293 mg, 99%

R¢ 0.13 (yellow/brown) (CHCl3/MeOH/H,0 14:7:1, staining
agent: anisaldehyde)

Appearance yellow oil

For spectral data see Chapter D 2.17.

114



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m YOu

Experimental part Master Thesis Biedermann Nina

D 2.19 1,2-Dideoxy-L-lyxo-.-manno-dec-1-enitol [10]

1) g7 opiv
[16]

HO In, THF/buffer,
0°Cto e
Ho=—¢ OH OH OH 0  2)Ac0,pyridine OH OH OH
Hﬁ o w 3.) NaOMe, MeOH /M/\
° OH = HO B 4.) trituration © HO H H o
OH OH OH 5.) recrystallisation OH OH OH OH
[11] [11] 31% [10]
MW: 210.18 MW: 210.18 MW: 268.26
Procedure
Step 1 -IMA

Based on a literature protocol3?, indium (2.19 g, 19.0 mmol, 2.00 equiv.) was weighed in a
flame dried Schlenk flask and Schlenk technique was applied. Anhydrous THF (25.0 mL) was
added, and the mixture was cooled to 0°C using an ice-bath. 3-Bromopropenyl
pivalate [16] (6.31 g, 28.5 mmol, 3.00 equiv.) was added dropwise to the vigorously stirring
mixture. After 15 min, the ice-bath was removed, and the suspension was allowed to warm
up to room temperature and stirred for another 45 min. Then, L-glycero-bD-manno-
heptose [11] (2.00 g, 9.50 mmol, 1.00 equiv.) was added to the pre-formed reagent as a
solution in phthalate buffer (pH ~3, 4.0 mL). To guarantee efficient stirring, further THF
(5.0 mL) was added 30 min after the addition of the starting material. As TLC
(CHCI3/MeOH/H,0 14:7:1, staining reagent: anisaldehyde) indicated full conversion of the
starting material (after 45 min), the reaction mixture was diluted with MeOH and H,0 and
filtered. The filtrate was concentrated in vacuo, giving a colourless solid.

Step 2 — Acetylation

This material was taken up in pyridine (99%, 40 mL), and Ac;0 (34.0 g, 31.5 mL, 333 mmol|,
35 eq.) was added to the stirring mixture under ice-bath cooling. After 10 min, the ice-bath
was removed, and a spatula of DMAP was added. Stirring at rt was continued overnight.
next day, HPLC-MS indicated complete conversion to the fully protected decenitol.
Excessive reagent was quenched by the addition of MeOH (20 mL) under ice-bath cooling,
and the mixture was stirred for further 30 min. After diluting with DCM (200 mL), the
organic phase was extracted with 1N HCI (3x50 mL — until pH remained acidic) and washed
with aqg. sat. NaHCOj3 (3x80 mL — foaming!) and brine. After drying over anhydrous Na;SOg,
the solution was evaporated to dryness.

Step 3 — Deacetylation

The residue was taken up in MeOH (HPLC grade, 50 mL) and NaOMe (30% in MeOH, ~3 mL)
was added under stirring at rt until pH was about 10. Reaction monitoring via HPLC-MS
after 3 hours showed full conversion. The reaction mixture was neutralized by the addition
of Dowex-H* (MeOH washed), H,O was added to dissolve the formed enitol, and the

115



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m You

Experimental part Master Thesis Biedermann Nina

solution was filtered. Evaporation of the solvent gave a beige solid matter (3.85 g) that was
a mixture of diastereomers in the ratio lyxo : xylo : ribo : 71 : 19 : 10.

Purification

The solid was then triturated with MeOH (10 mL), and the remaining solid was isolated by
centrifugation. The residue was washed twice with further MeOH (2x10 mL). As the last
step, washing with Et,0 was performed, and the solid material was dried in vacuo at 40 °C.
This first crop (1.07 g) was recrystallized from water, and the obtained solid was washed
with MeOH (8 mL) followed by Et,0 (8 mL). After drying, the L-lyxo-L-manno-decenitol [10]
was obtained as a colourless solid (395 mg, 15%). A second crop of solid was isolated from
the methanol phase of the trituration by centrifugation and was further washed with
MeOH (2x5 mL) and Et,0 (180 mg). This was combined with the material that was obtained
from evaporation of the mother liquid from the first recrystallisation (660 mg). Another
recrystallisation with H,O (9 mL) gave further product, that was washed with MeOH
(2x5 mL) and Et,0, and dried. A second crop of enantiomerically pure lyxo-decenitol [10]
was obtained (395 mg, 15%).

Yield 790 mg, 31% (over 3 steps)

Appearance colourless solid

Melting point 220.4 —-224.2 °C (H20)

R¢ 0.17 (blue) (CHCI3/MeOH/H,O 14:7:1, staining agent:

anisaldehyde)

1H-NMR (600 MHz, D:0) & =6.03 (ddd, J = 17.3, 10.5, 6.9 Hz, 1H, H2), 5.39 (dt, J = 17.3,
1.2 Hz, 1H, H1 (), 5.32 (dt, J = 10.5, 1.1 Hz, 1H, H1 (2)),
4.23 - 4.17 (m, 1H, H3), 4.00 (td, J = 6.5, 6.0, 1.4 Hz, 1H, H9),
3.96 (d,J = 9.1 Hz, 3H, H5, H6, H7), 3.78 (d, J = 8.1 Hz, 1H, H4),
3.73 —3.68 (m, 3H, H10a, H10b, H8) ppm.

13C.NMR (151 MHz, D:0) & =137.7 (C2), 117.7 (C1), 72.5 (C3), 71.7 (C4), 70.3 (C9), 69.4
(C8), 68.4 (C5/C6/C7), 68.3 (C5/C6/C7), 68.2 (C5/C6/C7), 63.3
(C10) ppm.

HRMS (ESI-TOF) m/z [M-H] calc. for C10H190s 267.1086, found 267.1100
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D220 3,4,56,7,8,9,10-Octa-O-benzyl-1,2-dideoxy-L-lyxo-.-manno-dec-1-

enitol [37]
OH OH OH BnBr, NaH OBn OBn OBn
: n-BugNI :
—_—
HO i Y X DMF BnO Y Y X
OH OH OH OH OBn OBn OBn OBn
66%
[10] B2
MW: 268.26 MW: 989.24

Procedure

The lyxo-decenitol [10] (367 mg, 1.37 mmol, 1.00 equiv.) was suspended in dry DMF
(7.5mL) and NaH (60% in paraffin oil, 1.09g, 27.4 mmol, 20.0 equiv.) was added
portionwise to the stirring mixture under ice-bath cooling (formation of H;). After stirring
for 15 min at 0 °C, benzyl bromide (3.74 g, 2.60 mL, 21.9 mmol, 16 equiv.) was added
dropwise. The formation of a beige precipitate was obtained. The mixture was allowed to
warm up to rt, and n-BusNI (253 mg, 0.684 mmol, 0.50 equiv.) was added. Stirring was
continued overnight, and TLC (LP/EtOAc 3:1, staining reagent: Mostain) and HPLC-MS
indicated full conversion to a very nonpolar species. Excessive reagent was quenched by
the addition of MeOH (4 mL).

The mixture was diluted with Et,0 (50 mL) and extracted with water. As the flask with the
organic phase was dropped at this point, the material was taken up from the floor and
evaporated (2.2 g). Column chromatography (220 g SiO,, LP/EtOAc 10:1 (1.7L) = 7:1
(600 mL) = 5:1 (600 mL)) was performed to get rid of contamination. The fractions
containing the desired product were combined, vaporised, and the residue was taken up
in acetonitrile (30 mL), extracted with hexane (2x10 mL), and vaporised again (978 mg).

Purification

The pure product was obtained by flash column chromatography (100 g SiO, LP (1L) =
LP/EtOAc 10:1), giving the desired product [37] as a colourless oil (895 mg, 66%).

Yield 895 g, 66%
Appearance colourless oil
R¢ 0.53 (LP/EtOAc 3:1, staining agent: Mostain)

1H-NMR (600 MHz, CDCls) & = 7.32 — 7.14 (m, 40H, 40xPh CH), 5.89 (ddd, J = 17.1, 10.5,
7.8 Hz, 1H, H2), 5.34 - 5.27 (m, 2H, H1a, H1b), 4.73 — 4.66 (m,
4H, 2xOCH,-Ph), 4.63 (q, J = 11.2, 10.0 Hz, 2H, OCH,-Ph (C4)),
459 — 454 (m, 5H, 2.5xOCH,-Ph), 4.53 — 4.48 (m, 2H,
OCHH-Ph (C3), OCHH-Ph), 4.46 — 4.32 (m, 2H, OCH,-Ph (C10)),
4.22 — 4.18 (m, 2H, H5, H6/H7/H8), 4.16 (d, J = 11.7 Hz, 2H,
OCHH-Ph (C3), H6/H7/H8), 4.08 (dd, J = 7.8, 6.8 Hz, 1H, H3),
4.06 — 4.01 (m, 2H, H6/H7/H8, H9), 3.97 — 3.89 (m, 1H, H4),
3.71-3.58 (m, 2H, H10a, H10b) ppm.
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13C-NMR (151 MHz, CDCl3) & = 139.3, 139.2, 139.2, 139.1, 139.1, 138.9, 138.7, 138.4

HRMS (*ESI-TOF)

118

(8xPh C1), 136.4 (C2), 128.6 — 127.0 (40xPh CH), 119.7 (C1),
81.2 (C4), 81.1 (C3), 78.7, 78.4, 78.3, 77.8, 77.6 (5xCH), 73.8,
73.4 (2xOCH,-Ph), 73.3 (OCH,-Ph (C10)), 73.2, 72.9, 72.8, 72.4
(4xOCH,-Ph), 70.8 (C10), 70.1 (OCH,-Ph (C3)) ppm.

m/z [M+H]* calc. for CesHgsOg 989.4983, found 989.4991
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D2.21 3,4,56,7,8,9,10-Octa-0O-benzyl-L.-galacto-L-talo-decitol [38]

OBn OBn OBn O

OBn OBn OBn OBn

[38]
OBn OBn OBn AD-mix-B (x3) MW:1023.25
: MsNH,
BnO X +

B : t-BuOH/H,0/DCM (1:1:1), rt
OBn OBn OBn OBn

65% OBn 0Bn OBn OH
[37] X ; OH
MW: 989.24 BnO Y Y
OBn OBn OBn OBn
39]
MW: 1023.25

Procedure

AD-mix-B (x3) (1.35 g, 1.40 g/mmol starting material) was suspended in t-BuOH/H,0 (1:1,
2 mL) and MsNH; (158 mg, 1.66 mmol, 2.00 equiv.) was added under vigorous stirring.
After 30 min, the protected decenitol [37] (954 mg, 0.964 mmol, 1.00 equiv.) was added as
a solution in DCM (1 mL). As TLC analysis (LP/EtOAc 1:1) and HPLC-MS showed full
conversion of the starting material after 2 days, the reaction mixture was quenched by the
addition of solid Na»S,0s5 (2.2 g).

After dilution with H,0 (40 mL) and DCM (60 mL) the phases were separated, and the aq.
phase extracted with DCM (3x20 mL). The pooled organic phase was washed with brine,
dried over Na;SOs and vapourised, giving a yellow, oily crude material (990 mg).

Purification

The crude material (990 mg) was purified via flash column chromatography (100 g SiO;,
LP/EtOAc 10:1 (550 mL) = 5:1 (1200 mL) = 2:1 (1200 mL) = 1:1), giving three different
product fractions with an overall yield of 78%: (1) enriched octabenzyl-L.-galacto-L-talo-
decitol [38] (636 mg, 65%), (2) mixture of talo- [38] and galacto-decitol [39] (105 mg, 11%),
(3) octabenzyl-L-galacto-L-galacto-decitol [39] (20 mg, 2%).
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3,4,5,6,7,8,9,10-Octa-0O-benzyl-L-galacto-L-talo-octitol [38]

Yield 636 mg, 65%
Appearance colourless oil
R¢ 0.53 (LP/EtOAc 1:1, staining agent: Mostain)

1H-NMR (400 MHz, CDCls) & = 7.28 — 6.99 (m, 40H, 40xPh CH), 4.75 — 4.58 (m, 6H,
4xCHH-Ph (C4, C5, C7, C9), OCH2-Ph (C6)), 4.51 (s, 7H, 2xCHH-
Ph (C5, C4), OCH2-Ph (C8), 3xCHH-Ph (C9, C7, C3)), 4.34 (d,
J=2.5Hz, 2H, OCH,-Ph (10)), 4.26 —4.18 (m, 2H, CHH-Ph (C3),
H6), 4.15 — 4.05 (m, 2H, H5, H7), 4.05 — 3.92 (m, 3H, H4, H9,
H8), 3.80 (d, J = 4.4 Hz, 1H, H2), 3.66 (dd, / =9.9, 5.8 Hz, 1H,
H10a), 3.64 — 3.57 (m, 2H, H3, H10b), 3.47 (dd, J = 11.1, 6.7
Hz, 1H, H1a), 3.39—-3.27 (m, 1H, H1b) ppm.

13C-NMR (101 MHz, CDCls) & = 139.0, 139.0, 138.8, 138.8, 138.7, 138.3, 138.3, 137.9
(8xPh C1), 128.7 — 127.2 (40xPh CH), 79.9 (C4), 78.9 (C8), 78.3
(C7), 78.3 (C9), 78.2 (C3), 77.0 (C6), 77.0 (C5), 74.9 (OCH,-Ph
(C4)), 73.8 (OCH2-Ph (C7/C8)), 73.8 (OCH.-Ph (C7/C8)), 73.4
(OCH2-Ph (C10)), 73.3 (OCH2-Ph (C3)), 72.7 (OCH,-Ph (C9)),
72.2 (OCH»-Ph (C6)), 72.0 (OCH,-Ph (C5)), 71.4 (C2), 70.7
(C10), 64.3 (C1) ppm.

HRMS (*ESI-TOF) m/z [M+H]* calc. for CesH71010 1023.5038, found 1023.5075

Note

Signals for C5 and C6 overlapped with the solvent residual peak (CDClz 6 = 77.16 ppm) in
the '3C-NMR spectrum. The given shifts were determined from the recorded HSQC
spectrum.

3,4,5,6,7,8,9,10-Octa-0O-benzyl-L-galacto-L-galacto-octitol [39]

Yield 20 mg, 2%
Appearance colourless oil
Rs 0.45 (LP/EtOAc 1:1, staining agent: Mostain)

For spectral data see Chapter D 2.23.
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D2.22 3,4,5,6,7,8,9,10-Octa-0O-benzyl-1,2-di-O-(p-nitrobenzoyl)-L-
galacto-L-galacto-decitol [40]

NO;

NO
OBn OBn OBn OH PPhs, DIAD OBn OBn OBn O (0] 2
; o/\‘)\/:\H\)\/OH 4-nitrobenzoic acid 5 ; o/\H\/\Kk/\/O
n ; THF n : :

OBn OBn OBn OBn OBn OBn OBn OBn o}

[38] 51% [40]
MW: 1023.25 MW: 1321.46

Procedure

In a flame dried Schlenk flask, PPhs (814 mg, 3.10 mmol, 5.00 equiv.) was weighed, and the
flask was flushed with Ar three times via Schlenk technique. Then, dry THF (3.0 mL) was
added, and the mixture was cooled to 0 °C using an ice-bath. Under stirring, DIAD (627 mg,
3.10 mmol, 5.00 equiv.) was added dropwise, leading to the formation of a beige
precipitate. For efficient stirring, further dry THF (0.2 mL) was added, and the mixture was
stirred at 0 °C for 15 minutes. The starting material [38] (635 mg, 621 umol, 1.00 equiv.)
(evaporated from dry toluene (3x3 mL) before use) and 4-nitrobenzoic acid (519 mg,
3.10 mmol, 5.00 equiv.) were mixed in dry THF (3.0 mL), and the suspension was added to
the pre-formed PPhs/DIAD-complex at 0 °C. The reaction mixture was allowed to slowly
warm up to rt, subsequently heated to 45 °C and stirred overnight.

As TLC analysis the next day (LP/EtOAc 3:1, staining agent: Mostain) showed full
consumption of the starting material, the solution was concentrated in vacuo, and the
residue stirred in cold Et;0 (3.0 mL). The formed, white precipitate was separated by
centrifugation. The supernatant was diluted with further Et,O (50 mL), extracted with aq.
sat. NaHCOs3 (3x20 mL) and washed with brine. After drying over anhydrous Na,SOa, the
solvent was vaporised giving a yellow, oily crude material (2.16 g)

Purification

The crude material was purified via column chromatography (220 g SiO», LP/EtOAc 10:1 -
8:1) giving the targeted product [40] (415 mg, 51%) as a yellow oil.

Yield 415 mg, 51%
Appearance yellow oil
Rs 0.22 (LP/EtOAc 5:1, staining agent: Mostain)
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1H-NMR (400 MHz, CDCls)

13C-NMR (101 MHz, CDCls)

122

6=8.12-8.05 (m, 2H, 2xPNB CH), 7.99 — 7.89 (m, 6H, 6xPNB
CH), 7.23 — 6.99 (m, 40H, 40xPh CH), 5.98 — 5.90 (m, 1H, H2),
4.80 (d, J = 11.7 Hz, 1H, CHH-Ph), 4.75 — 4.61 (m, 4H,
2xCHH-Ph, OCH;-Ph), 4.61 — 4.51 (m, 4H, 2xCHH-Ph,
OCH,-Ph), 4.51 —4.41 (m, 4H, OCH-Ph, CHH-Ph, H1a), 4.37 (d,
J=2.4Hz, 2H, OCHy-Ph), 4.35—4.27 (m, 4H, 2xCHH-Ph, 2xCH),
4.19 — 4.14 (m, 1H, CH), 4.03 (dd, J = 5.6, 3.7 Hz, 1H, CH),
4.01 - 3.94 (m, 4H, H1b, 3xCH), 3.77 — 3.66 (m, 2H, H10a,
H10b).ppm.

8 = 164.3, 164.2 (PNB C=0), 150.7, 150.5 (PNB Ph C6), 138.8,
138.6, 138.6, 138.4, 138.3, 138.2, 137.9, 137.6 (8xBn Ph C1),
135.4, 135.1 (2xPNB Ph C1), 131.0 (2xPNB Ph CH), 130.9
(2xPNB Ph CH), 128.2 — 127.2 (40xBn Ph CH), 123.6 (2xPNB
Ph CH), 123.5 (2xPNB Ph CH), 79.1, 78.9, 78.9, 78.8, 78.7, 77.3,
76.8, 76.7 (8xCH (C3-C9) 74.5, 74.4, 73.3, 73.0, 73,0, 72.8,
72.7, 71.5 (8xOCH.-Ph), 72.0 (C2), 70.9 (C10), 65.4 (C1) ppm.
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D2.23 3,4,5,6,7,8,9,10-Octa-0O-benzyl-L.-galacto-L-galacto-dectitol [39]

NO,

NO,
OBn OBn OBn O 0]
~ A A A NsOMe
—_—
BnO ; ; MeOH BnO

OBn OBn OBn OBn (0} OBn OBn OBn OBn

OBn OBn OBn OH

52%
[40] [39]
MW:1321.46 MW:1023.25
Procedure

The starting material [40] (130 mg, 0.127 mmol, 1.00 equiv.) was taken up in MeOH (HPLC
grade, 1.5 mL) and NaOMe (30% in MeOH) was added dropwise under stirring at rt until pH
was about 10. After 3.5 hours, HPLC-MS indicated full conversion and the reaction mixture
was neutralized by the addition of Dowex-H*. After filtration and evaporation, the residue
was taken up in DCM (50 mL), extracted with sat. ag. NaHCO3 (3x10 mL) and washed with
brine. After drying over anhydrous Na;SOa, the organic phase was evaporated, giving the
crude product (129 mg) as a yellow oil.

Purification

The diastereomerically pure octabenzyl-galacto-decitol [39] was obtained via column
chromatography (13.0 g SiO2, LP/EtOAc 7:1 = 2:1, fraction size: 10 mL) as a colourless solid
(68 mg, 52%). Further fractions containing both diastereomers, the galacto- [38] and the
talo-decitol [39], were isolated, too.

Yield 68 mg, 52%
Appearance colourless solid
R¢ 0.45 (LP/EtOAc 1:1, staining agent: Mostain)

1H-NMR (400 MHz, CDCls) & = 7.28 — 6.99 (m, 40H, 40xPh CH), 4.75 — 4.58 (m, 6H,
4xCHH-Ph (C4, C5, C7, C9), OCH»-Ph (C6)), 4.51 (s, 7H,
2xCHH-Ph (5, 4), OCH2-Ph (C8), 3xCHH-Ph (C9, C7, C3)), 4.34
(d, J = 2.5 Hz, 2H, OCH,-Ph (C10)), 4.26 — 4.18 (m, 2H, CHH-Ph
(C3), H6), 4.15 — 4.05 (m, 2H, H5, H7), 4.05 — 3.92 (m, 3H, H4,
H9, H8), 3.80 (d, J = 4.4 Hz, 1H, H2), 3.66 (dd, J = 9.9, 5.8 Hz,
1H, H10a), 3.64 — 3.57 (m, 2H, H3, H10b), 3.47 (dd, J = 11.1,
6.7 Hz, 1H, H1a), 3.39 — 3.27 (m, 1H, H1b) ppm.
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13C-NMR (101 MHz, CDCls) 6 = 139.0, 139.0, 138.8, 138.8, 138.7, 138.3, 138.3, 137.9
(8xPh C1), 128.7 — 127.2 (40xPh CH), 79.9 (C4), 78.9 (C8), 78.3
(C7), 78.3 (C9), 78.2 (C3), 77.0 (C6), 77.0 (C5), 74.9 (OCH2-Ph
(C4)), 73.8 (OCH,-Ph (C7/C8)), 73.8 (OCH-Ph (C7/C8)), 73.4
(OCH2-Ph (C10)), 73.3 (OCH»-Ph (C3)), 72.7 (OCH»-Ph (C9)),
72.2 (OCH»-Ph (C6)), 72.0 (OCH,-Ph (C5)), 71.4 (C2), 70.7
(C10), 64.3 (C1) ppm.

HRMS (*ESI-TOF) m/z [M+H]* calc. for CesH71010 1023.5038, found 1023.5073

Note

Signals for C5 and C6 overlapped with the solvent residual peak (CDCl3 & = 77.16 ppm) in
the 3C-NMR spectrum. The given shifts were determined from the recorded HSQC
spectrum.
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D 2.24 L-Galacto-L-galacto-dectitol [7]

OBn OBn OBn OH H,, Pd/C OH OH OH OH
: : OH AcOH (cat.) : :
B ————

MeOH/H,0 (4:1)
67%

BnO HO

OBn OBn OBn OBn OH OH OH OH

[EE] (7]
MW: 1023.25 MW: 302.28

Procedure

The starting material [39] (10 mg, 0.010mmol, 1.0 equiv.) was taken up in MeOH/H,0
(HPLC grade, 4:1, 1.0 mL) with AcOH (2 drops) and Pd/C (10w%, 10 mg) was added under
argon atmosphere. Then, hydrogen atmosphere was guaranteed using a balloon, and the
reaction mixture was stirred at 50 °C. HPLC-MS confirmed full deprotection towards the
decitol after 72 h.

The reaction mixture was further diluted with water, filtered over Celite©, and the filtrate
was concentrated

Purification

The crude material was purified by trituration with H,0, giving the decitol [7] as a colourless
solid (2 mg, 67%).

Yield 2mg, 67%
Appearance colourless solid
Rt 0.08 (red) (CHCl3/MeOH/H,O 14:7:1, staining agent:

anisaldehyde)
H-NMR (400 MHz, CDCls) &6=4.01(td,/=6.4,5.9, 1.4 Hz, 2H, H2, H9), 3.96 (m, 4H, H4,
H7, H5, H6), 3.71 (m, 6H, H3, H8, H1, H10) ppm.

13C-NMR (101 MHz, CDCls) & = 70.3 (C2, C9), 69.4 (C3, C8), 68.3 (C4/C5, C7/C6), 68.2
(C4/Cs, C7/C6), 63.3 (C1, C10) ppm.

HRMS (*ESI-TOF) m/z [M+H]* calc. for C10H23010 303.1286, found 303.1286

HRMS (ESI-TOF) m/z [M-H] calc. for C10H21010 301.1140, found 301.1140
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D 2.25 L-Lyxo-.-manno-nonose [13] — method A

OH OH OH 1) 03 OH OH OH O
: 2.)PPh; : l
HO ' X > ' .
= = acetone/H,0,0 °C to rt HO H :
OH OH OH OH OH OH OH OH
quant.

[10] [13] [13]

MW: 268.26 MW: 270.23 MW: 270.23
Procedure

According to an adapted literature protocol?>?4, decenitol [10] (307 mg, 1.14 mmol,
1.00 equiv.) was dissolved in water/acetone (4:1, 25 mL) and a small amount of Sudan
red (Ill) in acetone was added, staining the reaction mixture pink (for indication). The
solution was cooled to 0 °C using an ice-bath, and ozone was bubbled through a gas inlet
tube. At the outlet, the gas was passed through a gas washing bottle with aqg. KI (10% w/w)
solution. Bubbling of ozone was performed until the pink colour diminished and TLC
analysis (CHCls/MeOH/H,0 14:7:1, staining agent: anisaldehyde) indicated full conversion
of the starting material to a more polar spot.

The ozone generator was switched off and oxygen was bubbled through the solution for
~15 min. PPh3 (600 mg, 2.29 mmol, 2.00 equiv.) was added followed by further acetone (to
dissolve PPh3) and stirring was continued at rt overnight. The next day, the reduction of all
peroxides and H>0; was confirmed (peroxide test stripe) and the reaction mixture was
concentrated. The remaining aqueous layer was washed with DCM (2x50 mL), EtOAc
(50 mL) and Et,0, then concentrated in vacuo and co-evaporated from MeOH twice. The
nonose [13] was obtained as a viscous, colourless oil (344 mg, quant.) as an anomeric
mixture with a ratio of a/B = 1.8:1 (*H-NMR).

Yield 344 mg, quant.
Appearance colourless oil
R¢ 0.04 (red) (CHCI3/MeOH/H,O 14:7:1, staining agent:

anisaldehyde)

1H-NMR (600 MHz, CDCls) &=5.19 (d, /= 1.6 Hz, 1.8H, H1a), 4.90 (d, J = 1.1 Hz, 1H, H1p),
4.03 - 3.97 (m, 6.4H, H60, H70, H8a, H6B), 3.96 — 3.94 (m,
1H, H8B), 3.94 (d, J = 1.1 Hz, 1H, H2p), 3.93 (dd, J = 2.8,
1.6 Hz, 1.8H, H2a), 3.88 (d, J = 1.2 Hz, 3.6H, H4a, H3a), 3.82
(t,J = 9.8 Hz, 1H, H4B), 3.76 (dd, J = 9.6, 6.6 Hz, 1H, H7B), 3.73
—3.67 (m, 4.5H, H9a (a), H9b (a), H5a, H9a (B), HOb (B), H3P),
3.55 (dd, J = 9.8, 1.3 Hz, 1H, H5pB) ppm.
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13C-NMR (150 MHz, CDCl3) & =94.2 (Cla), 93.9 (C1B), 73.6 (C5B), 73.3 (C3B), 71.2 (C2B),

HRMS (ESI-TOF)

70.7 (C5a), 70.6 (C2a), 70.2 (C3a), 70.2 (C6a), 69.9 (C6B), 68.9
(C7a), 68.9 (C7B), 67.1 (C8a), 67.0 (C8B), 66.2 (C4a), 65.8
(C4B), 63.2 (C9B), 63.2 (C9a) ppm.

m/z [M-H] calc. for CoH1709 269.0878, found 269.0881
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D 2.26 L-Lyxo-.-manno-nonose [13] — method B

NaOMe
MeOH
AcO 99%
[41] [13]
MW: 606.53 MW: 270.23

Procedure

The starting material [41] (455 mg, 0.750 mmol, 1.00 equiv.) was taken up in MeOH (HPLC
grade, 2 mL) and NaOMe (30% in MeOH) was added dropwise until pH was about 9. After
1 hour, HPLC-MS and TLC (CHCls/MeOH/H,O 14:7:1, LP/EtOAc 1:1, staining agent:
anisaldehyde) and the reaction mixture was diluted with H,O to dissolve the formed

nonose.

Dowex-H* resin (MeOH washed) was added to neutralize the solution that was further
filtered and evaporated to dryness, giving the nonose [13] (200 mg, 99%) as a colourless
oil. The obtained product was a mixture of the two anomers with a ratio of a/pf = 1.9:1

(according to *H-NMR).
Yield

Appearance

R¢

1H-NMR (600 MHz, CDCls)

13C-NMR (150 MHz, CDCls)

HRMS (‘ESI-TOF)

128

200 mg, 99%
colourless oil

0.04 (red) (CHCl3/MeOH/H,0O 14:7:1), staining agent:
anisaldehyde)

§=5.19(d,J=1.6 Hz, 1.9H, H1a), 4.90 (d, J = 1.1 Hz, 1H, H1p),
4.03 — 3.97 (m, 6.7H, H6a, H70, H8a, H6B), 3.96 — 3.94 (m,
1H, H8B), 3.94 (d, J = 1.1 Hz, 1H, H2B), 3.93 (dd, J = 2.8, 1.6 Hz,
1.9H, H2a), 3.88 (d, J = 1.2 Hz, 3.8H, H4a, H3a), 3.82 (t, J =
9.8 Hz, 1H, H4B),3.76 (dd, J= 9.6, 1.5 Hz, 1H, H7B), 3.73 —3.67
(m, 8.7H, H9a (a), H9b (a), H5a, H9a (B), H9b (B), H3B), 3.55
(dd, J = 9.8, 1.3 Hz, 1H, H5B) ppm.

8§ =94.2 (Cla), 93.9 (C1B), 73.6 (C5B), 73.3 (C3B), 71.2 (C2B),
70.7 (C5a), 70.6 (C2a), 70.2 (C3a), 70.2 (C6a), 69.9 (C6B), 68.9
(C7a), 68.9 (C7B), 67.1 (C8a), 67.0 (C8B), 66.2 (C4a), 65.8
(C4B), 63.2 (C9B), 63.2 (C9a) ppm.

m/z [M-H] calc. for CoH1709 269.0878, found 269.0881
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D 2.27 L-Lyxo-.-manno-nonose octaacetate [41]

Ac,0, DMAP
—_—

pyridine
75% AcO
[13] [a1]
MW: 270.23 MW: 606.53

Procedure

For further purification, the nonose [13] (400 mg, 1.48 mmol, 1.00 equiv.) obtained from
the ozonolysis was taken up in pyridine (99%, 5.0 mL) and acetic anhydride (3.63 g, 3.36 mL,
35.5 mmol, 24.0 equiv.) was added dropwise under ice-bath cooling. Further, a spatula tip
of DMAP was added to the mixture and stirring was proceeded at room temperature. After
2 hours, HPLC-MS and TLC analysis (CHCls/MeOH/H,0 14:7:1, LP/EtOAc 1:1, staining agent:
anisaldehyde) indicated full conversion of the starting material to the peracetylated species
and excessive reagent was quenched by the addition of MeOH (1.5 mL). Stirring was
continued for 15 minutes.

The reaction mixture was diluted with EtOAc (50 mL) and extracted with ice-cold 1N HCI
(3%x20 mL—until pH remained acidic). Back extraction of the aqueous phase was performed
with EtOAc (3x20 mL), and the pooled organic phase was washed with water (20 mL) and
sat. ag. NaHCOs (2x25 mL). After drying over anhydrous Na;SOs, the solvent was removed
in vacuo giving a yellow, oily crude material (665 mg).

Purification

The pure product [41] was obtained by flash column chromatography (45.5 g SiO3,
LP/EtOAc 5:1 - 1:1) as a yellow oil (675 mg, 75%) in a ratio of a/B = 2:1 (according to
1H-NMR).

Yield 675 mg, 75%
Appearance yellow oil
R¢ 0.26 (red) (LP/EtOAc 1:1, staining agent: anisaldehyde)

1H-NMR (600 MHz, CDCls) & =6.15 (d, J = 1.7 Hz, 2H, H1a), 5.77 (d, J = 1.1 Hz, 1H, H1p),
5.59 (dd, J = 9.4, 1.9 Hz, 2H, H6a), 5.52 (dd, J = 9.9, 1.9 Hz, 1H,
H6B), 5.44 (dd, J = 3.3, 1.0 Hz, 1H, H2B), 5.42 (dd, J = 9.9,
2.4 Hz, 1H, H7B), 5.32 = 5.29 (m, 2H, H3a), 5.27 — 5.23 (m, 4H,
H7a, H8a), 5.22 (dd, J = 3.5, 1.8 Hz, 2H, H2a), 5.19 — 5.13 (m,
2H, H4B, H8B), 5.12 — 5.07 (m, 3H, H4a, H3B), 4.25 (dd, J =
11.7, 5.2 Hz, 1H, H9a (B)), 4.20 (dd, J = 11.4, 6.0 Hz, 2H, H-9a
(a)), 3.94 (dd, J = 10.3, 1.3 Hz, 2H, H5a), 3.89 — 3.82 (m, 3H,
H9b (a), H9b (B)), 3.77 (dd, J = 10.0, 2.4 Hz, 1H, H5B), 2.20 -
1.96 (16xs, 72H, 8xCOCHs (a), 8xCOCHs (B)) ppm.
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13C-NMR (151 MHz, CDCls) & = 170.6 (COCHsa), 170.5 (COCHsB), 170.4 (COCHsa), 170.4,

HRMS (*ESI-TOF)

130

170.3 (2xCOCH3B), 170.3 (COCHsa), 170.1, 169.9 (2xCOCHsB),
169.8, 169.8 (2xCOCHsa), 169.7 (COCH3B), 169.4 (COCHsal),
169.1 (COCHsB), 169.0 (COCHsa), 168.2 (COCHsB), 167.7
(COCHsa), 90.5 (Cla), 90.4 (C1B), 73.0 (C5PB), 71.5 (C3B), 69.9
(C5a), 69.5 (C3a), 68.8 (C2a), 68.4 (C2B), 68.1 (C8B), 67.9
(C8a), 67.8 (C6B), 67.7 (C6a), 65.9 (C7a), 65.5 (C7B), 64.7
(C4a), 64.3 (C4B), 62.3 (C9B), 61.6 (C9a), 21.0 — 20.6
(8xCOCH3 (a), 8xCOCH3 (B)) ppm.

m/z [M+Na]* calc. for CasH3aNaO17 629.5151, found 629.1691



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
lio
nowledge

b

o
i
r

m YOu

Experimental part Master Thesis Biedermann Nina

D 2.28 1,2-Dideoxy-L-glycero-b-manno-p-manno-dodecenitol [12]

1) g Sopiv
[16]
In, THF/buffer,
0°Ctort

OH OH OH O 2.) Acz0, pyridine OH OH OH OH
H | 3.) NaOMe, MeOH : :

>

¥ v 4 . . ~ HO v Y X
H = .) trituration - H
OH OH OH OH 5.) recrystallisation OH OH OH OH OH
[13] [13] 12% [12]
MW: 270.23 MW: 270.23 MW: 328.31
Procedure
Step 1 -IMA

Based on a literature protocol3?, indium (85 mg, 0.74 mmol, 4.0 equiv.) was weighed in a
flame dried Schlenk flask and Schlenk technique was applied. Anhydrous THF (1.0 mL) was
added, and the mixture was cooled to 0°C using an ice-bath. 3-Bromopropenyl
pivalate [16] (0.25 g, 1.1 mmol, 6.0 equiv.) was added dropwise to the vigorously stirring
mixture. After 15 min, the ice-bath was removed, and the suspension was allowed to warm
up to room temperature and stirred for another 45 min. Then, L-lyxo-.-manno-nonose [13]
(50 mg, 0.19 mmol, 1.0 equiv.) was added to the pre-formed reagent as a solution in
phthalate buffer (pH ~3, 0.2 mL). TLC (CHCl3/MeOH/H,O 14:7:1, staining reagent:
anisaldehyde) indicated conversion to the enitol species but also showed that starting
material is left (after 45 min). The reaction mixture was diluted with MeOH and H,0 and
filtered. The filtrate was concentrated in vacuo, giving a colourless solid.

Step 2 — Acetylation

This material was taken up in pyridine (99%, 3 mL), and Ac;0 (0.85 g, 0.79 mL, 8.3 mmol,
45 eq.) was added to the stirring mixture under ice-bath cooling. After 10 min, the ice-bath
was removed, and a spatula of DMAP was added. Stirring at rt was continued overnight,
and The next day, HPLC-MS indicated complete conversion to the fully protected
dodecenitol and nonose, so excessive reagent was quenched by the addition of MeOH
(0.5 mL) under ice-bath cooling, and the mixture was stirred for further 15 min. After
diluting with EtOAc (50 mL), the organic phase was extracted with ice-cold 1N HCI (2x25 mL
— until pH remained acidic). After back extraction (2x20 mL EtOAc), the pooled organic
phase was washed with water (20 mL), aqg. sat. NaHCO3 (20 mL) and brine. After drying over
anhydrous Na;S0s, the solution was evaporated to dryness (124 mg).

From this, the protected dodecenitol could be isolated via column chromatography (12.5 g
SiO,, LP/EtOAc 3:1 - 1:1) (38 mg, 26%) as a yellow oil and the nonose peracetate was
recovered (65 mg, 58%).
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Step 3 — Deacetylation

The dodecenitol peracetate was taken up in MeOH (HPLC grade, 0.5 mL) and NaOMe (30%
in MeOH) was added under stirring at rt until pH was about 11. Reaction monitoring via
HPLC-MS showed full conversion after 3 hours. The reaction mixture was neutralized by the
addition of Dowex-H* (MeOH washed), H,0 was added to dissolve the precipitated enitol,
and the solution was filtered. Evaporation of the solvent gave a beige solid matter (20 mg)
that is a mixture of dodecenitol diastereomers with a ratio of lyxo : xylo : ribo =70 : 25 : 6.

Purification

The material was then triturated in MeOH (1 mL), and the remaining solid was isolated via
centrifugation. The residue was again washed with MeOH (2x1 mL), and further triturated
in H20 (2x1 mL). After washing with MeOH (1 mL) and Et,0 (1 mL), the remained white
solid was dried at 50 °C, giving pure L-glycero-b-manno-D-manno-dodecenitol [12]
(7 mg, 12%).

Yield 7 mg, 12% (over 3 steps)

Appearance colourless solid

1H-NMR (600 MHz, D:0) & =6.03 (ddd, J = 17.3, 10.5, 6.9 Hz, 1H, H2), 5.39 (dt, J = 17.1,
1.3 Hz, 1H, H1 (), 5.32 (dt, J = 10.5, 1.1 Hz, 1H, H1 (2)),
4.21 (t,J = 7.5 Hz, 1H, H3), 4.01 (t, J = 6.5 Hz, 1H, H10), 3.99 —
3.96 (m, 5H, H5, H6, H7, H8, H9), 3.79 (d, J = 8.1 Hz, 1H, H4),
3.72-3.70 (m, 3H, H12a, H12b, H10) ppm.

13C-NMR (151 MHz, D:0) & =138.0(C2), 118.1 (C1), 72.6 (C3), 72.0 (C4), 70.4 (C11), 69.5
(C10), 69.0 — 67.8 (C5, C6, C7, C8, C9), 63.4 (C12) ppm.

HRMS (ESI-TOF) m/z [M-H] calc. for C12H23010 327.1296, found 327.1296

Note

Due to the low solubility of the final product in the used solvent (D20), no 3C-NMR
spectrum could be recorded, and the given shifts for the carbon atoms were determined
from the corresponding HSQC spectrum.
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D 2.29 General procedure for the ABAO assay used for the determination
of the OCC of L-glycero-bD-manno-heptose [11] and L-lyxo-L.-manno-
nonose [13]

NH, NH,

N _OH 0 t o
N~ + )k _— > N7
R” SH  NH4OAc buffer (pH 4.5) )<H
NH 3 days H R

2
reducing sugar
[43]

Procedure

To a solution of 2-aminobenzamidoxime (ABAO, [43], 42.1 mM) in NH4OAc buffer (190 uL,
100 mM, pH 4.5) in a 96-well plate (Greiner, 96-well microplate, PS, F-bottom, clear) with
lid (Greiner, with condensation rings, PS, high profile, clear), an aqueous solution of the
respective sugar (10 puL, 80 mM) in H,O was added. The plate was shaken in the plate
reader, and measurements were conducted at 405 nm for 3 days at 25°C.

Blank samples with pure water (10 pL) instead of the sugar solution were performed and
considered, too. All reactions and the blank samples were performed in triplicates.

Calculation of OCC

The calculation of the OCC was performed according to Kalaus, et al.”

Results
Entry Name OCC (%)
1 L-glycero-D-manno-heptose [11] 0.0344
2 L-lyxo-D-manno-nonose [13] 0.0343
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