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Abstract

Nowadays it is almost impossible to find a synthesis of a natural product or drug
candidate that does not use a catalyst. Typically, catalysts used in organic
synthesis are metal compounds; however the use of other catalytic methods has
been increasing, namely organocatalysis. This type of catalysis describes the
acceleration of chemical reactions through the addition of a substoichiometric
guantity of an organic compound that does not contain a metal atom. A growing
number of publications has appeared in this area, describing not only the
application of known organocatalysts for new reactions but also the development
of new organocatalysts. The potential of this research area was recognised in
2021, when the Nobel prize Chemistry was awarded to Benjamin List and David
MacMillan for their efforts on the development of asymmetric organocatalysis, a

new precise tool for molecular construction.

The main purpose of this dissertation was the development of new
organocatalysts derived from inexpensive and natural sources of chirality, and

their application in different types of asymmetric reactions.

In the first part of this work, described in Chapter 2, organocatalysts derived from

L-tartaric acid and (+)-camphoric acid were synthesised.

Eight new mono- and bis-thiourea and squaramide organocatalysts derived from
L-tartaric acid were developed with moderate to good overall yields (3-33%).
From (+)-camphoric acid six novel thiourea and squaramide organocatalysts were

synthesised, in good to very good overall yields (23-57%).

These organocatalysts were applied in different types of asymmetric reactions. In
Chapter 3 their application in the Michael addition reaction is described. The
organocatalysts derived from (+)-camphoric acid were successfully used in the
Michael addition reaction between 1,3-dicarbonyl compounds and several trans-

B-nitrostyrenes. Yields up to 98% and enantiomeric excesses up to 74% and high

XXIi



Abstract

diastereoselectivities, when applicable, (dr up to 93:7) were obtained in these

reactions.

The use of thioureas has been described to control the stereochemical outcome
of the glycosylation reaction. In Chapter 4 the application of the synthesised
organocatalysts derived from L-tartaric acid in the glycosylation reaction is
described. The results reveal that these catalysts are able to activate glycosyl
phosphates for stereoselective nucleophilic substitution reactions, providing the
desired 1,2-cis glycosides in good yields (up to 85%) and high diastereoselectivity
(up to dr 93:7).

Since the efficiency of the developed organocatalysts was proven in the two
above mentioned reactions, we decided to test them in the alcoholysis of styrene
oxide and in the phosphonation of N-aryl tetrahydroisoquinolines by cross-
dehydrogenative coupling reaction of C(sp®-H. The synthesis of a-
aminophosphonates was not successful with our catalysts while the alcoholysis
of styrene oxide with methanol gave the respective regioselective B-alkoxy
alcohol in 60% yield without enantioselectivity. However, the developed bis-
thiourea organocatalysts were able to participate in a cooperative phenomenon
with Brgnsted Acids.

Keywords: organocatalysis, L-tartaric acid, (+)-camphoric acid, thiourea

organocatalysts, Michael reaction, glycosylation reaction, asymmetric reactions
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Resumo

Atualmente é quase impossivel encontrar uma sintese de um produto natural ou
de um farmaco que ndo recorra ao uso de catalisadores. Tipicamente, os
catalisadores usados em sintese organica sdo compostos metalicos; no entanto,
outros métodos cataliticos tém vindo a ser utlizados, nomeadamente a

organocatalise.

Este tipo de catalise descreve a aceleracdo de reacdes quimicas através da
adicdo de uma pequena quantidade de um composto organico que ndo contém
atomos metalicos na sua estrutura. Um ndmero crescente de publicacdes tem
surgido nesta area, descrevendo nao sO a aplicacdo de organocatalisadores
conhecidos a novas reagfes, mas também o desenvolvimento de novos
organocatalisadores. A importancia desta area de investigacao foi reconhecida
em 2021 com a atribuicdo do prémio Nobel de Quimica a Benjamin List e David
MacMillan, pelos seus esforcos no desenvolvimento da organocatalise

assimétrica, uma nova ferramenta Gtil para a construgdo molecular.

O principal objetivo desta dissertacdo €é o desenvolvimento de
organocatalisadores, derivados de fontes quirais naturais e acessiveis, e a sua

aplicacao em diferentes tipos de reacfes assimétricas.

Na primeira parte deste trabalho, descrita no Capitulo 2, foram sintetizados
organocatalisadores derivados do &cido L-tartarico e &cido (+)-canforico.
Desenvolveram-se oito hovos organocatalisadores do tipo mono- e bis-tioureias
e esquaramida derivados do &cido L-tartarico, com rendimentos globais
moderados a bons (3-33%). A partir do &cido (+)-canférico foram também
sintetizados 6 novos organocatalisadores do tipo tioureia e esquaramida, com

rendimentos globais bons a muito bons (23-57%).

XXVi



Resumo

Estes catalisadores foram testados em diferentes tipos de reagdes assimétricas.
No Capitulo 3 é descrito 0 seu uso nareagéo de Michael. Os organocatalisadores
derivados do &cido (+)-canférico mostraram-se eficientes neste tipo de reacéo,
utilizando como reagentes compostos 1,3-dicarbonilicos e varios trans-p-
nitroestirenos. Foram obtidos rendimentos até 98% e excessos enantiomeéricos
até 74%, bem como, quando aplicavel, diastereosseletividades elevadas (até
93:7).

Na literatura tem sido descrita a utilizacdo de tioureias para controlar a
estereoquimica da reacao de glicosilagdo. No Capitulo 4 é referida a utilizacdo
dos catalisadores derivados do &cido L-tartarico e os resultados mostram que
estes catalisadores sdo capazes de ativar fosfatos glicosidicos em reacdes de
substituicdo nucleofilica, originando os compostos desejados com bom

rendimentos (até 85%) e diastereosseletividades elevadas (a:3 até 83:17).

Como a eficiéncia dos organocatalisadores desenvolvidos foi demonstrada nas
reacOes acima referidas, decidimos testa-los na alcodlise do 6xido de estireno e
na fosfonacdo de N-aryl tetrahydroisoquinolinas por reacdo de acoplamento
desidrogenativo cruzado de C(sp®)-H. A sintese de a-aminofosfonatos nao foi
bem-sucedida enquanto a alcodlise do 6xido de estireno com metanol originou o
respetivo B-alcoxialcool regiosseletivamente, com 60% de rendimento, mas
racémico. No entanto, as bis-tioureias desenvolvidas sdo capazes de participar

num fendémeno cooperativo com acidos de Brgnsted.

Palavras-chave: organocatdlise, acido L-tartarico, acido (+)-canférico,
organocatalisadores tioureia, reacdo de Michael, reacéo de glicosilacéo, reacdes

assimétricas
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General Introduction

1.1 Asymmetric synthesis

A chiral molecule and its mirror image are called enantiomers — one is
dextrorotatory (d) and the other is levorotatory (I). Chemical reactions that create
a new chiral centre in the product, produce L- and D-molecules in equal amounts
- a racemic mixture. Nevertheless, nature is a source of chiral compounds, with
almost always only one of the two enantiomers present. For example, most amino

acids are in the L form and most sugars are found in the D form.!

The stereochemical properties of an organic compound are often essential to its
bioactivity, the two enantiomers might have different types of activity, one can be
therapeutically active and the other can be non-active or toxic. One known
example of this is thalidomide, a widely used drug in the late 1950s and early
1960s for the treatment of nausea in pregnant women. Thalidomide was
commercialised in its racemic form, however, it was later found that the
enantiomer R was responsible for the desired sedative effects and the enantiomer
S caused irreversible damage to the fetus and thousands of children were born
with severe congenital malformations.?

Therefore, the need for stereochemically pure pharmaceutical products is an
example of the importance of asymmetric synthesis.®>* Emil Fisher is considered
a pioneer in this field due to his contributions to carbohydrate chemistry. However,
it was Marckwald who, in 1904, defined the asymmetric synthesis as a set of
reactions that produce optically active substances from achiral compounds with
the intermediate use of optically active materials. Nowadays, asymmetric
synthesis is defined as a formation of a new chiral centre by the influence of
another chiral group.>®

Different strategies can be followed for the generation of a chiral centre — chiral

pool synthesis, the use of chiral auxiliaries and asymmetric catalysis.*5’

One of the strategies is to use a chiral enantiomerically pure starting material,

which is called the chiral pool strategy.
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Some compounds are commercially available at low costs as single enantiomers.
Using this strategy, two situations can occur:

1) the chiral centre present in the starting material has the desired
configuration of the chiral centre of the target molecule (Figure 1).

2) for the formation of a new chiral centre, the stereocentre present in the
starting material induces chirality and controls the configuration of the new

stereocentre in the product.

Figure 1. Method using chiral pool®6

The chiral pool strategy is used, for example, for the synthesis of the (+)-

muscopyridine from (R)-citronellene (Figure 2).8

- ""Me

R- Citronellene (+)-Muscopyridine

Figure 2. Chiral pool synthesis from a monoterpene?

More challenging is when the starting material used is not optically active. In this
approach, a stoichiometric chiral auxiliary is covalently attached to the substrate
followed by a diastereoselective reaction in which chirality in the auxiliary controls
the asymmetric induction. The substrate-auxiliary is a new chiral compound that
undergoes the diastereoselective reaction to give a major diastereomeric product-
auxiliary which may be separated from the minor diastereomer and purified by
conventional techniqgues such as column chromatography. The desired
diastereomer is then subjected to a cleavage that separates the chiral auxiliary

from the final enantiomeric product (Figure 3).°
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Diastereoselective reaction

S +Aux — » SAwx —R o~ P+ Auw
Achiral

Figure 3. Methods controlled by a chiral auxiliary®

Chiral phenylglycinols have been used as chiral auxiliaries for the asymmetric
induction of imine addition reactions. For example, the chiral auxiliary 2 can be
used for the synthesis of the key intermediate 6 which is used in the preparation

of a potent protease inhibitor (Scheme 1).1°

Ph
HoN H
Ph Ph
N (o] 2 OH N N iPrC Cl -

> /< > { _rreebls

[ N [ \ ] N N/\
N H Toluene N o) THF <\/ N
N N o, NH OH
4

1
HCI
LTA

Ph
f__L
N —_— Nx N NHBoc
<\/\ NH, E— \ H H -
NH > OH
pn” ©
6

NH5

Scheme 1. The use of a chiral auxiliary

Another strategy is the use of enantioselective reactions. A chiral catalyst,
chemical or biological, may well differentiate the two enantiotopic faces or groups
of an achiral molecule, providing the preferred formation of one enantiomer of the
product (Figure 4). This is called asymmetric catalysis and presents some
advantages over other methods, namely being a more green and sustainable
approach because only a small amount of catalyst is needed to produce larger

guantities of enantiomerically enriched product.
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Enantioselective Reaction
g cat _p

Figure 4. Methods controlled by a chiral catalyst®

An example of a chiral catalyst controlled method is the asymmetric Henry
reaction between an aldehyde and nitromethane using copper chloride combined
with the chiral ligand 9 (Scheme 2).1

OH
0 * OH
J. 4 e, —ligand9-Cuciy R)\/Noz NERY
R™ "H s 'BUOH, rt 7
7 8 10 OH

Scheme 2. Example of a method controlled by a chiral catalyst

1.2 Asymmetric catalysis

In the beginning of the 20™ century many attempts were made to prepare optically
active compounds from achiral substrates. The first examples of asymmetric
catalysis fall back on the use of enzymes or moulds to catalyse various
transformations.

In 1908, Rosenthaler described the use of an emulsin (crude extract from bitter
almonds) as biocatalyst to catalyse the HCN addition to benzaldehyde and the
respective cyanohydrin was obtained with 9% of enantiomeric excess.'?
However, the first well-established enantioselective reaction on a prochiral
substrate, with an entirely chemical system, could be attributed to Bredig and
Fiske in 1913. They reported the synthesis of mandelonitrile, ee up to 8%, from

benzaldehyde and HCN, using quinine or quinidine as chiral catalysts.®

6
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In 2001, the Nobel prize of chemistry was attributed to Sharpless, Knowles e
Noyori for their efforts in catalytic asymmetric synthesis. Sharpless reported the
first metal catalysed asymmetric epoxidation process which is far more selective
than any of the previously described methods, using [(+) or (-)-diethyl tartrate,

titanium tetraisopropoxide and tert-butyl hydroperoxide (Scheme 3).13

RZ2__R! R2 R® RZ_R'

O‘L 'BUOOH ‘BuOOH oﬂ;
R3NOH  Ti(OPr), (+)-Diethyl tartrate R?ZQ_OH Ti(O'Pr)y, (-)-Diethyl tartrate g3 OH

12 1" 13

Scheme 3. Sharpless Epoxidation

Catalysts are traditionally metal compounds but despite their proven usefulness
and efficiency there are some drawbacks to their use, which can be overcome

with the use of other catalytic methods such as organocatalysis.

1.3 Organocatalysis

Organocatalysis is a well recognised field of catalysis that describes the
acceleration of chemical reactions through the addition of a substoichiometric
guantity of an organic compound which does not contain a metal atom.
Organocatalysts are non-toxic, do not produce dangerous waste and are usually
unexpensive. This type of catalysis allows saving time, costs and energy and
organocatalysed reactions occur under mild conditions and reduce chemical
waste.'41°

Another important feature of several organocatalysts is that they are capable of
different modes of activation, for example enamine, iminium, hydrogen bonding

or counterion catalysis.

The first application of the enamine catalysis was described in two independently

research works developed by Hajos and Parrish and by Weichert, Sauer and

7
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Eder, in 1971. They described the use of chiral proline to catalyse the
intramolecular aldol reaction of an achiral triketone giving the product with 93%
enantiomeric excess (ee). However, only with the work of Barbas, Lerner and List,
more than 30 years later, that described the use of proline to catalyse the aldol
reaction, this type of catalysis has started to receive attention.

In 2000, iminium catalysis was reported?® as the first activation mode identified as
being suitable for more than one reaction type and it is based on the capacity of
chiral amines to function as enantioselective LUMO-lowering catalysts for several

transformations that traditionally use Lewis acid catalysts (Figure 5).1>7

Substrate Catalyst LUMO activation

o. /
0 o) N/ jl\l)\
- - Ph + ~~tBu
J)J\H * Phj'N D~tBu —— N
R H J)

R

Figure 5. Iminium activation®®

The enamine activation consists of the interaction between the amine-containing
catalyst and a ketone substrate to form an enamine intermediate but this catalyst
simultaneously engages with an electrophilic reaction partner through either

hydrogen bonding or electrostatic attraction (Figure 6).°

Substrates Catalyst HOMO activation
0 _ [—L - RN
R/\f + X=Y + N COZH -~ X;Y‘."H
4 H Z o (o)

Z=AkyL,H X=CN,OS
Y= Generic organic atom

Figure 6. Enamine activation®®
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In the early 1980s, there were already reports describing the use of hydrogen
bonding interactions for the activation of a substrate and the organisation of the
transition state.

However, these reports were considered to be exceptions to the generally held
idea that hydrogen bonding was insufficiently activating or directional for use in
asymmetric catalysis.'® In 1998 and 1999, Jacobsen®® and Corey,° respectively,
published an asymmetric variant of the Strecker reaction that resorted to the use
of well-defined hydrogen-bonding organocatalysts that activate imine
electrophiles (Figure 7).

Substrate Catalyst LUMO activation
t-Bu S
JXL L tBus B2 L.
- - e W
R R' + /N\H/\NJJ\N\\\ - \"/\’}l r}l
HoH ol O H H_ N,
= o) R N "
X=0,NR R"” R X| R
N

Figure 7. Hydrogen-bonding activation!®

Jacobsen and Anna Wenzel were the great drivers of the hydrogen bonding
catalysis, extending the scope of this activation mode. In 2002, they reported the
use of urea derivatives as highly effective catalysts for the asymmetric Mannich

addition of silyl ketene acetal derivatives to aldimines.?°

In 2008, Jacobsen developed a new generic organocatalytic mode of activation
that is able to promote highly enantioselective additions into transiently generated
N-acyl-iminium ions and oxocarbenium ions.?'?2 In counterion catalysis, chiral
thiourea catalysts form strong complexes with halide ions, electrostatically bind
to, and ionise, the weak carbon—chlorine bonds of chloramides and chloroacetals

to generate a transient ion pair. This resulting complex works as a chiral

9
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counterion, biasing the approach of nucleophiles to a single face of one

enantiomer of the transient a-hetero atom-stabilised cationic species (Figure 8).°

Substrate Catalyst - LUMO activation

| tBU S
tBu S
R’ Cl
KR -CsH \n/\N Q == | MO \ﬂ/\N
n-
R 5 11 /
X= 0, NR . NS @

R KR
L R _

Figure 8. Counterion activation®

Owing to the huge growth and impact of organocatalysis in the past decades, the
Nobel prize of chemistry was attributed to Benjamin List and David MacMillan in
2021, for the development of asymmetric organocatalysis, a new precise tool for
molecular construction.

Besides the identification of important transformations and new reactivities that
are not available using other branches of catalysis, numerous efforts will continue
to be directed towards the development of catalysts with better efficiency. Among
several types of organocatalysts, thioureas are a type of catalysts extremely

diverse and versatile.

1.4 Thioureas

During the last decades, the use of thiourea derivatives as catalysts in asymmetric
synthesis has been increased. One of the main features is their capacity to
activate substrates and subsequently stabilise partially developing negative

charges in the transition states using explicit double hydrogen bonding.
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Curran’s pioneering work showed that various types of nucleophilic addition
reactions have been found to be effectively promoted by a catalytic amount of
well-designed ureas and thioureas.?®?* In 1998, Schreiner decided to use
thioureas derivatives as catalysts because they have some advantages over

urea ones: higher solubility in a variety of solvents, easier preparation and less
favourable self-association.?® He developed the N,N’-bis[3,5-
bis(trifluoromethyl)phenylJthiourea 14, commonly known as Schreiner thiourea
(Figure 9), which was applied in the Diels-Alder and dipolar cycloaddition
reactions with good results.?®?® The Schreiner thiourea has played a very

important role in the development of H-bond organocatalysts.

Figure 9. Schreiner’s thiourea?526

Jacobsen's group is pioneer in the area of enantioselective catalysis using
thiourea catalysts. They had developed a series of chiral Schiff base thioureas
and applied them in Strecker'®27.2¢ and Mannich?® reactions. After a thorough
study to optimise the structure of the catalyst, the best results were obtained with

the catalyst 15, represented in Figure 10.

N N "
P .
NN
(0] N
Hoﬁl i
“Bu o)*
15

Figure 10. Jacobsen’s Schiff Thiourea?®
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Even though these thiourea derivatives had been successfully used as
organocatalysts, the application of these catalysts to enantioselective reactions
could be limited. Therefore, Takemoto’s group designed chiral bifunctional
thioureas bearing a chiral scaffold and a basic functionality expecting a dual

activation to promote several nucleophilic addition reactions (Figure 11).%°

CFs CFs CF,

S — S Chiral
)k )L | Scaffold
F4C N” N CF FsC NN

W oM

N N4

X X‘ Activation of Nucleophile
A n

R™ 'H R™y H 'T'
Activation of electrophile Nu

Activation of electrophile

Figure 11. Design of bifunctional thioureas?°

Among the synthesised bifunctional amino thioureas the most effective for the
Michael addition reaction of malonates to nitroolefins was the thiourea catalyst 16
prepared with (R,R)-N,N-dimethyl-trans-diaminocyclohexane and 3,5-
bis(trifluoromethyl)phenyl isothiocyanate (Figure 12).3*? |t is assumed that weak
tertiary amine bases can coexist with a thiourea moiety without deactivating each
other. Extensive work on C-C bond forming reactions involving these types of

bifunctional catalysts was described by the Takemoto group. *°

CF3

NeS Ve

HOR S
NU

16

Figure 12. Takemoto’s Catalyss%:32
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A chiral bifunctional pyrrolidine-thiourea 19 was reported by Tang’s group, in
2006. This catalyst promoted a highly enantioselective Michael addition of

cyclohexanone to nitroolefins (Scheme 4).33

(0] O R
20 mol% of catalyst 19 : NO s
é v N0 10 mol% of n-Butyric acid : 2 NJJ\ .

neat, 0 °C

17 18 20 19
up to
99/1 synianti
98% ee

Scheme 4. Michael addition of cyclohexanone to nitroolefins catalysed by bifunctional
pyrrolidine-thiourea 19

Usually, the chirality of enantiopure thioureas used in asymmetric organocatalysis
is due to the presence of stereogenic centres. However, another group of
derivatives characterised by the presence of other stereogenic elements has their
importance in enantioselective catalysis. Wang’s group developed a bifunctional
binaphthyl-thiourea 21, which contained both a basic binaphthyl moiety and a
thiourea moiety (Figure 13). This organocatalyst exhibits axial chirality/helicity
because of the presence of the biaryl fragment characterised by a restricted
rotation around the Cari—Cary bond.

This catalyst was successfully applied in the asymmetric Morita—Baylis—Hillman
reaction of cyclohexenone with a series of aldehydes® and in the asymmetric
Michael addition of diketones to nitroalkenes.3*

CF3

9@ SQ
NJ\N

H H

N
I

Figure 13. Wang’s catalyst3334
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The Cinchona alkaloid is a motif present in various structures useful in
asymmetric synthesis.** Soos et al. and Connon et al., independently, developed
a bifunctional organocatalyst that combined a Cinchona alkaloid derivative and a
thiourea moiety (Figure 14). After a simple reaction it was possible to convert the
hydroxyl group at the C9 position into an amine and its reaction with the
corresponding isothiocyanate gave the desired bifunctional cinchona alkaloid-
thiourea 22. This catalyst was first tested in the enantioselective addition of
malonates to nitroalkenes® and in the enantioselective addition of nitroalkanes to

chalcones?® with promising results and since then it has been extensively used in

CF, ;L OMe

N
S

FsC NJ\N N
H Ho
22

asymmetric organocatalysis.

N

Figure 14. Soos’s and Connon'’s cinchona alkaloid thiourea3>:36

A natural and readily available source of chirality is amino acids and their
derivatives. Therefore, Jacobsen’s group described the synthesis of amide-
thiourea catalysts derived from valine 25 and leucine 28 and their application in

Pictet-Spengler and Iso-Pictet-Spengler reactions (Scheme 5).37-%
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NH,
| A\ 0O
0,
YAy . RJLH 20 mol% of 25
H 20 mol% of BzOH
23 24 Toluene, rt
H2N O

10-20 mol% of 28

X
(O - e
X F N 10-20 mol% of BzOH

27 Toluene, 22 °C
23a Boc,0, 30 min

N NH Me Pr s
l R Bn/N\n/\ J\N CF
N J W OH :
26 25
39-94% Yield
85-99% ee
R R
=—NBoc
I
W
N N CF
X H T \H/\H H s
29 Ph O 28

45-81% Yield
98% to >99% ee

Scheme 5. Application of chiral thioureas derived from amino acids in Piclet-Spengler

reactions

Some novel thiourea organocatalysts based on carbohydrates were developed

and they are frequently combined with other functionalities. For example, Liu et

al. synthesised five novel thioureas 30-34 derived from D-mannitol and containing

a Cinchona alkaloid in their structure (Figure 15). These organocatalysts were

used in the asymmetric Henry reaction.*°

Bifunctional organocatalysts combining a carbohydrate moiety and a primary

amine derived from 1,2-diamino-cyclohexane were prepared by Ma and

collaborators and tested in enantioselective Michael additions with high yields and

stereoselectivities.*!
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Figure 15. D-Mannitol derived thiourea organocatalysts4°

With the objective to recycle the thiourea catalyst, polymer-based thioureas were
developed and widely used in some organic transformations. In 2006, Takemoto’s
group demonstrated that in the presence of PEG-bound thiourea 35 (Figure 16)
Michael and tandem Michael reactions of trans-B-nitrostyrene proceeded
enantioselectively.*> More recently, Pedrosa’s group have developed supported
thiourea organocatalysts which were tested in several enantioselective catalytic

reactions.*347

CF;4 CF3
L3 bt
NJLN O— PEG 8000 [ © NT NS
H H H H J
o) 35 @) AN

N

Zi

Figure 16. PEG-bound thiourea catalyst 3542
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Synthesis of Organocatalysts
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Synthesis of organocatalysts

Abstract

In this chapter the synthetic sequences for the preparation of the organocatalysts
are described. New mono, bis-thioureas and squaramide organocatalysts derived
from L-tartaric acid were obtained with moderate to good overall yields (3-33%).
The attempts for the synthesis of the desired cyclic bis-thiourea derived from L-
tartaric acid are also presented. The syntheses of novel 1,3-diamine-derived
bifunctional thiourea and squaramide organocatalysts synthesised from (+)-

camphoric acid in good to very good overall yields (23-57%) are also described.

2.1 Introduction

Our group has been focused on the development of organocatalysts derived from
inexpensive and natural sources of chirality and their application in different types
of catalytic reactions. Starting from natural compounds readily available in pure
enantiomeric forms, such as L-tartaric acid and (+)-camphoric acid, several
modifications were made in order to obtain adequate organocatalyst structures to
be applied in various asymmetric catalytic reactions.

The syntheses of these organocatalysts will be presented and discussed in this
chapter.

2.2 Results and Discussion

2.2.1 Organocatalysts derived from L-tartaric acid

Tartaric acid is one of the most useful naturally occurring organic acids, it is
present in many types of fruit, especially grapes. Tartaric acid contains two
asymmetric carbon atoms allowing three stereogenic forms and it was isolated
for the first time by the Swedish chemist Scheele, in 1769. The naturally-occurring

formis L, (R,R)-(+)-tartaric acid, while the D form, (S,S)-(-)-tartaric acid, is rarely
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present in natural sources. The meso-tartaric acid, optically inactive, can be
synthetically obtained (Figure 17).484°

o] o] o]
HO., ~Son HO on MO OH
OH w\__OH
HO HO' HO oH
o] o] o]

L-Tartaric Acid D-Tartaric Acid  Mesotartaric Acid

Figure 17. Possible forms of tartaric acid*®4°

L-Tartaric acid is obtained by acid hydrolysis of calcium tartrate, which is prepared
from potassium tartrate, a by-product of wine production. D-Tartaric acid is
obtained from the racemic acid by several resolution procedures or from D-
xylose.>® Due to the ease of functionalisation and C2 symmetry both tartaric acid
enantiomers are chiral chemical building blocks with broad industrial and scientific
applications. In chemical synthesis they are used as resolving agents or chiral
auxiliaries in the synthesis of bioactive molecules, additionally, they are also

inexpensive sources for chiral ligands and new asymmetric organocatalysts.%5!

Tartaric acid is the starting material to obtain systematically fine-tuned derivatives
such as tetraaryl-2,2-dimethyl-1,3-dioxolan-4,5-dimethanols (TADDOLS)%?,
widely used, or dimethyl (2R,3R,5R,6R)-dimethoxy-2,3-dimethyl-1,4-dioxane-
5,6-dicarboxylate (Figure 18), a rigid and stereo-defined bis-acetal that provides
additional stereocentres, which have been used in our group to induce
stereoselectivity in some organocatalytic asymmetric reactions with good

results.?

(0]
HO,,, MeO, CO,Me
OH 2 steps J: :r

HO ‘CO,Me
o}

L-Tartaric Acid 36

Figure 18. Dimethyl (2R,3R,5R,6R)-dimethoxy-2,3-dimethyl-1,4-dioxane-5,6-
dicarboxylate easily obtained from L-tartaric acid®?
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In this work, we synthesised a series of organocatalysts derived from this rigid
tartrate structure with a thiourea moiety and different functional groups - hydroxyl,
amino or ester - in the organocatalyst’s structure. It seemed interesting to us to
explore the influence of the proximity of the asymmetric centre to the catalytic
important atoms for the stereoselective outcome of the studied stereoselective
reactions. The effect of having a mono- or bis-thiourea in the catalyst structure

was also compared.

One of the important reactions in which we decided to apply our organocatalysts
derived from L-tartaric acid was the glycosylation reaction and after some
research in the literature> we decided to synthesise a cyclic bis-thiourea type
organocatalyst.

The dimethyl (2R,3R,5R,6R)-dimethoxy-2,3-dimethyl-1,4-dioxane-5,6-
dicarboxylate 36 was easily obtained from L-tartaric acid following a literature
procedure®*>® and this was the structural base unit used for these type of
organocatalysts. Firstly, the L-tartaric acid was treated with SOCIl, and methanol
and the dimethyl L-tartrate thus obtained was immediately converted into the
desired tartrate 36 by reaction with 2,3-butadione, trimethyl orthoformate and
CSA. The reduction of compound 36 with lithium aluminium hydride provided the
corresponding diol 37 in 62% yield (Scheme 6). The yield of this step was low,
since the extraction of the compound to the organic layer was difficulted by the
presence of lithium salts, thus, before extraction it is important to lower the pH to
2-3 in order to destroy these salts and facilitate the extraction of the diol.
Compound 38 was obtained by monosilylation of diol 37. The reaction occurred
in two steps, first the reaction with sodium hydride to form the alkoxide which
reacts with TBDPSCI, giving the desired compound in excellent yield (96%). A
new chiral centre was introduced through Swern oxidation, to afford aldehyde 39
in quantitative yield, followed by a Grignard reagent addition giving a mixture of
diastereomers, 40 and 41, 1.7:1 (the diastereomeric proportion was determined
by *H NMR), (Scheme 6).
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OTBDPS

HO,, MeOJ: j,Cozlvle MeoJ: j) MeOJ: j)
HO OH 8% MeO I 96% 1 Quantltatlve Yield
38

‘CO,Me 62% MeO MeO
¢ 37 OH
OTBDPS OTBDPS OTBDPS
Meoj:of MeoJ: \i MeO
) ., _H .
Me0”=>0" " 7°/ o N OH
0 drt7
: Q
FsC CFs FsC CFs
40 M

Scheme 6. a) i. SOCl;, CHs3OH, reflux, 3 h; ii. 2,3-butadione, TMOF, CSA, reflux,
overnight, 78%; b) LiAlH4, THF, 0 °C to rt, 1 h, 62%; c) i. NaH, THF, 0 °C to rt, 10 min.; ii
TBDPSCI, 0 °Ctor.t., 1 h, 96%; d) i. (COCI)2, DMSO, CH2Clz, -78 °C, 1 h; ii. EtsN, -78 °C
tort, 1 h, quantitative yield; e) 3,5-Bis(trifluoromethyl)phenylmagnesium bromide, THF,
-78 °C, 1h, 87% (dr 1.7:1 40:41).

The two diastereomers were separated by flash chromatography and the
configuration of the new chiral centre was determined by NOESY and confirmed
by x-rays diffraction of 42 (Figure 19). Compound 40, the major diastereomer,
has the proton at the new chiral centre on the same plane as the proton of the
adjacent CH on the tartrate moiety, for this reason it was possible to see the
correlation in the NOESY spectrum (Figure 20). On the NOESY spectrum of
compound 41 this correlation does not exist thus proving that the proton of the
new chiral centre is not in the same plane of the CH on the tartrate moiety (Figure
21).

MeO,,,

MeO Na

o

42

Figure 19. Analogue compound used to confirm the configuration of the diastereomers
by X-ray diffraction.
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Figure 20. NOESY spectrum of compound 40
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Figure 21. NOESY spectrum of compound 41

The following reactions of the synthetic sequence are represented for only the
major diastereomer however, the synthesis from the minor diastereomer followed
the same route, with very similar yields.

In the Mitsunobu reaction the stereogenic centre was inverted (Scheme 7) and
this inversion can also be shown by the NOESY spectrum of the compound 43,
confirmed by the X-ray determination of the configuration of an analogous
compound, 42 (Figure 22). The new asymmetric proton is in a different plane of
the vicinal CH on the tartrate moiety, so it was not possible to see a strong

correlation in the spectrum (Figure 23).
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OTBDPS OTBDPS OTBDPS OTBDPS
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Scheme 7. a) DIAD, PPhs, DPPA, THF, 0 °C to rt, overnight, 90%; b) PPhs, THF:H20
(8:2), reflux, 2h, 95%; c) Boc20, EtsN, CH2Cl2, 0 °C to r.t, overnight, 94%; d) TBAF, THF,
1h, 73%; e) 3-Nitro-5-(trifluoromethyl)benzoic acid, EDC.HCI, DMAP, CH2Clz, 0 °C to rt,
overnight, 82%; f) Pd/C 10%, Hz, 50 psi, EtOH, overnight, 78%; g) TCDI, imidazole,
CH2Clz, overnight, 78%.
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ISy |
C{.”{b

Figure 22. X-ray of compound 42

Even though compound 42 is not equal to the obtained diastereomers it was
possible to compare the *H NMR spectra of diastereomers 43 and 43’, which
contain an azide substituent in the same position that 42, and are similar to
diastereomers 51 and 51’.

Knowing, by x-ray analysis of compound 42, that the diastereomer R contains the
phenyl substituent behind the plane, so the diastereomer S contains the phenyl
substituent in front of the plane. Therefore, was possible to compare the 'H NMR
spectrum of compound 43 with that of compound 51 (Spectrum A vs. Spectrum
B in Figure 24), more specifically the chemical shift of the signal of the
asymmetric proton (H» - 4.61 ppm in spectrum A and H; - 4.41 ppm in spectrum
B in Figure 24) of the two compounds and observe that they were similar.
Therefore, we could conclude that also in compound 43 the 3,5-

bis(trifluoromethyl)phenyl substitute is in front of the plane.
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Also, comparing the *H NMR spectrum of the compound 43’ with that of
compound 51’ (Spectrum C vs. Spectrum D) , the signal of of the asymmetric
proton (H2 — 5.01 ppm in spectrum C and Hz — 4.93 ppm in spectrum D) it is
possible to conclude that they were also similar, proving that the 3,5-
bis(trifluoromethyl)phenyl substitute is behind the plan. This comparative
conclusion allowed us to confirm our results obtained in the NOESY spectrum of

compound 43.

OTBDPS

“,ﬁgﬁﬁ , |

F1 [ppm]

T T T T T T T T T T T T T T T T T
8 6 a4 2 F2 lbbm1

Figure 23. NOESY spectrum of compound 43
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Figure 24. Comparison of 'H NMR spectra between 2.4 — 8.2 ppm of the diastereomers

43 and 51, 43’ and 51’
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A Staudinger reaction converted the azide into the corresponding amine 44 which
was protected with t-butoxycarbonyl group, by reaction with (Boc).O giving
compound 45 (Scheme 7). Cleavage of the silyl group followed by coupling with
3-nitro-5-(trifluoromethyl)benzoic acid, using EDC.HCI and DMAP in
dichloromethane, afforded product 47 in 82% of yield. The nitro group was
reduced by catalytic hydrogenation giving the compound 48 which reacts
immediately with 1,1’-thiocarbonyldiimidazole and imidazole in dichloromethane
to afford compound 49. By removing the Boc protecting group it would be possible
to obtain the desired organocatalyst 50 however, several reaction conditions were
attempted without success (Scheme 7).

Using 1.1 equivalents of TFA the reaction did not occur and increasing to 7
equivalents of TFA the TLC showed decomposition of the compound because the
tartrate derivative is sensible to pH lower than 2. According to the literature® it is
possible to remove the protecting Boc group with formic acid, but in this case this
did not happen and degradation products were also obtained.

Another procedure described in the literature®” to remove the Boc group is the
reaction with para-toluenesulfonic acid monohydrate in acetonitrile, but once
again the starting material was obtained. As we needed a way of removing the
protecting group under mild conditions, we found in the literature a Boc
deprotection strategy using H,O near reflux temperature®® and this green
alternative was attempted without success. Thereby, we decided to change the
protecting group from Boc to Fmoc.

Starting from compound 44 the amine was protected with the Fmoc group using
Fmoc-OSu in dioxane, giving the protected amine 52 in very good yield (71%,
Scheme 8). The hydrolysis of the silyl group with TBAF did not afford the desired
compound, because the TBAF reagent removes both the silyl and Fmoc
protecting groups. Hence, a different source of fluor was required and we decided
to use triethylamine trihydrofluoride in THF. The reaction time was longer however

the desired compound 52 was obtained. In order to reduce the reaction time other
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fluorinated reagents were tested, HF and CsF, but the reaction did not proceed
with good results and we decided to maintain the triethylamine trinydrofluoride in
THF as reagent for this reaction. The coupling with 3-nitro-5-
(trifluoromethyl)benzoic acid, using EDC.HCI and DMAP in dichloromethane,
afforded product 54 in 61% yield, and the reduction of the nitro group to the amino
group without removal of the Fmoc group was complicated. Firstly, the catalytic
hydrogenation with Pd/C or Raney nickel was attempted but the reduction was
not possible without the deprotection of the amino group. In the literature®, a
procedure using tin(ll) chloride dihydrate was described and adjusting the
equivalents of the reagent to our reduction reaction it was possible to obtain the
desired product 55 in 80% vyield. This amine was reacted with 1,1-
thiocarbonyldiimidazole and imidazole in dichloromethane to afford compound 56
and after removing the protecting group the desired organocatalyst 50 would be
obtained. Once again, the cleavage of this group was not successful (Scheme
8).

The common procedure uses basic conditions, piperidine, triethylamine, DBU and
DIPEA were attempted however, these amines preferably reacted with the
isothiocyanate present in the structure and did not remove the Fmoc protecting
group. In other reactions, we observed that by catalytic hydrogenation the Fmoc
group was removed, so we tried the same conditions using Pd/C but the presence
of the sulfur atom poisoned the palladium and the starting material was recovered.
The use of TBAF to remove the TBDPS protecting group also removed the Fmoc
group, thus this strategy was attempted but without success, the desired
organocatalyst 50 was not obtained. Therefore, we decided to simplify the
synthesis of the cyclic bis-thiourea derived from L-tartaric acid, without the

presence of a new chiral centre.
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Scheme 8. a) Fmoc-OSu, NaHCO3 (1M), Dioxane, 0 °C to r.t, 4 h, 91%; b) TBAF, THF,
1h; c) EtsN.3HF, THF, 5 days, 71%; d) 3-Nitro-5-(trifluoromethyl)benzoic acid, EDC.HCI,
DMAP, CH2Clz, 0 °C to rt, overnight, 61%; e) SnCl..2H20, AcOEt, 50 °C, overnight, 80%;
f) TCDI, imidazole, CH2Clz, overnight, 79%.

Starting from mono silylated compound 38 and by tosylation of the free hydroxyl
it was possible to obtain compound 57 in excellent yield (98%). The substitution
of the resulting tosyl group with sodium azide followed by cleavage of the TBDPS
group with TBAF afforded compound 59 in 90% yield and the coupling with the

corresponding carboxylic acid gave the desired compound 60. The nitro group
present on the aromatic ring was reduced to the amino group with tin(ll) chloride

dihydrate in ethyl acetate at 50 °C giving the compound 61. The corresponding
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isothiocyanate 62 was obtained by reaction of this amine with 1,1'-
thiocarbonyldiimidazole and imidazole in dichloromethane. The desired
organocatalyst 63 would be obtained by Staudinger reaction, unfortunately the
compound was not formed (Scheme 9).

The synthesis of the cyclic bis-thiourea was not possible, nevertheless all
synthetic attempts generated important knowledge for the synthesis of the other

organocatalysts derived from L-tartaric acid.

OTBDPS OTBDPS OTBDPS OH
MeO,,| O MeO,,| O MeO,,, MeO,, | O
a) o
MeO”= 0 ":,‘ 98% Me0”= 0 'u,‘ QuantltatNe Yield / 90/“' MeO”:"0 "”‘
OH ) OTs N
38 57 58 59
Fs
MeO,,, MeO,,, MeO,,,
) e
93% MeO 28% MeO " 28% MeO
60 61 62

CF;

e @Y
%\gj 41

Scheme 9. a) TsCl, EtsN, DMAP, CHzClz, 0 °C to rt, overnight, 98%; b) NaNs, DMF, 70
°C, overnight, quantitative vyield; c¢) TBAF, THF, 1h, 90%; d) 3-Nitro-5-
(trifluoromethyl)benzoic acid, EDC.HCI, DMAP, CH2Clz, 0 °C to rt, overnight, 93%; e)
SnCl2.2H20, AcOEt, 50 °C, overnight, 28%; f) TCDI, imidazole, CH2Cl2, overnight, 28%;
g) PPhs, THF:H20 (8:2), 50 °C, 3h.
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The two diastereomers derived from L-tartaric acid were converted into two mono-
thioureas. Following the synthetic steps described in Scheme 6 and we obtained
compound 44, which by reaction with the 3,5-bis(trifluoromethyl)phenyl
isothiocyanate gave the corresponding thiourea 64. Then the hydrolysis of the
hydroxy protecting group afforded the desired mono-thiourea organocatalysts 65
and 66 in 91% and 99% yield, respectively (Scheme 10).

OH
MeO,,} O
— NN cF
OTBDPS OTBDPS Me0”2 0" Y :
MeO,,| O MeO,,} O - s
NH a) H H CF
\ —_— - W
Me0”>>0" 2 Me0”: 0 hig 2 F\C cr,  CFs
Minor diast.91% S 65 Major diast. 91%
Major diast. 97%
FsC CF FsC cr, CFe
3 3 8 s MeO,, ] 0
44 64 L
MeO”:"0O'

OH
SR
Q.

CF
CF,4 3
Minor diast. 99%

F3C
66

Scheme 10. a) 3,5-Bis(trifluoromethyl)phenyl isothiocyanate, CH2Clz, rt; b) TBAF, THF,
1h.

For the synthesis of bis-thiourea 70 we started with tosylation of the free hydroxyl
groups with tosyl chloride, DMAP and triethylamine to obtain compound 67. The
substitution of the resulting tosyl group with sodium azide furnished diazide 68 in
quantitative yield. The diamine 69 was obtained by catalytic hydrogenation with
hydrogen and Pd/C and reacted immediately with 3,5-bis-(trifluoromethyl)phenyl
isothiocyanate giving the corresponding bis-thiourea organocatalyst 70 in 91%
yield (Scheme 11).

On the cyclic bis-thiourea structure the presence of the ester group is important,
as explained in chapter 3, as well as the presence of a bis-thiourea, so we decided
to synthesise a bis-thiourea organocatalyst based on the cyclic structure 50 using

the reaction conditions already optimised.
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Meo:toj) Meo,t j) MeOJ:Oj/
o .
Meo”z 0" 9% { 3% Me0”: 0" Quantitative Yield
: H )
37 67 68
CF3
NH, s
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Scheme 11. a) TsCl, EtsN, DMAP, CH2Clz, 0°C to rt, overnight, 79%; b) NaNs, DMF, 70°C,
overnight 93%; c) Pd/C 10%, Hz, 50 psi, AcOEt, overnight quantitative yield; d) 3,5-
Bis(trifluoromethyl)phenyl isothiocyanate, CH2Clz, rt, 1 h, 91%.

Starting from compound 44 and protecting it with the Cbz group compound 71
was obtained (Scheme 12). Cleavage of the silyl group, followed by coupling with
3-nitro-5-(trifluoromethyl)benzoic acid, using EDC.HCI and DMAP in
dichloromethane, afforded product 73. The advantage of the use of the Cbz
protecting group is that by catalytic hydrogenation it was possible in one step to
reduce the nitro group to the amino group and to remove the amino protecting
group giving the diamine 74. This compound was immediately reacted with 3,5-
bis(trifluoromethyl)phenyl  isocyanate affording the new bis-thiourea
organocatalysts — minor diastereomer 75 in 69% yield and major diastereomer 76
in 83% yield. By adjusting the equivalents of the isothiocyanate it was possible to
obtain the corresponding mono-thiourea organocatalysts 77 with a free amino

group on the aromatic ring that is a less nucleophilic amine (Scheme 12).
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Scheme 12. a) Benzyl chloroformate 95%, EtsN, CH2Clz, 0 °C to rt, overnight; b) TBAF,
THF, 1 h; ¢) 3-Nitro-5-(trifluoromethyl)benzoic acid, EDC.HCI, DMAP, CH2Cl2, 0 °C to rt,
overnight; d) Pd/C 10%, Hz, 50 psi, AcOEt, 50 min; e) and f) 3,-Bis(trifluoromethyl)phenyl

isothiocyanate, CH2Clz, rt, 1h.

The organocatalysts 79 and 83 were also synthesised. The bis-thiourea

organocatalyst 79 does not contain the additional stereocentre vicinal to the

thiourea moiety in its structure and organocatalyst 83 contains a squaramide

moiety. Following the optimised reaction conditions described in Scheme 9

compound 60 was successfully obtained, which was hydrogenated to diamine 78

and reacted immediately with 3,5-bis(trifluoromethyl)phenyl isothiocyanate,
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providing the desired new organocatalyst 79 in moderate yield (47%) (Scheme
13).

A different strategy was used to obtain catalyst 83 from compound 58. This
compound was hydrogenated to compound 89 in very good yield (88%) and the
obtained amine was reacted with modified squaric acid 80, synthesised using a
literature procedure.®® The deprotection of the hydroxyl group in compound 82

afforded the desired squaramide catalyst 83 in 85% vyield (Scheme 13).
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Scheme 13. a) TBAF, THF, 1h, 90%; d) 3-Nitro-5-(trifluoromethyl)benzoic acid, EDC.HCI,
DMAP, CH2Clz, 0 °C to rt, overnight, 93%; c) Pd/C 10%, Hz, 50 psi, AcOEt, 50 min; d) 3,5-
Bis(trifluoromethyl)phenyl isothiocyanate, CH2Clz, rt, 1h, 47%; e) Pd/C 10%, Hz, 50 psi,
AcOEt, 50 min 88%; f) 46, CH2Cly, r.t, 48 h, 79%.
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2.2.2 Organocatalysts derived from (+)-camphoric acid

The (1R,3S9)-1,2,2-trimetilciclopentane-1,3-dicarboxylic acid, IUPAC name of (+)-
camphoric acid, is a white solid obtained from oxidation of camphor with nitric

acid in the presence of iron (ll) sulfate (Scheme 14).%

FeSO4/HNO3 COOH
H,0, refluxo, 30h COOH
¢}
84 85

Scheme 14. Synthesis of (+)-camphoric acid

(+)-Camphoric acid was isolated for the first time by Vauquelin, a French
pharmacist, but was Van ‘t Hoff who firstly proposed its molecular structure and
optical properties, in 1874. It is an inexpensive source of chirality and readily
available in both enantiomeric forms. The (+)-camphoric acid is used in the
pharmaceutical industry because, like camphor, it has a powerful stimulant effect
on the respiratory and vasomotor centres and on the heart itself besides it is an
excellent remedy against pathological sweats, such as those occurring in

pulmonary tuberculosis.5?

Several works have been reported using chiral ligands derived from camphoric
acid for enantioselective metallic catalysis with good results, namely in
alkylation®3%4, ketone reduction®® or trimethylsilylation®. Camphor derivatives
have already been used in organocatalysis with good results®’-"°.

Therefore, we decided to synthesise 1,3-diamine bifunctional thiourea and
squaramide organocatalysts derived from (+)-camphoric acid. The aim was to
assess the applicability of (+)-camphoric acid as a stereo directing group in the
reactions studied, the role of the amino group and the relevance of the 1,3-

diamine functionality.
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The effect of the other thiourea substituent was also studied. Finally, we

compared the effect of having a thiourea or a squaramide in the catalyst structure.

Diamine 86 was prepared from commercial (+)-camphoric acid through a Curtius
rearrangement, following a literature procedure®, and this diamine could be easily
converted into several organocatalysts. Thioureas 87 and 88 were obtained by
the reaction of 3,5-bis(trifluoromethyl)phenyl isocyanate or phenyl isocyanate,
respectively, with an excess of diamine 86 in dichloromethane at room
temperature. Squaramide 89 was prepared by reaction of diamine 86 with the

modified squaric acid 81 (Scheme 15).

HOOC'.,éiom-l a) HZN,“éin b) RHN:.,&NH
—_— —
78% 2

85 86 87-88
N OMe ) R=
o H
)i O Re N N
FsC O g © \©/ \n/
FSC H H CF3
N N, 87,63% 88,51%
Ji\[ ""NH,
F4C o] o 89

Scheme 15. a) NaNs, H2S04, CHCIs, 55-60 °C, overnight, 78%; b) 3,5-
Bis(trifluoromethyl)phenyl isothiocyanate 63% or phenyl isothiocyanate 51%, CH2Cl2, rt,
0.5 h; c) 45, CH2Clz, r.t, 48 h, 55%.

The synthesis of organocatalyst 92 was attempted from diamine 86 via two
additional steps (Scheme 16). The least hindered amino group was selectively

protected with the Boc group and the remaining free amine was reacted with
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isothiocyanate to obtain thiourea 91 in 90% vyield. Finally, an attempt was made
to remove the Boc group with trifluoroacetic acid, but the product 92 was obtained
in residual quantity showing that with our compounds it was not possible to

remove the Boc group in good yields in the presence of a thiourea.

NH NH, N H
N PN 2 ) BocHNu, NG ) BocHN,, X NTN\Q/CFS
90

86% 90% S

86 91 CF,

K
H H
HoN,,, \\\NTN CF3
SN
92 CFs

Scheme 16. a) Boc20, Na:COsz, THF:H:0 (2:1), 0 °C to rt, 24 h, 86%; b) 3,5-
Bis(trifluoromethyl)phenyl isothiocyanate, CH2Clz, rt, 1h, 90%; c) TFA, CH2Cl2, 0 °C to rt,
30 min.

The organocatalyst 95 with a dimethylated amine in its structure was also
synthesised. According to the literature’ "2, it would be possible to obtain the
desired compound in one step by reductive amination of organocatalyst 87
already synthesised using 40% aqueous formaldehyde and sodium
cyanoborohydride in dichloromethane. After 6 hours a saturated solution of
sodium hydrogen carbonate was added, however the product was not formed.
We decided to change the synthetic procedure, however using formaldehyde,
sodium cyanoborohydride and acetic acid the product was not obtained.
Therefore, the reducing agent was changed to sodium borohydride, more harsh
than sodium cyanoborohydride, but only the monomethylated amine was
obtained in low yield. This compound reacted again with formaldehyde, sodium
borohydride and acetic acid but the desired product was not obtained. Probably
the problem was the steric hindrance in the compound once it has the thiourea

moiety and two methyl groups in its structure (Scheme 17).
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Therefore, a different approach was then used, and a new synthetic sequence
was established in order to prepare the organocatalyst 95. Dimethylation of
compound 90 with methyl iodide in acetonitrile at 50 °C in a sealed tube, using
potassium carbonate as base, provided compound 93.

The Boc protecting group was then removed with TFA to afford the salt 94, which
was reacted with the corresponding isothiocyanate in the presence of potassium

carbonate to give the desired catalyst 95 in 43% yield (Scheme 17).

H H H o H \
F3C N\H/N,,. \\NHZ F3C N\H/Nll' \\\N\
S one S
CFs o CFs 95
0)143%
\N \
N— ® N—
BocHN.,,ésNH2 a)  BOCHN ) B Hsté;
80% Quantitative yield
920 93 CF3C00 " g4

Scheme 17. a) CHsl, K2COs, CH3CN, 50 °C, 3h, 80%; b) TFA, CH2Clz, 0 °C to rt, 30 min,
guantitative yield; c) 3,5-Bis(trifluoromethyl)phenyl isothiocyanate, K2COs, CH2Clz, rt,
1h, 43%.

Sulfonamide 96, another organocatalyst, was prepared from diamine 86 and tosyl
chloride following a literature procedure.®® (8S,9S)-9-isothiocyanate-(9-deoxy)-
epiquinine 97, synthesised from quinine,*® have been used as a substrate in some
organocatalysts with good results.”>-’® Therefore, the condensation of compound

97 with an excess of diamine 86 afforded the organocatalyst 98 (Scheme 18).
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98

Scheme 18. a) TsClI, EtOH, 0 °C to rt, overnight, 32%; b) Quinine isothiocyanate 96,
CH:Clz, overnight, 73%.

2.3 Conclusion

The principal aim of this chapter was the synthesis of organocatalysts derived
from inexpensive and natural sources of chirality. Eight organocatalysts derived
from L-tartaric acid and seven organocatalysts derived from (+)-camphoric acid
were synthesised.

The synthesis of the cyclic bis-thiourea 50 derived from L-tartaric acid was not
achieved, because the thiourea formation step was not successful. However,
important knowledge was acquired to design synthetic strategies for the synthesis
of the new class of mono- or bis- thioureas and squaramide organocatalysts in
moderate to excellent yield.

A novel type of 1,3-diamine-derived bifunctional thiourea and squaramide
organocatalysts based on (+)-camphoric acid has also been developed. The new
catalysts were easily prepared in a few steps from readily available reagents, with
moderate to good yield, in a flexible approach that facilitates their structure

modification.
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The synthesised organocatalysts will be applied in different types of asymmetric

catalytic reactions and the results will be presented in the next chapters.
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Michael Addition Reaction

Abstract

The 1,3-diamine-derived bifunctional thiourea and squaramide organocatalysts
derived from (+)-camphoric acid were tested in asymmetric Michael additions of
1,3-dicarbonyl compounds to several trans-B-nitrostyrenes. Yields up to 98% and
enantiomeric excesses up to 74% and high diastereoselectivities, when
applicable (dr up to 93:7), were obtained in these reactions showing that 1,3-
diamine bifunctional thioureas derived from (+)-camphoric acid are promising
chiral structural motifs for this catalytic reaction. The organocatalysts derived from

L-tartaric acid were not effective for the Michael addition reaction.

3.1 Introduction

The Michael reaction is one of the most important synthetic tools and represents
one of the most powerful and efficient methods for carbon-carbon bond formation.
This reaction was discovered in 1887 by Artur Michael.”” It is described as a
reaction between a nucleophile (Michael donor) and an electron deficient alkene
(Michael acceptor), catalised by a base, creating a new covalent bond between

them, the Michael product, as depicted in Scheme 19.

EWG

EWG
GWE”  EWG + W _Base  GWE

EWG

Michael donor Michael acceptor Michael product

EWG = electron-withdrawing group

Scheme 19. General scheme for Michael reaction
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There are other types of Michael addition reactions such as phospha-Michael,
oxa-Michael, thio-Michael, sulfa-Michael and aza-Michael reactions, that promote
the corresponding carbon-heteroatom bond formation and are known as hetero-

Michael reactions.”

The Michael reaction can be an important process for a stereoselective C-C bond
formation since it can result in optically active products that are often key
intermediates in the preparation of a large number of pharmaceutical compounds.
Therefore, during the last decades, great efforts have been made to develop
organocatalytic asymmetric Michael reactions and the asymmetric control of this
reaction has been achieved with organocatalysts prepared from inexpensive
components such as diamines,’”*® amine-thioureas®>® and Cinchona
derivatives.%-%

The development of chiral bifunctional hydrogen-bonding organocatalysts, which
can activate nucleophiles and electrophiles at the same time, have emerged as
powerful organocatalysts. Since the pioneering work of Sigman and Jacobsen,8
Schreiner and Wittkopp,?® and Takemoto et al,303299100 hifynctional amine-
thioureas have become some of the most versatile catalysts for many
enantioselective reactions; in general, the 1,2-diamine moiety is present in
several efficient bifunctional organocatalysts. Despite their large utility, these
organocatalysts are derived from a very limited range of chiral structural scaffolds
such as cyclohexane-1,2-diamine, 1,10-binaphthyl-2,20-diamine or cinchona
alkaloids (Figure 25).7

The bifunctional aminothiourea organocatalysts 16, 99 and 100 developed by
Takemoto were applied to a wide range of diastereo- and enantioselective
reactions: Michael reaction of 1,3-dicarbonyl compounds with nitroolefins, aza
Henry reaction of nitroalkanes with N-Boc imines and hydrazination of cyclic B-
keto esters (Figure 25).308299100 A pifunctional 1,2-diamine thiourea

organocatalyst derived from cyclohexane-1,2-diamine 101 was used by Yan for
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the conjugate addition of aldehydes and ketones to nitroalkenes (Figure 25).10!
Highly efficient Michael reactions of malonates with nitroalkenes catalysed by
novel chiral thioureas derived from optically pure BINOL 102 were reported by
Liu'°2 and cinchona alkaloid-derived thioureas 103 were used as the bifunctional
catalysts for the same transformation. %3

CF

3 CF3 CF3
S S S Ph
A A L en
F3;C N N F3;C N N F4C N N
H H H H H H
/N\ /N\ /N\
16 99

100

Takemoto's catalysts?® %1%
up to quantitative yield
up to 94% ee

N
©\ JSL OO CF, OMe
e N/}H H 5
NH, Ph 77/N FsC " /U\
101 & D/CFs 3 : \ X

N
HoH LN
102 103
) FaC
Yan's catalyst'®’ Liu's catalyst'®? Zhao's catalyst'®
up to 98% yield up to 95% yield up to 99% yield
up to 98% ee up to 97% ee up to > 99% ee

Figure 25. 1,2—diamine derived bifunctional thiourea organocatalysts reported in the
literature.
Although the organocatalysts derived from these chiral structural motifs have
been successfully applied in the Michael addition reaction, it is crucial to explore
efficient alternatives to be applied in this reaction because these classes of chiral
and stereodefined 1,2-diamines readily available from the chiral pool are limited.
In this chapter, we proposed to evaluate two different types of organocatalysts —
1,3-diamine organocatalysts derived from (+)-camphoric acid and the

organocatalysts derived from L-tartaric acid.
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3.2 Results and Discussion

3.2.1 1,3-Diamine organocatalysts derived from (+)-camphoric acid
for asymmetric Michael addition

After a revision of the literature, it was possible to understand that efficient 1,3-
and 1,4-diamine thioureas have been less explored than 1,2-diamine thioureas.
Self-assembled proline and 1,3-diamine thioureas 104, used as cocatalyst,'
complex and synthetic challenging chiral cyclobutane containing 1,3-diamines!®
105 and ferrocene-based bifunctional amine thioureas®%1°’ 106 and 107 were
applied to Michael addition of 1,3-dicarbonyl compounds and aldehydes to
nitroolefins (Figure 26). Bifunctional 1,3-diamine thiourea and squaramide
organocatalysts derived from camphor 108 and 109 (Figure 26) were also used
for the same transformations; however, these organocatalysts required five to
nine synthetic steps.t”"° Likewise, 1,3-diamine-tethered guanidium/bisthiourea
organocatalysts 110 have been used in Michael reactions between 1,3-dicarbonyl
compounds and nitroolefins,'® and in the enantioselective phospha-Michael
addition of diphenyl phosphonate to nitroolefins (Figure 26).1°

The lack of 1,3-diamine thiourea organocatalysts encouraged us to further
investigate the structure/activity relationship of the bifunctional amine-thioureas
and to probe the efficacy of 1,3-diamine thioureas as catalysts (Figure 27).
Firstly, we examined the efficacy of our synthesised bifunctional 1,3-diamine
thioureas in the Michael reaction between different Michael donors 11l1a-f and
trans-B-nitrostyrene 112a using organocatalyst 87, that was more simple and

easy to synthesise, following the literature conditions,Table 1.4167:100.101,110,111
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Figure 26. 1,3- and 1,4-diamine thiourea organocatalysts reported in the literature
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Figure 27. Synthesised organocatalysts derived from (+)-camphoric acid
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Table 1. Michael substrate study

R H H
FsC N__N,,
x_NO, Catalyst87 NO, \[]/
Michael Donor (R) + ©/\/ Latalystof s NH,
87

111a-f 112a 113a-f CFs
Loading of
Entry2 Michael Donor Solvent | Additive | catalyst Yield® (%) ee (%)
(%mol)
0
1 H)H/ CHCIs3 DMAP 20 31 22 (S)
111a
o~
Et Et
2 020111502 Toluene EtsN 10 No Product
oy
3 N CH2Cl2 - 20 54 rac
111¢
o O
4 )J\/U\ Toluene - 5 61 19 (R)
111d
9 1,2- Benzoic
5 )K ] ] 15 No Product
111e Dioxane acid
o)
6 ph)J\ CH2Cl2 - 15 No Product
111f

2All reactions were performed at 25°C for 24h, except with substrate 111c which reaction time was 66h and substrate 111f which
was 96h.
blsolated Yield

°Determined by HPLC on a chiral column (the full conditions are described in the experimental procedures chapter)
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The obtained results are presented in Table 1 and show that our organocatalyst
is able to promote the Michael reaction with some Michael donors such as
isobutyraldehyde 11la and acetylacetone 111d in moderate yield and
enantioselectivity (entries 1 and 4). With Michael donors 111b, 111e and 111f it
was not possible to obtain the Michael addition product (entries 2, 5 and 6) and
using indole 111c as a donor the Friedel-Craft alkylation gave the desired product
but without selectivity (entry 3).

The most promising results were obtained with acetylacetone (entry 6 vs. entries
1-5) giving the desired Michael product 113d in 61% of yield and 19% of ee, using
only 5 mol% of catalyst (Table 1, entry 4). Therefore, we decided to use this
Michael donor for the optimisation of the reaction conditions, including
organocatalyst, solvent and temperature.

Thereby, in order to optimise the reaction conditions, the synthesised
organocatalysts present in Figure 27 were evaluated in the Michael reaction of
acetylacetone 111d and trans-B-nitrostyrene 112a in toluene at 25 °C for 24 h.

The obtained results are presented in Table 2.
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Table 2. Screening of catalysts

O o o NO, 0O O
M+ Ej/V Catalyst (5 mol%)
Toluene, 25°C, 24 h O,N
Ph
111d 112a 113d
Entry? Catalyst Yield® (%) ee’ (%)
1 87 61 19 (R)
2 88 22 19 (R)
3 89 61 14 (R)
4 91b 69 Rac
5 95 14 5(R)
6 96 26 14 (R)
7 98 82 45 (S)
8P Schreiner Thiourea 84 Rac

2Performed on trans-B-nitrostyrene 112a (0.14 mmol) and acetylacetone 111d (0.28 mmol, 2 eq.) at room

temperature for 24 h in toluene (0.37 mL) using 5 mol% of catalyst

The use of EtsN was necessary
‘Isolated Yield

4R Enantiomer was determined by HPLC Chiralpack AD-H column at 205 nm (hexane/iPrOH = 90/10, 1
mL/min tr(minor) = 10.9 min, tr(major) = 14.5 min). and S Enantiomer was determined by HPLC with
Chiralpack AD-H column at 205 nm (hexane/iPrOH = 90/10, 1 mL/min tr(major) = 10.9 min, tr(minor) = 14.5

min).

All the organocatalysts tested were efficient for this catalytic transformation, with
yields ranging from 14% to 82%. The presence of CF3 groups played a decisive
role in the formation of the product (entry 1 vs entry 2), probably because these
groups make the thiourea more efficient in the activation of the electrophile.!?

A racemic product was obtained with catalyst 91, suggesting that the amino

functionality is important for enantioselectivity induction (entry 4). In this case, for

the formation of product the use of triethylamine was required.
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A low yield (14%) of the product was obtained with the dimethylated catalyst 95,
which shows that the presence of a free amino group is important for the formation
of the product (entry 5 vs entry 1). Organocatalyst 98 was the best one for this
reaction, both in terms of yield (82%) and enantioselectivity (ee 45%) (entry 7 vs.
entries 1-6). The quinine moiety provided a large conformationally restricting
skeleton that appears to be beneficial for chiral induction. The enantiomer S was
the major product using catalyst 98 by contrast with other catalysts which afforded
the enantiomer R, probably due to the configuration of C8 (S) and C9 (S) of the
quinine-derived isothiocyanate 97.

Although it will be necessary more precise mechanistic studies a possible
transition state representing the addition of acetylacetone to trans-p-nitrostyrene
in the presence of organocatalyst 98 is proposed in Figure 28. The thiourea
moiety present on the catalyst interacts with the nitro group of the nitroalkene
through hydrogen bonding and at the same time, the primary amine of the catalyst
deprotonated an acidic proton of the acetylacetone generating a ternary complex.
The Re-face approach of the nitroolefin accounts for the observed absolute S
configuration of the conjugate adduct. All the other catalysts afforded the R
Michael products. Additionally, the synergistic steric hindrance from the chiral
guinine moiety of organocatalyst 98 may be responsible for the increased

stereocontrol of the Michael addition reaction.

Schreiner catalyst afforded the product in high yield (84%) but as a racemic

mixture, as expected (entry 8).

53



Chapter 3

Re face attack

Figure 28. Proposed transition state

Using the best organocatalyst 98 the effect of the solvent was tested in this
reaction. The results are presented in Table 3 and reveal that reactions generally
proceeded with moderate to excellent yields (63-89%) and good enantiomeric
excess (ee 44-68%).

The best yields were obtained with polar aprotic solvents, CH3;CN and AcOEt
(Table 3, entries 4 and 9). With polar protic solvents, such as methanol, the
product was obtained with a high yield but low enantiomeric excess (entry 5).
When the reaction was performed using acetylacetone as the solvent the
consumption of the nitroalkene was very fast, in two hours (entry 10). In terms of
enantioselectivity, the best solvents for organocatalyst 98 were found to be
chlorinated solvents (entries 2 and 3). However, chloroform provided the desired
product in a higher ee, 68%, and for this reason it was chosen as the solvent for
this catalytic reaction. Performing the reaction at 0°C the enantioselectivity slightly

increased but with a decrease in the yield (entry 11).
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Table 3. Optimization of the reaction conditions for the Michael Reaction

o) 0 X NO, o) 10
PP ©N 98 (5 mol%) &‘\
N Ph

Solvent, 25 °C, t 0,

111d 112a 114a
Entry? Solvent t (h) Yield ee? (%)
(%)
1 Toluene 24 82 45
2 CHCl 16 78 60
3 CHCls 19 80 68
4 CH3CN 24 88 50
5 CH3OH 3 82 18
6 THF 24 84 44
7 1,4-Dioxane 24 78 52
8 Et.O 4 63 48
9 AcOEt 24 89 57
10 Acetylacetone 2 73 57
11° CHCls 24 72 71

2performed on trans-B-nitrostyrene 112a (0.14 mmol) and acetylacetone 111d (0.28 mmol, 2 eq.) at room
temperature for 24 h in different solvents (0.37 mL) using 5 mol% of catalyst 98

The reaction was performed at 0 °C

‘Isolated Yield

dDetermined by HPLC with Chiralpack AD-H column at 205 nm (hexane/iPrOH = 90/10, 1 mL/min tr(major) =

10.9 min, tr(minor) = 14.5 min).

To evaluate the scope of the catalyst 98, a series of trans-B-nitroalkenes were
reacted with acetylacetone under the best reaction conditions (room temperature

and CHCl; as solvent). The results are presented in Table 4.
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Table 4. Variation of nitroalkenes 112a-e in reactions with acetylacetone (111d)

0O o o o HN
)J\/u\ . R/\/Noz 98 (5 mol%) S ﬁj
CHCls, 25 °C, 19 h é\)\ JLN\\\
02N R 5 H

111d 112a-e 114a-e 98
Entry? R Product Yield® (%) ee® (%)

1 Ph (112a) 114a 80 68

2 p-MeO-Ph (112b) | 114b 97 66

3 p-CI-Ph (112c) 114c 68 65

4 0-Cl-Ph (112d) 114d 88 73

5 2-furyl (112e) 114e 91 56

aPerformed on nitroalkene 112a-e (0.14 mmol) and acetylacetone 111b (0.28 mmol, 2 eq.) at room temperature
for 19 h in CHCIs (0.37 mL) using 5 mol% of catalyst 98

blsolated Yield

“Determined by HPLC on a chiral column AD-H (for more details please see the Experimental Procedures
chapter)

All nitroalkenes showed good yields (68-97%), nonetheless, a moderate
decrease was observed in the presence of electron-withdrawing substituents in
para position of the aromatic ring (entry 3). The best ee was obtained for o-
chlorophenyl substituted B-nitroalkene (entry 4) and the worst was obtained with
the furyl substituted B-nitroalkene (entry 5). In all cases, the absolute
configuration of the major enantiomer was assigned as (S) by comparison of the

retention times with reported values.®’

With optimal conditions in hand, the substrate scope of the enantioselective
Michael addition reaction of 1,3-diketones or B-keto esters and nitroalkenes 115a,
115b and 115c using compound 98 as chiral organocatalyst was investigated,

the results are presented in Table 5.
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Table 5. Variation of nucleophile 115a-c in reactions with nitrostyrenes 112a, b and ¢

0 0_0
M + R N0, 98 (5 mol%) R4
R Rpw ™3 CHCl3, 25°C, 19h R Rz
R4 0N R,
115a-b 112a-c 116 a-f
Entry2 | Nucleophile Nitroalkene Product Yield® (%) drd eec (%)
T NO g
X 2 CO,Et 74 (R,S)
1 é/COZEt ©/\/ dg%\ 62 919
112a PH ™ NO, 36 (S,S)
115a major diastereomer 116a
(0] e} O (o]
N-NO: X 63 (R,R)
2 N 93 67:33
112a PH % NO, 69 (S,R)
115b major diastereomer 116b
0
i . NO
] 74 (S,S)
MeO 112b 25 (R,S)
115a MeO
major diastereomer 116¢
O
. NO,
71 (S,R)
4 é/coza J@N 08 93:7
Cl 23 (R,R
1154 112¢ (R,R)
O o
~-NOj 58 (S,R)
5 97 80:20
MeO 112b 47 (R,S)

115b

MeO

major diastereomer 116e
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2 o o NO, 36 (S)
6 é/K J@N ¥ Mo, 85 67:33
cl 41 (S)

115b 112¢
Cl

major diastereomer 116f

aperformed on nitroalkene 112a-c (0.14 mmol) and nucleophile 115a-b (0.28 mmol, 2 eq.) at room temperature for 19 h in CHCI3 (0.37 mL) using 5
mol% of catalyst 98.
bIsolated Yield

‘Determined by HPLC on a chiral column (for more details please see the Experimental Procedures chapter)

It should be noted that once again all reactions proceeded with good to excellent
yield (62-98 %), whilst mixtures of diastereomers were formed in all reactions. In
general, reactions using 2-oxocyclopentane-1-carboxylate 115a as nucleophile
provided higher diastereoselectivity and enantioselectivity than reactions using 2-
acetylcyclopentanone 115b (Table 5 entries 1, 3 and 4 vs. entries 2, 5 and 6).
Using nucleophile 115a it was observed that the presence of substituents on the
aromatic ring of the nitroalkene had not a significant influence on the
diastereoselectivity or the enantioselectivity of the products. However, the yield
increased with the presence of substituents on the aromatic ring of the nitroalkene
(entry 1 vs. entries 3 and 4). Using nucleophile 115b the presence of para-
electron-donating  substituents in  the nitroalkene increased the
diastereoselectivity (dr 80:20) (entry 5 vs. entries 2 and 6). On the other hand, the
enantioselectivity decreased with the presence of substituents on the aromatic
ring, especially with para-electron-withdrawing substituents (entry 2 vs. entry 6).
The absolute configuration of the obtained products was assigned based on a
comparison of the HPLC chromatograms with those reported in the
literature.®”113114 Compound 116f has not been previously described, therefore
the absolute configuration of the diastereomeric mixture was determined by

measuring its specific rotation and comparing it with the described compounds of

58




Michael Addition Reaction

the same family.®” The specific rotation of the compound 116f was [a]4°= +10.53
(c 0.3, CH.Cl;) and these compounds with (+) specific rotation have (S)
configuration, therefore we assumed that the absolute configuration of the

diastereomeric mixture 116f is (S) at the newly created asymmetric centre.

3.2.2 Organocatalysts derived from L-tartaric acid for asymmetric

Michael additions

The principal aim of this chapter was the development of new chiral structural
scaffolds that could be used in the Michael addition reaction. After a revision of
the literature, we realised that the use of the catalysts derived from L-tartaric acid
for Michael addition reactions is very rare. Chiral amines derived from L-tartaric
acid were used in the Michael addition reaction of cyclohexanone to trans-B-
nitrostyrene with high diastereoselectivity (syn / anti = 92:8) and moderate ee
(syn: 30 %).11° The aminodiol derived from natural L-tartaric acid 117 was reacted
with LiAlHs (Scheme 20) and used as heterobimetallic catalyst to promote
asymmetric Michael additions of malonic esters, thiophenols and nitroalkanes to
cyclic and acyclic enones with excellent yields (95-98%) but low enantiomeric
excess (5-32%).116

HO.

D,
Ho ph —LiAHs _ Li-A117
THF, 0°C

117 118

Scheme 20. Synthesis of heterobimetallic catalyst

Chiral phase transfer catalysts derived from proline, mandelic acid and L-tartaric
acid 119-124 (Figure 29) were also used in the enantioselective Michael reaction
between various malonate esters and benzalacetophenone with good results
(yields up to 97% and ee up to 94%).1/
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oo oF {5,

119 n=1, X=Br 121 n=1, X=Br 123 n=1, X=Br
120 n=2, X=Br 122 n=3, X= Br 124 n=2, X= Br

Figure 29. Chiral phase transfer catalysts 117

Thereby, we decided to apply some of the synthesised organocatalysts derived
from L-tartaric acid, bearing a thiourea moiety in their structure, in the

enantioselective Michael addition (Figure 30).

OH OH
Mer:O Meoj:ot
H H H H
Me0”> 0™ NTN\Q/CH MeO”= 0" ™ NTN\Q/C%
S S
FaC cr,  OF3 F3C/©\CF3 CFa
65

66

Figure 30. Synthesised organocatalysts derived from L-tartaric acid.

To evaluate the efficiency of organocatalysts derived from L-tartaric acid in the

Michael addition reaction we applied the catalyst 65 in the reaction between
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different Michael donors 11la-c and trans-B-nitrostyrene 112a following the
literature conditions expressed in Table 6,10:101.111

Table 6. Michael substrate study

OH
Meoj:O
H
A N
x_NO, Catalyst 65 NO, S
Michael Donor (R) + CF
FsC CF4 s
111a-c 112a 113a-c 65
Loading of
Entry2 Michael Donor Solvent | Additive | catalyst Yield® (%) ee (%)
(%mol)
o)
1 H)H/ CHCls DMAP 20 7 6 (S)
111a
P
Et Et
2 06" €O Toluene | EtN 10 46 16 (S)
111b
Co
3 N CHzCl2 - 20 48 32 (S)
11c

2All reactions were performed at 25°C for 24h, except in case of substrate 111c that reaction time was 66h
bThe use of EtsN was necessary

CIsolated Yield

9Determined by HPLC on a chiral column (The complete conditions are described in the experimental procedures chapter)

The obtained results are presented in Table 6. All Michael donors were converted

into the product, nonetheless, isobutyraldehyde 111a proved not to be a good

Michael donor giving the product in low yield (7%) and ee (6%, entry 1).
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The results obtained with Michael donors 111b and 111c were promising,
affording the catalytic product in moderate yield, 46% and 48%, respectively, and
moderate ee (16% and 32%, respectively) (entries 2 and 3). In order to improve
the results, the organocatalysts 66 and 70 were tested in this reaction.

The organocatalysts derived from L-tartaric acid were tested in the Michael
reaction of diethyl malonate 111b and trans-B-nitrostyrene 112a (the use of
triethylamine was required), in dichloromethane at 25 °C for 48 h. The obtained

results are presented in Table 7.

Table 7. Screening of catalysts using diethyl malonate 111b as Michael Donor

§
+
Et0,C” “CO,Et @N

Et0,C.__CO,Et

NozThiourea catalyst NO,

111b 112a 113b

Entry? Catalyst Yield® (%) ee’ (%)
1 65 46 16 (S)
2 66 50 12 (R)
3 70 No Product

aperformed on nitroalkene 112a (0.19 mmol), diethyl malonate 111b (0.37 mmol, 2 eq.) and EtzN (0.02 mmol,
0.1 eq.) at room temperature for 48 h in Toluene (1 mL) using 10 mol% of catalyst.

blsolated Yield

°Determined by HPLC with Chiralpack AD-H column at 254 nm ((Hexane/iPrOH = 90/10, 1 mL/min tr = 10.9

min, tr = 14.5 min).

The obtained results show that the bis-thiourea 70 was not able to catalyse this
transformation, probably the presence of two thioureas caused steric hindrance
and difficulted the formation of the transition state (Table 7 entry 3 vs. entries 1
and 2).
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Organocatalysts 65 and 66 gave the desired Michael product in moderate yield
and low ee (entries 1 and 2), but it should be noted that, although this type of
catalysts is not efficient for Michael reaction, the stereochemistry of the
organocatalyst influenced the stereochemistry of the product (entries 1 and 2).
Opposite configurations in the asymmetric centre vicinal to the thiourea moiety
favoured the formation of opposite enantiomers of the product, albeit with low ee.
The synthesised organocatalysts were also tested in Friedel-Crafts alkylation of
indole 111c with trans-B-nitrostyrene acceptor 112a in dichloromethane at 25 °C

for 72 h. The results are presented in Table 8.

Table 8. Screening of catalysts in Friedel Craft Reaction

Ph
N0, Thiourea catalyst N\
N H
H
111c 112a 13c
Entry® Catalyst Yield® (%) ee® (%)
! 65 48 32(S)
2 66 43
rac
3 70 89

aPerformed on nitroalkene 112a (0.19 mmol), diethyl indole 111c (0.29 mmol, 1.5 eq.) at room temperature
for 72 h in CH2Cl2 (1 mL) using 20 mol% of catalyst.

blsolated Yield

‘Determined by HPLC with Chiralpack AD-H column at 254 nm ((Hexane/ iPrOH = 90/10, 1 mL/min tr =
44.4 min, tr = 49.4 min

All organocatalysts afforded the desired product in moderate to good yield, up to
89%. However, only thiourea catalyst 65 provided the compound 113c

enantioselectively (ee 32%), albeit the catalyst 66 is very similar to this one, it

63



Chapter 3

afforded the desired product without selectivity, which probably indicates the
importance of the S configuration of the asymmetric centre vicinal to the thiourea

to induce selectivity.

Interestingly, with organocatalyst 70 the product was obtained in 89% yield (Table
8 entry 3), in this case the presence of the bis-thiourea was important. However,
the low enantioselectivity in the presence of the three organocatalysts suggest
that they need further structural tuning to be successfully applied in these Michael
reactions. Organocatalyst 70 lacks asymmetric centres vicinal to the thioureas
and this might be one of the reasons for obtention of the racemic product (entry
3).

3.3 Conclusion

The organocatalysts derived from (+)-camphoric acid were successfully applied
on the enantioselective Michael addition of 1,3-dicarbonyl compounds to trans-3-
nitrostyrene acceptors. The organocatalyst 98 provided the chiral product in high
yields (up to 98%), good enantioselectivities (ee up to 74%) and high
diastereoselectivities, when applicable (dr up to 93:7). These results suggest that
1,3-diamine-derived bifunctional thiourea organocatalysts have potential for the
application in Michael additions. The (+)-camphoric acid moiety has clearly an
influence in the stereoselective outcome of the Michael reactions studied,
however by changing the other substituent it was possible to tune the catalyst in
order to obtain either the R or S product. Quinine-derived moiety in catalyst 98
induced the formation of the S Michael adduct, showing that this group also

participated in the stereocontrol of the reaction due to its bulkiness and probably
due to the presence of additional stereocentres.

Through this approach, it was possible to prove that 1,3-diamine-derived

bifunctional thiourea and squaramide organocatalysts are capable of promoting
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the enantioselective Michael addition of 1,3-dicarbonyl compounds to trans-B-
nitrostyrene acceptors, although the obtained results were not excellent.

The organocatalysts derived from L-tartaric acid have not provided good results
in Michael and Friedel-Crafts reactions. In the Michael reaction of diethyl
malonate with trans-f-nitrostyrene catalysed by the thiourea organocatalysts 65
and 66 the stereochemistry of the catalyst influenced the stereochemistry of the
product. Thereby, even though the enantiomeric excesses were low, by tuning
the catalyst it was possible to obtain either the R or S product. The organocatalyst
70 is not effective in the enantioselective Friedel-Crafts reaction, catalysing the
transformation without differentiation of the enantiotopic faces of the substrate
and thus resulting in a racemic product. Using the organocatalyst 65 it was
possible to obtain the product with 32% ee, proving the importance of the
presence of asymmetric centres vicinal to the thioureas, namely with S

configuration.
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Glycosylation Reaction

Abstract

The synthesised organocatalysts derived from L-tartaric acid were able to activate
glycosyl phosphates and glycosyl thrichloroacetamidates, in a cooperative
phenomenon with Brgnsted acids, for stereoselective nucleophilic substitution
reactions with broad functional group compatibility under mild conditions. The
influence of different functional groups and the proximity of the asymmetric centre
to the catalytic important atoms for the stereoselective outcome of the
glycosylation reactions was studied. Bis-thiourea 75 promoted the formation of
1,2-cis glycosides in 41- 85% yield and high diastereoselectivity (up to a: 83:17)
from glycosyl phosphates and 1,2-trans glycosides in 33-58% vyield and high

diastereoselectivity (up to B:a 82:18) from glycosyl thrichloroacetamidates.

4.1 Introduction

Carbohydrates can be defined as mono-, oligo- and polysaccharides,*® they are
the most abundant class of biomolecules and exhibit a colossal structural and
function diversity.11%120 This class of molecules are present in all living organisms
and for this reason they have an important role in many biological processes,
such as cellular respiration, cell-cell interaction and adhesion, in modulating
transcription and complex signal transduction cascades, inflammation and post-
translational modifications.*?* These numerous roles have led carbohydrates to
be key compounds for drug and vaccine development and in the development of
diagnostic tools. They are also important in materials science, one example is
that certain alkyl glycosides have potential as biodegradable surfactants.?2

Due to this great importance, a huge effort has been employed to develop new
methods and strategies for the chemical synthesis of glycomolecules, mainly in

the stereo and regioselective formation of glycosidic bonds.
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The chemical synthesis of carbohydrates typically involves a reaction between a
fully protected glycosyl donor with a leaving group at its anomeric centre and a
suitably protected glycosyl acceptor, which generally contains only one free
hydroxy group; this transformation is commonly named glycosylation reaction and
a new glycosidic bond is formed.?3

However, the details of this very important reaction remain not all understood,
except in the case of the neighbouring group participation, at C-2.124127 According
to the literature, the mechanism of glycosylation occurs as a continuum of
mechanisms possibly spanning the entire range between the pure S\2
(bimolecular) mechanism at the one extreme and the Syl (unimolecular)
mechanism with free oxocarbenium ions at the other, in other words, the reaction

mechanism is a mixture between Sy1 and Sn2 reactions (Figure 31).128
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Covalent species Contact ion pair Solvent-separated ion pair Solvent-separated ion pair  Contact ion pair Covalent species
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lNU lNu
>0 ~—0
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B- Glicoside product Nu

a- Glicoside product

Sn2 ¢ Snl » Sn2

Figure 31. Proposed general mechanisms for the glycosylation reactions'?8
The activation of a donor glycoside provides a series of reactive intermediates,
formed from the donor glycoside and the activator derived counterion. a- and (-

configured covalent reactive intermediates can be formed and these are in
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equilibrium with less stable and more reactive oxocarbenium ion-based

species.!?

The covalent species are displaced in a reaction mechanism having an
associative Sn2 character, while in the oxocarbenium intermediates the
nucleophile can attack either face opposite to the one shielded by the contact ion
pair (CIP) - Sn2-like mechanism - or both faces of the solvent separated ion pair
(SSIP; i.e. free oxocarbenium ion) - Sy1-like mechanism.

The stereoselectivity of the process depends on the reactivity of both reaction
partners: the donor and acceptor glycoside, and also on other parameters such
as the nature of the protecting groups, the reactivity of the promoter, the
temperature, the solvent used and the steric hindrance of the acceptor.

In the last years, alternative strategies have emerged and large attention has
been given to hydrogen-bonding catalysed glycosylations, mainly in thiourea

catalysis with organocatalysts designed to mimic glycosyltransferases.*?°

4.2 Results and Discussion

4.2.1 Cooperative catalysis with O-glycosyl trichloroacetimidates as

glycosyl donors

In 2013, Schmidt and collaborators reported cooperative catalysis in glycosylation
reactions with O-glycosyl thrichloroacetimidates as donors.*?® They proved that
the cooperative phenomenon between Brgnsted acids and hydrogen-bonding
cocatalysts, already used by this group in other catalytic reactions,*%13! was
possible in glycosylation reactions. They also showed that the use of Schreiner
thiourea as cocatalyst highly affects the reaction rate, yield and the selectivity of
glycosylations. The scope of the reaction was tested with different acceptors and

glycosyl donors, using bis-(4-nitrophenyl)phosphoric acid 126 as catalyst and
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Schreiner thiourea 14 as cocatalyst, with good yield and B selectivity (Scheme

21).
H
FsC N\n/N CF,
OBn \©/ S \©/ OBn
0 14 o)
B O CF3 CF3 -
Bho + ROH on > Bno' OR

BnO
O\(NH /©/o\%/o BnO
o)
125 CCly O,N NO, 127

78-91% yield
CHCl, a:p 1:4 to B only

Scheme 21. Cooperative catalysis between Schreiner thiourea and Brgnsted acids in
glycosylation reaction

The Schreiner thiourea facilitated the hydrogen-bond-mediated complex
formation between O-glycosyl trichloroacetimidate donors, acceptors and acid
catalysts. The authors also understood that acid—base-catalysed Sn2-type
glycoside bond formation is facilitated even at room temperature and in the
absence of anchimeric assistance.

Considering that Schreiner thiourea is an achiral compound, in Schmidt's study
the anomeric selectivity was determined essentially by the glycosyl donor and, in
the absence of directing groups, essentially by the configuration of the anomeric
centre. Thus, we decided to apply a series of chiral hydrogen-bond
organocatalysts 65, 66, 70, 75, 76 and 83 derived from L-tartaric acid, with a mono
and bis-thiourea moiety in their structure, and to test their ability as cocatalysts in
the cooperative glycosylation reaction with O-glycosyl thrichloroacetimidates as
donors (Figure 32).
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Figure 32. Organocatalysts studied in cooperative glycosylation reactions

At first, these thiourea organocatalysts were evaluated as cocatalysts in a model

cooperative glycosylation reaction between O-glycosyl trichloroacetimidate 125

as donor and isopropanol 128 as acceptor, using benzoic acid 129 as catalyst, in

dichloromethane at room temperature for 1 h. The obtained results are presented

in Table 9.

Table 9. Cocatalyst screening

OBn

0]

OH
OBn
129 o
Thiourea Cocatalyst.  BnO
- BnO
CHyCly 1h, rt BnO o

130

+ HO—<

Cely 128
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Entry? Cocatalyst Yield® (%) B:ac
1 - Residual Product
24 23 56:44
70

3 42 64:36
4 65 30 58:42
5 66 22 50:50
6 83 No product

7 75 47 77:23
8 76 45 70:30

2 performed on glycosyl trichloroacetamidate 125 (1 eq.), ProH 128 (2 eq.), benzoic acid 129 (15 mol%)
in CH2Cl2 (1 mL) at room temperature for 1 h using 15 mol% of cocatalyst.

b |solated Yield

¢ Determined by *H NMR

4 Without Benzoic acid

The experimental results show that when the reaction was performed without the
presence of thiourea as cocatalyst the product was formed in residual quantity,
giving hydrolised product (entry 1 vs entries 2-8). Conversely, using bis-thiourea
70 as cocatalyst without the presence of benzoic acid as catalyst the desired
glycosylated product was obtained in 23% of yield and selectivity f:a 56:44 (entry
2), so our thioureas are able to catalyse this transformation in the absence of
Brgnsted acids. However, when compound 70 was used combined with benzoic
acid in the glycosylation reaction the yield and selectivity increased (entry 2 vs
entry 3). The glycosylation reaction with compounds 65 and 66 as cocatalysts
afforded the product in lower yield and selectivity (entries 4 and 5 vs entry 3),
proving that mono-thioureas are less efficient for this reaction than bis-thioureas.
Using the squaramide mono-thiourea 83 the product was not obtained, revealing
that the presence of a thiourea moiety in the structure of the cocatalyst is

fundamental for the cooperative phenomenon (entry 6).
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The glycosylation reaction using bis-thioureas 75 and 76 as cocatalysts produced
an improvement in the results, both yield and selectivity (entries 7 and 8). The
difference between them is the configuration of one of the chiral centres however,
from the results obtained, we could conclude that this influence is not significant
for this reaction. Bis-thiourea 75 is the best cocatalyst for the cooperative
glycosylation reaction giving the desired product in 47% of yield and a :a ratio
77:23 (entry 7).

Generally, catalytic amounts of a strong Lewis acids, such as TMSOTf or
BFs;OEt,, are required for the activation of O-glycosyl trichloroacetimidates.
Probably, it is due to this fact that the bis-thioureas are more effective for this
transformation, they have two thiourea moieties and additionally more CF3
groups, which have been shown in the literature to influence the pKa value of the

thiourea.%?

To improve the results it was also important to test the influence of Bregnsted
acids. Thus, we performed the glycosylation reaction of O-glycosyl
trichloroacetimidate 125 and isopropanol 128, with different Brgnsted acids as
catalyst and bis-thiourea 70 as cocatalyst, which required less synthetic steps to
be prepared than bis-thiourea 75, in dichloromethane at room temperature for 1

h. The obtained results are presented in Table 10.

Table 10. Brgnsted acids screening

CF3
OBn OBn S
Brensted Acid Meo, | o
BnO O 15 mol% of 70 BnO 0 " N N CF3
B0\ + HO okl i BnOA—s /k H H
n 2Ll 1h, -
o) NH (0] MeO H (0] ‘ H
HNTN CF,
CCly 7
125 128 130 0 S \©/
CF3
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Entry? Brgnsted Acid Yield® (%) B:ac
(0]
1 OH 42 64:36
(@]
2 QAOH 59 64:36
O,N
(@]
3 OH 27 68:32
HO
OH
4 HO~p-OH 16 72:28
(o]
OB
5 ”0\5‘;/88” 47 69:31
(0]
2
6 o oH 33 75:25
O
O
7 )J\I(OH 53 71:29
(@)

aperformed on glucosyl trichloroacetimidate 125 (1 eq.), PrOH 128 (2 eq.), cocatalyst 70 (15 mol%) in
CH2Cl2 (1 mL) at room temperature for 1 h using 15 mol% of catalyst.
bIsolated Yield

°Determined by *H NMR

All the Brgnsted acids tested proved to be efficient for this catalytic
transformation, with moderate yields ranging from 16% to 58% and good
selectivities ranging from B:a 64:36 to B:a 75:25. Comparing the results obtained
with benzoic acid (pKa value 4.20) and substituted benzoic acid it is possible to
understand the importance of the pKa of the Brgnsted acid in the yield, the best

result was obtained using 4-nitrobenzoic acid (pKa 3.41) (entry 2 vs entries 1 and
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3). In terms of selectivity, no remarkable differences were observed. The worst
yield was obtained with phosphoric acid, probably because this acid has three
pKa values in solution, nevertheless, with this acid an improvement in selectivity
was observed (entry 4). Dibenzyl phosphoric acid was the tested acid with the
lower pKa value (1.53) and gave the product in higher yield (47%) (entry 5).
Although a-keto acids afforded the desired product in moderate yield they
provided the best B selectivity (entries 6 and 7). a-Oxo-2-furanacetic acid (pKa
2.02) afforded the glycosidic product in a ratio B:a 75:25, a good result for a
glycosylation reaction without the use of a glycosyl donor with participating
groups, which generally favours the formation of 3-glucosides.

Encouraged by these promising results, we decided to apply our best bis-thiourea
75 and the catalyst that afforded the best results, a-oxo-2-furanacetic acid, and
the best catalyst used in literature, bis-(4-nitrophenyl) phosphoric acid, in a model

glycosylation reaction. The results obtained are presented in Table 11.

Table 11. Stereospecific glycosylation reactions with catalyst 75 and using the best acids

H H
N

FiC TrN CF,
O
OBn OBn CF
o Brensted Acid o o Yo 3
BnO 15 mol% of 756 B
Bho + HO{ — Mmoo, B, MeO,,} O
BnO CH,Clp 1h, 1t BnO ™ H H
R N N CF
MeO”= 0 il 8
S
CF
FsC CFs3 s
75

O.__NH
CCly

125 128 130
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Entry? Brgnsted Acid Yield® (%) B:ac
2
1 o) OH 33 82:18
(o]

2 . oy O‘E/HOQNO 58 82:18

aPerformed on glucosyl trichloroacetimidate 125 (1 eq.), 'PrOH 128 (2 eq.), cocatalyst 75 (15 mol%) in CH2Cl2

(1 mL) at room temperature for 1 h using 15 mol% of catalyst.
blsolated Yield
°Determined by *H NMR

The experimental results show that the chiral bis-thiourea 75 influences the
selectivity. With this cocatalyst, the B:a ratio was improved compared to bis
thiourea 70 (B:a 82:18, Table 11). When the bis-(4-nitrophenyl) phosphoric acid
was used as a catalyst in the glycosylation reaction between O-glucosyl
trichloroacetimidate 125 and isopropanol 128, the yield improved to 58%,
probably due to the low pKa value (1.04) of this acid, and the anomeric selectivity
remained the same (82:18 B:a).

From the obtained results it was possible to conclude that our chiral synthesised
thioureas were efficient as cocatalysts in cooperative glycosylation reactions with
O-glucosyl thrichloroacetimidates as donors. In the studied model glycosylation
reaction the best combination was bis-thiourea 75 as cocatalyst and bis-(4-
nitrophenyl) phosphoric acid as catalyst giving the desired product in 58% of yield
and a 3 anomeric selectivity 82:18, using benzyl ether as protective group which
is a non-participating group. In the future it is important to test this cooperative
conditions with different donors, different leaving groups and different acceptors

for the best comprehension of the obtained results.
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4.2.2 Macrocyclic bis-thioureas catalyse stereospecific glycosylation

reactions

In 2017, Jacobsen and collaborators described the use of a macrocyclic bis-

thiourea derivative that was able to activate glycosyl chlorides (Scheme 22).%3

Cl 48h, rt or 40°C 133

131
62 - 88% yield

a:f 17:83 to B only

OBn OBn
o 5 mol% (R,R)-132 M
BnO
BTB(%O + ROH . BO(2eq) Bho
BnO o-dichlorobenzene BnO

(R R)-132

Scheme 22. Glycosylation of glycosyl chlorides using a macrocyclic bis-thiourea
organocatalyst (R,R)-13253

Mechanistic studies suggest that the reaction follows a stereospecific invertive
substitution pathway through a cooperative mechanism in which an electrophile
and a nucleophile are simultaneously activated to carry out a stereospecific
substitution reaction. To prove the efficiency of the macrocyclic bis-thiourea
organocatalyst (R,R)-132 the reaction was exemplified in the synthesis of trans-
1,2, cis-1,2, and 2-deoxy glycosides with good to excellent yields and [3-
stereocontrol.

Based on these excellent results we planned to synthesise a macrocyclic bis-
thiourea derived from L-tartaric acid containing several asymmetric centres and
the 9-atoms distance separating the two thioureas, equivalent to the Jacobsen
thiourea, for application in the glycosylation reaction of glycosyl chlorides.
However, as referred in chapter 2, it was not possible to synthesise this

organocatalyst.
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Therefore, we tested mono- and bis-thiourea organocatalysts derived from L-
tartaric acid in the glycosylation reaction. Firstly, mono-thiourea 65 was used as
an organocatalyst in a model glycosylation reaction between O-glycosyl chloride
131 as the donor and methanol 134 as the acceptor, using different additives in
toluene at room temperature for 48 h. The obtained results are presented in Table
12.

Table 12. Influence of catalyst loading and additive

OH
QBn OBn Meo., | o
BnO R Catalyst 65 BnO 0 J: H H
BnO +MeOH —————— Bl MeO" 0 N.__N CF;
BnO Additive BnO OMe z \n/ \©/
Cl Toluene, 48h, rt S
131 134 135
FsC CFs CFs
65
Entry? Catalyst Loading (mol%) Additive | Yield® (%) a:pe
1 5 No Product
Na:HPO,
2 10 No Product
3 20 K2CO3 No Product

apPerformed on glycosyl chloride 131 (1 eq.), CHsOH 134 (2 eq.), catalyst 65 in Toluene (1 mL) at room temperature for 48 h using
different additives (2 eq.)
blsolated Yield

°Determined by *H NMR

The experimental results showed that organocatalyst 65 was not able to activate
the glycosyl chloride 131, not even with a higher catalyst loading. Two types of
additives, used to neutralise the free HCI, were tested but unfortunately the
glycosylation product was not obtained.

In order to obtain the product, we decided to change for a carbohydrate acceptor
and studied the mono-thiourea organocatalyst 65 and the bis-thiourea

organocatalyst 70 in the glycosylation reaction of glycosyl donor 136, using
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potassium carbonate as additive in toluene at room temperature for 48 h. The

results obtained are presented in Table 13.

Table 13. Screening of catalysts

0Bn OBn OBn OBn
o) BnO. i O BnO.
BnO . HO 0 Thiourea Catalyst BnBonmo 0
BnO £n0 MeO K,CO3,Toluene Bho MeO
48h, rt
cl O\/\ o\/\
131 136 137
Entry? Catalyst Yield® (%) a:pe
1 65 No Product
2 70 No Product

aPerformed on glycosyl chloride 131 (1 eq.), acceptor 136 (2 eq.), K2COs (2 eq.) in Toluene (1 mL) at
room temperature for 48 h using 20 mol% of organocatalysts.

blsolated Yield

°Determined by *H NMR

Our synthesised thioureas were not effective to activate the glycosyl chloride, thus
we hypothesised that it would be required the presence of a macrocyclic bis-

thiourea for this type of glycosylation reaction.

4.2.3 Catalytic activation of glycosyl phosphates for stereoselective
glycosylation reactions

More recently, in 2019, Jacobsen reported the advantages of changing the
anomeric chloride leaving group to a phosphate leaving group. They
hypothesised, based on experimental results, that the catalytic efficiency with
complex coupling partners was limited by the low Lewis basicity of the chloride
leaving group.'® Furthermore, phosphate esters and anhydrides are nature’s

leaving groups of choice. Due to their kinetic stability, strong Lewis basic
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character and enabling specific enzymatic recognition no other residue appears
to fulfil the multiple roles of phosphate in biochemistry. However, in organic
chemistry phosphates are very rarely employed as leaving groups because
strong acidic conditions are required for their activation.**

Jacobsen’s group described a new strategy for the activation of phosphate
leaving groups in stereoselective glycosylation reactions using bis-thiourea
catalysts (Scheme 23).1%

CF3

BnOOBN

N AL
BnOOBN f” H

o}
BrO . Al)k 5 mol% 140, 4A MS Q o
n HO OMe BnO o
BnO ip 19h, 40° n /w H H
o .0 NHBoc r20, 19h, 40°C Bo L ome P FsC NN
Pho~F jg

OPh

138 139 141 0o NQ
. CF;
quant. yield \
o

3:97 140 "

Scheme 23. Glycosylation of glycosyl phosphates using a bis-thiourea organocatalyst
140

Jacobsen and collaborators have been inspired by the glycosyltransferases
mechanism, these enzymes operate through cooperative activation of both
nucleophile and a-glycosyl phosphate to produce B-glycosidic linkages (Figure
33). Their experimental results and mechanistic studies suggested that the
glycosylation catalysed by the macrocyclic bis-thiourea 140 involves the selective
promotion of a stereospecific Sx2 mechanism by the simultaneous activation of

the leaving group and nucleophile to afford 1,2-trans and 1,2-cis glycosides.>®
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OR Glycosyl
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0]

B-Glycoside

Figure 33. Enzymatic mechanism for enzymatic glycosylation reactions®?

Taking into consideration these results we studied a series of chiral hydrogen-

bond organocatalysts 65, 70, 83, 75, 76, 77 and 79 derived from L-tartaric acid in

this reaction (Figure 34). The aim was to assess the applicability of L-tartaric acid

as a stereo directing group in the activation of glycosyl phosphates for

stereoselective glycosylation reactions and the role of the different functional

groups - hydroxyl, amino or ester- in the organocatalyst. The influence of the

proximity of the asymmetric centre to the catalytic important atoms for the

stereoselective outcome of the glycosylation reactions has also been studied.

Finally, we compared the effect of having a mono- or a bis-thiourea in the catalyst

structure.
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Figure 34. Organocatalysts studied in the activation of phosphate glycosyl donors

83

CF3



Chapter 4

Firstly, the synthesised organocatalysts were evaluated in a model glycosylation
reaction between the galactosyl phosphate 138 and L-methyl lactate 142 as the
acceptor in isopropyl ether (Pr,0) at 40°C for 19h. The obtained results are
presented in Table 14.

Table 14. Catalyst screening studies

BnOOBN o BnOOBN
O 20 mol% Catalyst, 4A MS_ 0
PO ' M oo ten e B0 o
O o OH 20, 19h, 40° BnO
Pho-F~ O\:)J\OMe
Ph :
138 142 143
Entry? Catalyst Yield® (%) a:p
1° TMSOTf 27 60:30
2 70 57 68:32
3 65 Residual product
4 75 85 83:17
5 76 77 82:18
6 77 Residual product
7 83 Residual product
8 79 71 80:20

2performed on galactosyl phosphate 138 (0.043 mmol), molecular sieves 4 A Ms (0.043 g), L-methyl lactate 142 (0.085 mmol, 2 eq.) in 'Pr,0
(427 pL) at 40 °C for 19 h using 20 mol% of catalyst.

bPerformed on galactosyl phosphate 138 (0.030 mmol), molecular sieves 4 A Ms (0.030 g), L-methyl lactate 142 (0.069 mmol, 2 eq.) in 'Pr.0
(298 pL) at 40 °C for 19 h using TMSOTf (0.045 mmol, 1.5 eq.).

‘Isolated Yield

dDetermined by *H NMR
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Generally, strongly Lewis acidic reaction conditions are required for these
reactions however, the obtained results showed that the synthesised bis-
thioureas were more efficient than TMSOTf (entry 1 vs entries 2, 4, 5 and 8).
Therefore, the glycosylation reaction was more efficient if strong Lewis acids were
replaced by organocatalysts and these were more tolerant to a larger range of
functional groups. Only catalysts that have two thiourea groups were able to
promote an efficient glycosylation reaction (entries 2, 4, 5 and 8 vs entries 2, 6
and 7). Comparing the results obtained with bis-thiourea 70 and other bis-
thioureas, it was possible to understand the importance of an appropriate 9-atom
spacer between the two thiourea units (entry 2 vs. entries 3, 4 and 7). According
to Jacobsen’s mechanistic studies, thiourea catalysts form non-productive
dimeric aggregates in the resting state and it was important that these aggregates
must dissociate before two molecules of catalyst recombine with substrates to

promote rate- and enantioselectivity-determining bond formation (Figure 35).1%%

CF3 CF3

A S, o s Q A S,
NS N CF v

! ! | O H H /&)I\’
F3C N NJ\/ AN
T i oo
s ‘Bu FsC NTNW
CF4 \©/ S fBu
Counterproductive catalyst CF,

aggregation
Cooperative Activation 4H-Anion Abstraction

Figure 35. Anion-abstraction catalysis involving the cooperative action of two amido-
thiourea catalysts135

In the solid state, the authors could observe that the distance between the tert-
butyl group of one molecule and the aryl thiourea of the other is considerably

greater in the non-productive aggregate than in the Cl-bound complex.
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This observation suggested that a connection between these groups might
achieve the desired purpose, therefore they understood that an appropriate linker
between these two groups should be long enough to allow the same 4H-binding
arrangement that is accessible to the unlinked monomers but it must be short
enough to prevent intramolecular formation of the non-productive aggregate.
Jacobsen’s group developed a pseudo-dimeric complex 140 for cooperative
activation of a chloroether electrophile by a 4H mechanism while disfavouring
non-productive groundstate aggregation (Figure 36).2*° This is the reason why
organocatalyst 140 was used to activate glycosyl phosphates in stereospecific

glycosylation reactions.

t-Bu)SI\
N
N" N ©
o H H 0
H H
£ FsC N\n/N

Figure 36. Pseudo-dimeric complex for cooperative activation3®

In our studies, the presence of free hydroxyl and free amino groups in the catalyst
prevented the formation of the glycosylation product (entries 3, 6 and 7, Table
14). All synthesised bis-thioureas proved to be efficient for this catalytic
transformation, with yields ranging from 57% to 85%. The organocatalyst 75 was
the best one for this reaction, both in terms of yield (85%) and diastereoselectivity

with a proportion a:f3 83:11 (Table 14), and the introduction of a new chiral centre
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led to a slight improvement on the diastereoselectivity and yield (entries 4 and 5

Vs entry 8).

As mentioned above, the stereochemical outcome of the glycosylation reaction is
dependent on multiple factors — nature of the protecting groups, the reactivity of
the glycosyl donor, acceptor and promoter, solvent, steric hindrance of the
acceptor, the temperature at which the reaction takes place and the

presence/nature of additives.

There are two classical limiting mechanisms of nucleophilic substitution reactions,
Sn1 and Sn2 for the development of catalytic glycosylation strategies. The use of
catalysts that promote the stereoselective glycosylation Syl type pathway has to
influence the addition of the nucleophilic partner preferably to one diastereotopic
face of an oxocarbenium intermediate generated by ionisation of the electrophilic
partner (Figure 37A). Nonetheless, designing catalysts capable of paramount the
stereochemical biases of chiral glycosyl electrophiles is the real challenge.
Another approach is the Sy2 type pathway, where the stereochemistry of the
product would be dictated entirely by the configuration of the electrophile at the

anomeric position (Figure 37B).

Nonparticipating protecting groups allow the approximation of the nucleophile
from either face of the oxocarbenium ion intermediate, reducing stereocontrol and
affording mixtures of 1,2-cis and 1,2-trans glycosides. 1,2-trans glycosides can
be easily synthesised using participating protecting groups at C-2 to control the
diastereoselectivity, but the selective formation of 1,2-cis glycosides is
considerably more challenging.*® In the glycosylation reaction model described
in Table 14, the protecting group used is the benzyl group, an ether-type
nonparticipating substituent. Hence the most important factor for the
stereochemical result of this reaction is the configuration of the electrophilic

partner, in other words, the glycosyl donor.
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Figure 37. Catalyst-controlled stereoselective glycosylations®3

As already mentioned, Jacobsen has been inspired by the glycosyltransferases
mechanism and their experimental results and mechanistic studies suggest that
the glycosylation catalysed by the macrocyclic bis-thiourea involves the selective
promotion of a stereospecific Sx2 mechanism by the simultaneous activation of
the leaving group and the nucleophile to afforded either 1,2-trans or 1,2-cis
glycosides.>?

Our experimental results showed that with the organocatalysts derived from L-
tartaric acid an excess of a-product was obtained, suggesting that some of our
organocatalysts are effective for the activation of the leaving group and in the
studied glycosylation reaction inversion of the configuration was not observed,

suggesting that it proceeded via a Syl mechanism, contrary to what was
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observed with Jacobsen bis-thioureas, where the products were obtained via an

invertive nucleophilic substitution reaction.

Generally, in the glycosylation reaction the leaving group activation would be
expected to promote either the Syl or Sy2 pathways but, although it will be
necessary more precise mechanistic studies, our results suggest that the
nucleophile activation would promote the Sy1 mechanism preferably.

The bis-thiourea organocatalyst 75 allows the simultaneous activation of the
reacting partners, we consider that the thiourea moiety (surrounded by a red circle
in Figure 38) interacts with the phosphate leaving group of the glycoside through
hydrogen bonding promoting its activation and consequent dissociation, providing
the oxocarbenium intermediate and forming a transient ion pair with the
phosphate leaving group. Moreover, the alcohol nucleophile is activated by a
hydrogen bond interaction with the ester carbonyl (surrounded by a yellow circle
in Figure 38) and the other thiourea moiety (surrounded by a green circle in
Figure 38) in the catalyst. The existence of the rigid tartrate structure present on
the catalyst directs the position of the ester carbonyl group and orientates the
nucleophile attack to the a position, thus explaining why a higher a proportion was

obtained with this catalyst.
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Figure 38. Organocatalyst 75 in Chem3D

To test the catalytic efficiency of our organocatalyst, we decided to lower the
loading of the catalyst, the results are presented in Table 15.

Table 15. Catalyst loading studies

F

c NN CF
3 T 3
CF
o o 8
BnOOBN o BnOOBn MeO,,| O
2 2 NN cF
0, - W
BnO + \l)kOMe —mol% of 75, 4AMS,_ gy Me0”2 0 e s
iPr,0, 19h, 40°C : g
CF
CF4 8

BnO Q
o OH
_0 O\EAOMe

F3C
138 142 143 75
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Entry? mol % of catalyst Yield® (%) a:pe
) 5 48 83:17
5 10 70 83:17
3 20 85 83:17

2performed on galactosyl phosphate 138 (0.043 mmol), molecular sieves 4 A Ms (0.043 g), L-methyl lactate 142 (0.085 mmol, 2 eq.) in 'Pr.0
(427 pL) at 40 °C for 19 h.
‘Isolated Yield

dDetermined by *H NMR

The results showed that the anomeric selectivity remained the same however,
the yield decreased with the decrease of catalyst amount. Thereby the best
results were obtained with 20 mol% of catalyst, providing the desired product in
85% vyield and good diastereoselectivity (83:17 a:f3).

Using the best reaction conditions, the influence of the glycosidic donor was
studied.

Table 16. Donor influence studies

F

Pho-F~
OPh

138 or 144a-b 142

c NN
: T hig
s
o CFs
. Meo,,| O
70 . A Bro=—2 S CF
BnOi\/ﬂ . \l)kov\ne 2‘),_P'“°(')A’1‘;fh7ijoic'\” : \/ﬂ o MeO”:0™ T ’
0, i i
4 OH o S
_0 \ZAOMe
: CF
CFs s

F3C
143 or 145a-c 75
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Entry? Donor Product Yield® (%) a:pe
1 Glucose (144a) 145a 70 70:30
2 Galactose (138) 143 85 83:17
3 Mannose (144b) 145b 84 89:11

aperformed on glycosyl phosphate 138 or 144a-b (0.043 mmol), molecular sieves 4 A Ms (0.043 g), L-methyl lactate 142 (0.085 mmol, 2 eq.)
in 'Pr20 (427 pL) at 40 °C for 19 h using 20 mol% of catalyst 75
blsolated Yield

°Determined by *H NMR

The results are presented in Table 16 and reveal that using benzyl protected
glucosyl phosphate as a donor, in the glycosylation reaction, the product was
obtained with lower selectivity when compared with benzyl protected galactosyl
phosphate as a donor. Jacobsen also observed a decrease in yield and selectivity
when using perbenzylated-glucose (87:13 (:a) as a donor instead of
perbenzylated-galactose (97:3 B:0).!** Using benzyl protected mannosyl
phosphate as a donor the desired product was obtained in good yield (84%) and
good diastereoselectivity (89:11 a:), showing that organocatalyst 75 was able to
activate this donor. Though the mannose axial position at C2 already favours the
formation of the a product strongly Lewis acidic conditions are required to obtain
the product in high selectivity and although these conditions are generally
compatible with carbohydrate substrates, they present poor tolerance toward a

wide variety of several functional groups and have limited utility using complex
acceptors. 3”138 Qur bis-thiourea organocatalyst afforded the a-mannosyl product
with excellent yield (84%) and selectivity (89:11 a:f3), as obtained with Lewis acid
promoters, but using mild and neutral conditions. Jacobsen’s group tried to use
their organocatalyst 140 in the glycosylation reaction between benzyl protected
mannosyl phosphate and serine, using the same reaction conditions, and

obtained the glycosylation product in 48% yield and without selectivity (1:1 a:).1%
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The influence of the leaving group was evaluated and the obtained experimental

results are in Table 17.

Table 17. Donor influence studies

H H

FSC\?/NTN\Q/CFS
s
o CF4
BnOOBN o BnOOBN Meoj:o H H o
Bnoﬁ‘ N %OMe 20 mol% of 75, 4A MS Bnom Me0”= 0" Al ’
Bno | OH iPr,0, 19h, 40°C BnO o s
O%OMe CFs
: FsC CF,
138 or 146a-b 142 143 75
Entry? Leaving Group (LG) Yield® (%) a:pe
1 -Cl 23 84:16
2 -OP(0O)(OPh), 85 83:17
3 -OC(NH)(CCls) No Product

2performed on galactosyl phosphate 138 or 146a-b (0.043 mmol), molecular sieves 4 A Ms (0.043 g), L-methyl lactate 142 (0.085 mmol, 2
eq.) in 'Pr20 (427 uL) at 40 °C for 19 h using 20 mol% of catalyst 75

blsolated Yield

°Determined by *H NMR

The glycosylation reaction with phosphate as a leaving group provided the
desired product in higher yield (85%) in contrast with 23% vyield obtained using
galactosyl chloride as donor, nevertheless the diastereoselectivity remained the
same. The literature suggests that with complex nucleophiles bearing multiple
Lewis basic groups the activity of the catalyst was inhibited, presumably due to
the unproductive association of the key H-bond donor motifs. Jacobsen
concluded that the phosphate not only binds more tightly to the catalyst but it is
also more labile toward substitution when bound, resulting in an improvement in

catalytic efficiency.'® With the trichloroacetimidate as leaving group the reaction
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did not occur. This result can be interesting for the one-pot synthesis of di- or tri-
and higher saccharides because the organocatalyst 75 is selective for certain
leaving groups.

Another important aspect is whether the diphenylphosphoric acid byproduct
affects the catalytic glycosylation reaction. Jacobsen showed that this effect is
solvent-dependent, with solvents in which the phosphoric acid byproduct is
soluble the catalytic reaction is suppressed almost completely. Therefore, the
best solvents for this transformation are nonpolar solvents, such as cyclohexane
and ethereal solvents.!?3

With optimal conditions in hand, the scope of the glycosylation reaction was
evaluated with different acceptors, using compound 75 as the organocatalyst
(Table 18).

Table 18. Acceptor scope

H H
FsC NTN CF,
e
CF,

e BnOBN Meo., | o 7 °
BnO N . koq omolof7saAmg ° /t T o,
BnO iPr,0, 19h, 40°C n Bno o Me0”: 0 N \Q/
o, o I
pho-F
OPh o -
138 147a-g 148a-g 75
Entry® Acceptor Product | Yield® (%) OB
(0]
1 o 148a 85 83:17
2 9 148b 58 41:59
HO
OH
3 @ 148c 60 49:51
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4 @ 148d 41 57:43
P

OMe 148e 64 73:27

o]
6 (W1 148f 58 50:50
90

7 O%% 148g 70 56:43

2performed on galactosyl phosphate 138 (0.043 mmol), molecular sieves 4 A Ms (0.043 g), acceptor ROH (0.085 mmol, 2 eq.) in 'Pr.0
(427 pL) at 40 °C for 19 h using 20 mol% of catalyst 75
bsolated Yield

°Determined by *H NMR

It should be noted that once again all glycosylation reactions proceeded with
moderate to excellent yield (41-85%), whilst mixtures of diastereomers were
formed in all reactions. Excellent yield (85%) and a:f (83:17) selectivity were
observed with methyl glycolate (Table 18, entry 1), which is structurally similar to
methyl lactate, but it has a primary alcohol. The reaction with serine, that contains
in its structure multiple Lewis basic sites, was successful, as expected, with 64%
yield and a good anomeric selectivity (73:27, Table 18, entry 5). Catalyst 75 was
able to promote the formation of 1,6-glycosidic bonds giving the product 148g in
good vyield (70%) but low anomeric selectivity (a:p 56:43). In the examples
studied, with acceptors that contain secondary alcohols and which are
considerably larger/bulkier than methyl lactate, such as 147b, 147c and 147f, the
yield decreased and the product was obtained without anomeric selectivity. These
results reinforce our analysis of the mechanism of the glycosylation reaction
because they suggest that the transition state involving the donor, the acceptor
and the catalyst is not able to accommodate and efficiently direct larger acceptor

molecules.
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The nucleophile 147d provided the corresponding product 148d with moderate
yield (41%) since it presents a tertiary alcohol in its structure, less reactive than
primary and secondary alcohols. However, with our catalyst slight
diastereoselectivity was obtained for product a, as it was observed for the other
larger acceptors. In all cases, the diastereoselectivity was determined by NMR
analysis.

These results reinforce that the acceptor structure has a strong influence in
glycosylation reactions and that the mechanism of action of our bis-thioureas is

not an invertive nucleophilic substitution of the glycosyl phosphate.

4.3 Conclusion

Bis-thiourea 75 can act as a cocatalyst in combination with bis-
(nitrophenyl)phosphoric acid catalyst in the glycosylation reaction between O-
glycosyl trichloroacetimidate donor and isopropanol as acceptor, affording the
desired product in 58% of yield and a proportion B:a 82:18.

Moreover, bis-thiourea organocatalyst 75 was successfully applied on the
catalytic activation of glycosyl phosphates for stereoselective glycosylation
reaction and provided the appropriate glycosylation product in moderate to
excellent yields and in several cases with high a:B selectivity (83:17). It is
interesting that the same organocatalyst was able to activate different leaving
groups, under different glycosylation reaction conditions, affording the opposite
anomeric selectivity. These results confirm that in the presence of our bis-
thioureas the glycosylation reaction does not proceed via an invertive substitution
mechanism, the stereochemical outcome of the glycosylation reaction is
independent of the configuration of the glycosyl donor leaving group and of the
nature of the glycoside. This suggests that it is the catalyst that is exclusively

controlling the anomeric selectivity, by establishing a rigid transition state.
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Furthermore, these neutral H-bond donor catalysts can activate organic
phosphates and trichloroacetimidates as leaving groups, allowing stereoselective
glycosylation reactions under mild conditions without the use of participating
protecting groups, proving the versatility of our synthesised bis-thioureas
organocatalysts derived from L-tartaric acid. Nevertheless, the obtained results
show that our organocatalysts are not efficient with glycosyl chloride donors.
Glycosylation of glycosyl phosphates catalysed by bis-thiourea 75 involves the
dissociation of the donor leaving group by bis-thiourea moiety and the rigid
tartrate structure present on the catalyst has an important role as well as the 9-
atoms distance between the two thioureas. 1,2-cis glycosides are still challenging
to obtain and our catalyst is an alternative method to obtain 1,2-cis galactosides
and glucosides. In particular, perbenzylated galactosyl donors are considerably
more reactive than the corresponding glucosyl donors, thus affording lower a
anomeric selectivity using traditional glycosylation methods.

Catalyst 75 was specific for the activation of phosphate donors and this feature
can be explored for the orthogonal synthesis of higher saccharides with
miniumum protecting groups manipulation. Although with larger and bulkier
acceptors the glycosylation was obtained with poor selectivity, the structure of the
synthesised organocatalysts can be quickly modified and optimised, allowing a
wide range of possibilities for obtaining new efficient bis-thiourea organocatalysts

for glycosylation reactions.
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Abstract

The synthesised organocatalysts derived from L-tartaric acid and (+)-camphoric
acid were tested in the alcoholysis of styrene oxide and the phosphonation of N-
aryl tetrahydroisoquinolines by cross-dehydrogenative coupling reaction of
C(sp®)-H. The principal objective was to obtain the asymmetric version of these
reactions catalysed by our chiral organocatalysts.

Although the principal aim was not achieved, the synthesis of regioselective [3-
alkoxy alcohols was accomplished in 60% vyield by alcoholysis of styrene oxide
with methanol, proving the versatility of our organocatalysts.

The synthesis of a-aminophosphonates by phosphonation through cross-

dehydrogenative coupling reaction of C(sp®)-H reaction did not occur.

5.1 Introduction

One of our main objectives was the application of organocatalysis as a strategy
for the generation of a new chiral centre. Therefore, we also decided to test our
organocatalysts in organocatalytic reactions without an enantioselective version
reported in the literature, to broaden the application of the new organocatalysts.
We selected two reactions already catalysed by Schreiner thiourea and replaced

this catalyst by our chiral organocatalysts.

5.2 Results and Discussion

5.2.1 Alcoholysis of Styrene Oxide

In 2008, Schreiner's group based on the cooperative Brgnsted acid type
organocatalytic system developed a mild and efficient method for the completely

regioselective alcoholysis of styrene oxides.**°
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The epoxide ring opening reaction by the addition of alcohols allows the formation
of the synthetically important class of B-alkoxy alcohols. Nonetheless, alcohols
possess relatively low nucleophilicity and requires the use of catalysts possessing
stronger acidity or basicity to enhance reactivity for alcoholysis of epoxides.'*°
Brgnsted acid catalysis is the most used method for epoxide openings favouring
the protonation of the basic epoxide oxygen that facilitates the ring opening with
the nucleophile.!*! Lewis acids catalysis has also been used for epoxide ring
openings.142143

In nature enzymes can catalyse the activation of the epoxide through hydrogen
bonding. Therefore, Schreiner developed a cooperative system between a
thiourea catalyst and a Brgnsted acid. Several acids were tested and mandelic
acid provided the desired B-alkoxy alcohols in good to excellent yields and

complete regioselectively (Scheme 24).

ZT

H
F4C \n/N CFs
[ :] S [ j OR?
0 OH
+ RZOH CF3 14 CF3 -
» OH "

COOH 151
150
41-94% vyield
Regioselectivity >99%

Scheme 24. Alcoholysis of Styrene Oxides with Mandelic Acid!3!

In a first screening, we studied two organocatalysts derived from L-tartaric acid,
a mono and a bis-thiourea (65 and 70, respectively) to explore their influence in
the reaction, and one catalyst derived from (+)-camphoric acid (87) Figure 39, in
the alcoholysis of styrene oxide with methanol and mandelic acid at room

temperature during 72 h.
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CFs
S /@\ MeOJ:

Me0,, | o
2 . CF
/t TH & cFs MeO”z 0 ’

MeO”= 0 ""l H
HN\n/N CFs
S
70
CFy

87

Figure 39. Organocatalysts evaluated in the alcoholysis of styrene oxide

The results are presented in Table 19.

Table 19. Preliminary screening of catalysts

OMe

0 OH
+ MeOH Thiourea Catalyst -
OH
152
149 COOH

150
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Entry? Catalyst Yield® (%) ee’ (%)
1 - No Product
2b 26 Rac
70
3 60 Rac
4 65 52 Rac
5 87 5 Rac

2Performed on styrene oxide 149 (1 eq.), CHsOH (12 eq.), mandelic acid 150 (1 mol%) at room temperature
for 72 h using 1 mol% of thiourea catalyst.

bReaction without Brensted acid

‘Isolated Yield

dDetermined by HPLC on a chiral column AD-H

It should be noted that all tested organocatalysts afforded the product with high
regioselectivity (> 99%) nevertheless, the racemic product was obtained with all
our organocatalysts. The obtained results proved the importance of the thiourea
catalyst for the styrene oxide alcoholysis reaction, without its presence the
product was not formed (entry 1). When the reaction was performed without the
presence of mandelic acid the product was obtained at a lower yield, showing the
importance of the cooperative phenomena between Brgnsted acids and thiourea
catalysts (entry 2 vs entry 3). Comparing the use of bis-thiourea 70 and mono-
thiourea 65, the first provided the B-alkoxy alcohol in higher yield, probably due
to the presence of one more coordination centre on the thiourea catalyst (entry 3
vs entry 4). Organocatalyst 87, derived from camphoric acid, is not efficient for

this reaction (entry 5 vs entries 3 and 4).

Although the application of our organocatalysts derived from L-tartaric acid in the
cooperative catalysis of alcoholysis of styrene oxide has not afforded optically
active products, these organocatalysts showed to be efficient for the synthesis of

regioselective p-alkoxy alcohols, in particular the bis-thiourea. As our aim was the
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obtention of optically active products, no further optimisations of this reaction were

done, for example to increase the yield and to study the scope of the reaction.

5.2.2 Cross-Dehydrogenative Coupling of C(sp3®-H with Diethyl
Phosphite

The formation of C-C bonds is a well recognised challenge in organic chemistry
because of its fundamental application in the generation of molecular diversity
and complexity. Li and coworkers'#14> developed a method that resorts to the
use of unfunctionalised starting materials for the direct formation of C-C bonds,
that is, C-H bond activation, this type of reaction is known as cross-
dehydrogenative coupling (CDC).

Among all cross-coupling reactions, C(sp®)-H bond functionalization is considered
the most challenging due to its low reactivity. Murahashi!*® and Li4"14¢ were
pioneering in the activation of C(sp®)-H bonds adjacent to tertiary amines, in
particular, N-aryl tetrahydroisoquinolines. The phosphonation of these
compounds by CDC reaction allows the formation of a-aminophosphonates.
These compounds are analogues of amino acids in which a carboxylic moiety is
replaced by phosphonic acid or related groups (phosphonous, phosphinic,
phosphine oxide, etc.).}*® They are also used as isosteric and bioisosteric
analogues to natural and unnatural amino acids and have thus found wide
applications in the biological and pharmacological realms, for example as
antibacterial and antifungal agents.14%-151

Commonly, in this type of reactions transition metals®?='*> are used as catalyst or
visible-light mediated photocatalysis.*¢-1%° Recently some metal-free versions of
the CDC reactions, using strong oxidants — SO.Cl,'%°, AcOH¢?, 2-chloroanthra-
9,10-quinone’®?, 1,13, Eosin Y4 or DDQ*>¢ were described. Nonetheless,
these three approaches have high costs and toxicity associated, even the metal-

free reactions, because these methods required the use of stoichiometric
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amounts of oxidants with high molecular weight and some of these oxidants may
be toxic, explosive or corrosive.®’

Thereby, in 2016, Zhang and collaborators reported the use of Schreiner thiourea
14 combined with tert-butyl hydroperoxide (TBHP) as an oxidant in the cross-
dehydrogenative coupling reaction of C(sp®)-H with diethyl phosphite 154 to
obtain a-aminophosphonates 155 with good results (yield up to 83%) (Scheme
25).1%8 The scope of the reaction was extended to N-aryl tetrahydroisoquinolines
with electron-withdrawing or -donating groups and both corresponding products

were obtained in good to excellent yields (59-89%).

S
©© CF; CFs
+ H-P(OEt >
N-pn £, (OB TBHP Neph

-
)
d
z
-
FN
ZT

o}
CH4CN, 50 °C £0-P=0
153 154 OEt
155
83 % Yield

Scheme 25. Thiourea-Catalysed Cross-Dehydrogenative Coupling of C(sp?)-H with
Diethyl Phosphite!”*

Taking these results into consideration we decided to apply our organocatalysts
derived from L-tartaric acid and (+)-camphoric acid (Figure 40) in the
phosphonation reaction through the cross-dehydrogenative coupling of C(sp?)-H
to evaluate their efficacy on the formation of the a-aminophosphonates and also

their ability to afford the enantiomerically enriched products.
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Figure 40. Organocatalysts applied in the CDC reaction

The cross-dehydrogenative coupling reaction with diethyl phosphite 154, TBHP
and thiourea organocatalyst was performed in acetonitrile at 50 °C for 12 h. The
results are presented in Table 20.

Table 20. Screening of catalyst

+ H-P(OEt >

Thiourea catalyst

b

Ph
CH4CN, 50 °C EO-P=0
|
153 154 OEt
155

Entry? Catalyst Yield® (%) ee’ (%)

1 - 55 Rac

2 70 13 Rac

3 87 20 Rac

2pPerformed on aryl tetrahydroisoquinoline 153 (1 eq.), diethyl phosphite 154 (3 eq.) at 50 °C for 12 h using
20 mol% of thiourea catalyst.

blsolated Yield

°Determined by HPLC on a chiral column AD-H
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From the obtained results, as expected, it was observed the formation of the
product in 55% yield in the absence of catalyst (entry 1 vs entries 2 and 3), this
result suggests that the TBHP alone is capable of the oxidation process.!® With
each of the two organocatalysts evaluated, the yield was lower and no chirality

induction was observed.

Therefore, we did not proceed further with these studies.

5.3 Conclusion

The principal aim of this chapter was to report the first asymmetric version of the
alcoholysis of styrene oxide and the phosphonation of N-aryl
tetrahydroisoquinolines by cross-dehydrogenative coupling reaction of C(sp®)-H
using our chiral organocatalysts. Even though this objective was not achieved,
the obtained results showed that the organocatalyst 70, derived from L-tartaric
acid, was efficient in the cooperative catalysis of alcoholysis of styrene oxide,
afforded regioselectively B-alkoxy alcohols in 60% of yield, under unoptimised
conditions.

Hence these preliminary results not only show the versatility of our
organocatalysts but also open the way to expand their application. Further
structure optimisation studies are required to obtain the enantiomeric version of
this catalytic system, but the advantage of our organocatalysts is that they can be
quickly modified inexpensively, allowing a wide range of possibilities for obtaining
new efficient L-tartaric acid derived-organocatalysts.

For the cross-dehydrogenative coupling reaction of C(sp®)-H our organocatalysts
were not efficient, giving the desired a-aminophosphonates in low yield (13-20%)

as racemic mixtures.
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Conclusion

The principal aim of this project was to develop organocatalysts derived from
unexpensive and natural sources of chirality, and their application in different type

of asymmetric reactions.

After optimisation of synthetic procedures it was possible to synthesise eight
organocatalysts derived from L-tartaric acid and seven organocatalysts derived
from (+)-camphoric acid in moderate to excellent global yields (up to 57%). The
synthesis of a macrocyclic bis-thiourea derived from L-tartaric acid for application
in glycosylation reactions also was one of the aims, unfortunately, it was not
possible to obtain the desired compound but all attempts provided us the
knowledge to design the synthetic sequences for the synthesis of the other
organocatalysts derived from L-tartaric acid. 1,3-Diamine derived bifunctional
thiourea and squaramide organocatalysts were easily prepared from (+)-

camphoric acid in a few steps.

The organocatalysts derived from (+)-camphoric acid were successfully applied
in the enantioselective Michael addition of 1,3-dicarbonyl compounds to trans-f3-
nitrostyrene acceptors. The organocatalyst 98 provided the chiral product in high
yields (up to 98%) and good enantioselectivities (ee up to 74%) and, when
applicable, high diastereoselectivities (dr up to 93:7). These results were
important because they prove that, such as 1,2-diamine-derived bifunctional
thiourea, 1,3-diamine-derived bifunctional thiourea and squaramide
organocatalysts are capable of promoting the enantioselective Michael reaction
of 1,3-dicarbonyl compounds with trans-B-nitrostyrene acceptors. Although the
obtained results were not excellent, it was possible to conclude that the (+)-
camphoric acid moiety has clearly an influence in the stereoselective outcome of
the Michael reactions studied. Additionally, by changing the substituent it was

possible to tune the catalyst in order to obtain either the R or S product.
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The organocatalysts derived from L-tartaric acid have not provided good results

in Michael and Friedel-Crafts reactions.

The organocatalysts derived from L-tartaric acid were successfully applied to
stereoselective glycosylation reactions. The obtained results allowed to conclude
that neutral H-bond donor catalysts can participate in stereoselective
glycosylation reactions under mild conditions without the use of participating
protecting groups, proving the versatility of our synthesised bis-thioureas

organocatalysts derived from L-tartaric acid.

Bis-thiourea 75 can act as a cocatalyst in combination with bis-
(nitrophenyl)phosphoric acid catalyst in the glycosylation reaction between O-
glycosyl trichloroacetimidate donor and isopropanol as acceptor, affording the
desired product in 58% of yield and a proportion B:a 82:18. Further studies are
needed to evaluate the scope of this catalysed reaction. Bis-thiourea
organocatalyst 75 was also successfully applied in the catalytic activation of
glycosyl phosphates for stereoselective glycosylation reactions and provided the
appropriate glycosylation product in moderate to excellent yields and in several
cases with high a:B selectivity (up to 83:17). Nevertheless, further catalyst
optimisation is needed for improving the yield and anomeric selectivity of the

glycosylation reactions involving larger acceptors.

To prove the efficacy of our organocatalysts on induction of chirality, studies
towards the first organocatalysed asymmetric version of the alcoholysis of styrene
oxide reaction and the phosphonation of N-aryl tetrahydroisoquinolines by cross-

dehydrogenative coupling reaction of C(sp®)-H were performed.

The application of our organocatalysts on the cross-dehydrogenative coupling
reaction of C(sp®-H was not successful, affording the desired o-

aminophosphonates in low yields (13-20%) as racemic mixtures. In the
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alcoholysis of styrene oxide, even though enantioselectivity was not achieved,
the use of organocatalyst 70 afforded regioselectively B-alkoxy alcohols in 60%
yield. Further catalyst modifications might provide the enantioselective version of

this reaction.

In this thesis work, several synthetic multistep strategies were developed and
optimised for the preparation of new molecules derived from readily available and
inexpensive tartatic and camphoric acids. These molecules provide asymmetric
centres that are important to induce stereoselectivity in other reactions and this
was the rationale to incorporate these moieties in new thiourea derived
organocatalysts. Additional chiral centres and functional groups were introduced
in the organocatalysts, affording a range of structure variations that were then
studied in several asymmetric challenging reactions. The results obtained pave
the way to expand the application of the novel organocatalysts, since they can be
easily modified, allowing a wide range of possibilities for obtaining new efficient

organocatalysts.

115






Chapter 7

Experimental Procedures






Experimental Procedures

7.1 Materials and Methods for Synthesis

All the reactions were carried out under an inert atmosphere (argon), except when
the solvents were not dried. Air sensitive materials were handled in a Braun MB
150-Gl glove box. The synthetic compounds were purified using flash
chromatography using Kieselgel 60, (0.032—0.063mm) and preparative TLC
using Merck 60 Fzs. silica gel. Analytical TLC was performed on aluminium-
backed Merck 60 F2s,4 silica gel plates. Infrared (IR) spectra were obtained using
a commercial ATR-FTIR spectrophotometer and are in cm™. Specific rotations
were measured using a Perkin—Elmer D241 automatic polarimeter and are
reported as follows: [a]3° (c g/100mL; solvent). Molecular mass was determined
by ESI-MS and the mass spectra of the samples were acquired in positive mode
using Q Exactive Focus. 'H NMR spectra were obtained at 400 MHz in CDCls,
MeOH-d4, DMSO-ds or D,O with chemical shift values (5) in ppm downfield from
tetramethylsilane in the case of CDCl; and using the residual solvent peak in the
other cases, and *C NMR spectra were obtained at 100.61 MHz in CDCl;, MeOH-
ds, DMSO-ds or D20. Assignments are supported by 2D correlation NMR studies.
The enantiomeric excesses were determined by HPLC on a Waters 600E/U6K

instrument, using a Daicel Chiralpack AD-H or IB column.

7.1.1 Solvent and Reagent Purification

Reagents and solvents were purified and dried according to the literature.*™
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7.1.2 Graphical Index of Compounds and Experiments

Table 21 — Graphical index of compounds and experiments.

Compound )
Compound Structure Experiment Page
number
MeO,,, CO,Me
36 j’ 1 136
COzMe
OH
MeO,, | O
37 , 2 136
MeO”:0" |
OH
OTBDPS
MeO,,| O
38 , 3 136
MeO”:"0" "
OH
OTBDPS
MeO,, | O
39 4 137
. ., _H
MeO”: 0" |
o]
OTBDPS OTBDPS
Meo:lio\r:i/ Meo:lio
A w“__OH SRR
40 and 41 MeO”: "0 MeO™: "0 5 137
F3sC
OTBDPS
Meo:l:o
43 MeO”= 0" 6 138

F3;C

CF3;
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Meo:l:o

OTBDPS

“w NH
44 MeO”: "0 % 2 7 140
FsC CF,
OTBDPS
Meo:l:o
Ao NHBoc
45 MeO”: "0 8 141
FsC CF,
OH
Meo:l:o
A NHBoc
46 MeO”: "0 9 141
FsC CF,
e CF3
e
MeO,, | O
NO
47 l U NHBoe Z 10 142
MeO”: 0"
FsC CFs
o) CF3
MeO,,| O
NH,
e NHBoc
48 MeO™: O 11 143
FsC CFs
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0 CF3
OJKQ
Meoj:o
NCS
49 oo™ 0 NHBoc 12 144
FsC CF;
OTBDPS
Meoj:O
R NHFmoc
52 MeO™: O 13 144
Fs;C CF3
OH
MeO:tO
A NHFmoc
53 MeO™: O 14 146
F3;C CF3
e} CF3
(0]
Meo, | 0
NO
54 Lo NHEmoc 2 15 146
MeO H (@)
FsC CF;
fe) CF3
(0]
Mer:O
NH,
55 RN NHFmoc
MeO™: "O 16 147
F3;C CF3
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O CF3
OJKQ
Meo:l:o
NCS
56 17 148
MeO ; o NHFmoc
F4C CF,
OTBDPS
Meo,, | O
57 18 149
Me0”z 0" "
OTs
OTBDPS
Meo., | o
58 , 19 150
MeO”:70" ™|
N3
OH
MeO,,} O
59 ) 20 150
MeO”:~0" ™
N3
o
60 Meo:toj/ 21 151
Me0”Z 0" ™ NO:
N3
0
o CFs3
61 Meo:toj) 22 151
Me0”=07 " N,
N3
o
o CF,
62 Meo:toj/ 23 152
Me0”Z 07" NCS
N3

123



Chapter 7

OTBDPS
MeO,,| O
NN cF
64 MeO”Z 0" hig : 24 152
S
F3C/©\CF3 CFs
MeOJ:
Me0”= 0"
65 and 66 25 153
MeO,, | \C
= - 3
FsC CF3 CFs
OTs
MeO,,| O
67 26 154
MeO”= 07"
OTs
N3
MeOJ: :l/
68 MeO”= 07" 27
Ns 155
MeO,, |
69 28 155
MeO”: "0
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29 156
30 156
31 157
32 158
33 159
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75 and 76
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7.1.3 Experimental Procedures

Experiment 1. Synthesis of (2R,3R,5R,6R)-dimethyl 5,6-dimethoxy-5,6-
dimethyl-1,4-dioxane-2,3-dicarboxylate 36
The synthesis of compound 36 was carried out according to the procedure

described in the literature.’*

Experiment 2: Synthesis of (2S,3S,5R,6R)-2,3-bis(hydroxymethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxane 37
The synthesis of compound 37 was carried out according to the procedure

described in the literature.®®

Experiment 3: Synthesis of (2S,3S,5R,6R)-2-hydroxymethyl-3-((tert-
butyldiphenylsilyl)oxymethyl)- 5,6-dimethoxy-5,6-dimethyl-1,4-dioxane 38
To a stirred solution of 37 (2.09 g, 8.84 mmoal) in THF (15 mL) was slowly added
NaH (0.85 g, 35.36 mmol) at 0 °C. The resulting mixture was allowed to warm to
rt and vigorously stirred for 10 minutes. The solution was cooled again at 0 °C
and TBDPSCI (2.5 mL, 9.72 mmol) was added. Then it was carefully quenched
with NH4ClI at 0 °C and extracted with AcOEt. The combined organic layers were
dried (MgSOQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (70:30, Hexane/AcOEt) to
afford product 38 (4.03 g, 96%) as a colourless oil. [a]4’= -81.58 (c 1, CH,Cl,).
4 NMR (CDCls): 8 7.69-7.67 (m, 4H), 7.46-7.35 (m, 6H), 3.88-3.66 (m, 6H), 3.25
(s, 3H), 3.11 (s, 3H), 1.29 (s, 3H), 1.23 (s, 3H), 1.05 (s, 9H) ppm. 3C NMR
(CDCls): 135.7, 135.6, 132.9, 132.8, 129.9, 129.8, 127.8, 127.7, 98.7, 98.6, 71.6,
70.1, 64.6, 62.6, 47.9, 47.8, 26.7, 19.1, 17.6, 17.5 ppm. FTIR (neat): 3492 (OH)
cm. HRMS m/z: [M+H20]" calcd for C2sH4007Si 492.2543; Found 492.2781.
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Experiment 4: Synthesis of (2R,3S,5R,6R)-2-carbaldehyde-3-((tert-
butyldiphenylsilyl)oxymethyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxane 39

To a stirred solution of oxalyl chloride (1 mL, 11.02 mmol) in CHCl. (20 mL) was
added DMSO (1.6 mL, 22.05 mmol) at -78 °C, the reaction was stirred 30 minutes
at this temperature and then the compound 38 (4.03 g,8.48 mmol) dissolved in
CHCI, (20 mL) was added dropwise and the solution was stirred at -78 °C during
1 h. After this time the resulting mixture was allowed to warm to rt and EtsN (4 mL,
29.68 mmol) was added and the solution was stirred at rt for 1 h. After this time
the reaction was quenched with H2O and extracted with CH>Cl.. The combined
organic layers were dried (MgSQO.), filtered and evaporated to dryness. The
compound 39 (4.01 g, quantitative yield) was obtained as a yellow oil. *H NMR
(CDCl3): 6 9.70 (s, 1H), 7.69-7.67 (m, 4H), 7.46-7.35 (m, 6H), 4.30 (d, J = 8.71
Hz, 1H), 3.89-3.83 (m, 3H), 3.27 (s, 3H), 3.21 (s, 3H), 1.37 (s, 3H), 1.30 (s, 3H),
1.03 (s, 9H) ppm. *C NMR (CDCls): 198.6, 135.7, 135.6, 133.4, 133.1, 129.7,
127.7, 127.6, 98.9, 98.6, 74.3, 68.3, 63.3, 48.2, 48.0, 26.7, 19.3, 17.5, 17.4 ppm.

Experiment 5: Synthesis of (2S,3S,5R,6R)-2-(R)-hidroxy-((3,5-
bis(trifluoromethyl)phenyl)-3-(((tert-butyldiphenylsilyl)oxy)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxane 40 and (2S,3S,5R,6R)-2-methanol-(S)-
(3,5-bis(trifluoromethyl)phenyl)-3-((tert-butyldiphenylsilyl)oxy)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxane 41

To a solution of compound 39 (1.72 g, 3.64 mmol) in THF (20 mL) was added
(3,5-bis(trifluoromethyl)phenyl)magnesium bromide (14.6 mL) at -78 °C. The
resulting mixture was allowed to warm to rt and vigorously stirred. Afterward, the
reaction was neutralised with NH4Cl sat. ag. solution at -78 °C and extracted with
AcOEt. The combined organic layers were dried (MgSOa), filtered and evaporated

to dryness. The crude product as a mixture of two diastereomers was purified by
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flash column chromatography on silica gel (80:20, Hexane/AcOEt) to afford the
products 40 (major diastereomer) and 41 (minor diastereomer) (dr 1.7:1, 3.52

g, 87%) as a yellow oil.

Compound 40:[a]3= -61.11 (c 0.95, CH,Cl2)."H NMR (CDCls): 8 7.92 (s, 2H),
7.78-7.68 (m, 5H), 7.46-7.37 (m, 6H), 5.10 (s, 1H), 4.10-4.02 (m, 2H), 3.82 (ddd,
J=21.84,J=11.36 Hz, J=3.36 Hz, 2H), 3.17 (s, 3H), 2.71 (s, 3H), 1.23 (s, 3H),
1.20 (s, 3H), 1.08 (s, 9H) ppm. *C NMR (CDCls): 5 144.8, 135.8, 135.5, 133.0,
132.6, 131.1 (g, J = 33.30 Hz), 129.9, 129.8, 127.8, 127.7, 126.6 (d, J = 3.19 Hz),
123.4 (g, J=272.71 Hz), 121.0 (g, J =3.69 Hz), 99.2, 98.8, 73.1, 71.1, 68.5, 64.5,
47.9, 47.4, 26.7, 19.2, 17.4, 17.2 ppm. HRMS: m/z: [M+Na]* calcd for
C34HaoFsNaOsSi 709.2391; Found 709.2376. FTIR (Neat): 3395 (O-H) cm™.

Compound 41: [a]4°=-40.77 (c 1, CH2Cl,)."H NMR (CDCls): 5 8.05 (s, 2H), 7.79
(s, 1H), 7.74-7.69 (m, 4H), 7.50-7.39 (m, 6H), 5.74 (d, J = 2.48 Hz, 1H), 4.92 (dd,
J=8.71Hz,J =242 Hz, 1H), 4.14-4.04 (m, 1H), 3.82 (ddd, J =8.79 Hz , J =
8.79 Hz, J=2.74 Hz, 1H), 3.75 (dd, J =11.07 Hz , J = 2.60 Hz, 1H), 3.60 (t, J =
8.85 Hz, 1H), 2.97 (s, 3H), 2.54 (s, 3H), 1.10 (s, 3H), 1.08 (s, 9H), 1.05 (s, 3H)
ppm. C NMR (CDCl): d 144.1, 135.6, 135.5, 131.8, 131.6, 131.1 (g, J = 33.44
Hz), 130.3, 130.2, 128.2 (d, J = 3.23 Hz), 128.1, 128.0, 123.4 (q, J = 273.71 Hz),
121.1 (q, J = 4.00 Hz), 98.9, 98.8, 73.1, 71.1, 68.5, 64.5, 47.9, 47.4, 26.7, 19.2,
17.3, 17.2 ppm. FTIR (Neat): 3378 (O-H), 1277 (C-O) cm™. HRMS: m/z: [M+Na]*
calcd for CzsHaoFsNaOeSi 709.2391; Found 709.2386.

Experiment 6: Synthesis of (2S,3S,5R,6R)-2-(S)-azido((3,5-
bis(trifluoromethyl)phenyl)methyl)-3-(((tert-butyldiphenylsilyl)oxy)methyl)-
5,6-dimethoxy-5,6-dimethyl-1,4-dioxane 43

To a solution of DIAD (1.17 mL, 5.92 mmol) and PPh3(1.55 g, 5.92 mmol) in THF
(10 mL) was added a solution of compound 40 (2.03 g, 2.96 mmol) and DPPA
(1.28 mL, 5.92 mmol) in THF (10 mL) at O °C. The resulting mixture was allowed

to warm to rt and stirred overnight. The reaction was quenched with H,O and
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extracted with AcOEt. The combined organic layers were dried (MgSQ.), filtered
and evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (85:15, Hexane/AcOEt) to afford the product 43
(major diastereomer) (1.89 g, 90%) as a yellow oil. [a]3°= -53.24 (c 0.85,
CHCl). *H NMR (CDCls): 6 8.07 (s, 2H), 7.85 (s, 1H), 7.61 (dd, J=8.12 Hz, J =
1.22 Hz, 2H), 7.57 (dd, J = 8.18 Hz, J = Hz, 2H), 7.42 (td, J = 7.33 Hz, J = Hz,
2H), 7.37-7.34 (m, 4H), 4.61 (d, J = 3.39 Hz, 1H), 4.32 (dd, J = 10.16 Hz, J = 3.39
Hz, 1H), 3.76 (dd, J = 11.23 Hz, J =5.71 Hz, 1H), 3.66 (dd, J =11.22 Hz, J = 3.85
Hz, 1H), 3.54-3.49 (m, 1H), 3.29 (s, 3H), 3.03 (s, 3H), 1.30 (s, 3H), 1.24 (s, 3H),
1.03 (s, 9H) ppm. *C NMR (CDCls): & 138.2, 135.7, 135.5, 133.0, 132.7, 131.5
(9, J =33.50 Hz), 129.9 (d, J = 2.13 Hz), 129.8, 129.7, 127.8, 127.7, 124.7 (q, J
=272.81 Hz), 122.2 (9, J = 3.67 Hz), 98.8, 98.6, 72.4, 68.5, 64.8, 62.6, 48.2, 47.7,
26.8, 19.1, 17.2, 17.1 ppm. FTIR (Neat): 2115 (N=N=N) cm™. HRMS: m/z:
[M+Na]* calcd for C34H39FsN3NaOsSi 734.2450; Found 734.2455.

The experimental procedure for compound 43’ (minor diastereomer) (0.18 g,
77%) was the same and it was obtained as a yellow oil. [a]3°= - 110.3 (c 1,
CHCl). *H NMR (CDCls): & 7.95 (s, 2H), 7.86 (s, 1H), 7.76 (dd, J=8.40 Hz, J =
1.44 Hz, 2H), 7.73 (dd, J = 8.02 Hz, J = 1.58 Hz, 2H), 7.48-7.38 (m, 6H), 5.01 (d,
J=1.47 Hz, 1H), 4.07-4.02 (m, 1H), 3.97-3.87 (m, 3H), 3.21 (s, 3H), 2.58 (s, 3H),
1.24 (s, 3H), 1.23 (s, 3H), 1.11 (s, 9H) ppm. 3C NMR (CDCls): & 140.2, 135.9,
135.6, 133.2, 132.8, 131.7 (g, J = 33.44 Hz), 130.0, 129.9, 128.4 (d, J = 2.88 Hz),
127.9, 127.8, 123.2 (g, J = 272.74 Hz), 122.0 (g, J = 3.73 Hz), 99.4, 98.9, 72.1,
68.8, 64.5, 63.2, 48.0, 47.2, 26.8, 19.3, 17.3, 17.2 ppm. FTIR (Neat): 2109
(N=N=N), 1277 (C-O) cm™*. HRMS: m/z: [M-N3] calcd for C3sH42FsOsSi 684.2706;
Found 684.2568.
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Experiment 7: Synthesis of (2S,3S,5R,6R)-2-(S)-methanamine-(3,5-
bis(trifluoromethyl)phenyl)-3-(((tert-butyldiphenylsilyl)oxy)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxane 44

To a solution of compound 43 (1.98 g, 2.78 mmol) in THF:H2O (8:2) (30 mL) was
added PPh3(1.46 g, 5.56 mmol). The solution was refluxed for 2h, at the end of
this time the reaction was quenched with sat. aq. NaHCO; and extracted with
AcOEt. The combined organic layers were dried (MgSO,), filtered and evaporated
to dryness. The crude product was purified by flash column chromatography on
silica gel (70:30, Hex/AcOEt) to afford the product 44 (1.82 g, 95%) as a
colourless oil. [a]4’= - 81.47 (c 0.68, CH,Cl,). *H NMR (CDCls): & 7.99 (s, 2H),
7.76 (s, 1H), 7.66-7.61 (m, 4H), 7.44-7.33 (m, 6H), 4.19 (d, J = 3.92 Hz, 1H), 4.09
(dd, J=10.11 Hz, J=4.21 Hz, 1H), 3.78 (dd, J = 11.49 Hz, J =5.18 Hz, 1H), 3.68
(dd, J =11.33 Hz, J = 3.91 Hz, 1H), 3.47-3.43 (m, 1H), 3.16 (s, 3H), 2.99 (s, 3H),
1.26 (s, 3H), 1.23 (s, 3H), 1.03 (s, 9H) ppm. 3C NMR (CDCls): d 145.5, 135.7,
135.5,133.2, 132.8, 131.1 (g, J = 33.29 Hz), 129.8, 128.9 (d, J = 2.65 Hz), 127.7,
127.6, 123.4 (q, J = 272.95 Hz), 121.0 (g, J = 3.56 Hz), 98.6, 98.5, 73.1, 69.9
64.8, 55.5, 48.0, 47.6, 26.8, 19.2, 17.3, 17.2 ppm. FTIR (Neat): 2952 (N-H), 1277
(C-0) cmt. HRMS: m/z: [M+H]* calcd for CssHa2FsNOsSi 686.2730; Found
686.2731.

The experimental procedure for compound 44’ (minor diastereomer) (1.70 g,
94%) was the same and it was obtained as a colourless oil. *H NMR (CDCls): &
7.85 (s, 2H), 7.77-7.71 (m, 5H), 7.46-7.37 (m, 6H), 4.37 (s, 1H), 4.06-4.01 (m,
1H), 3.94 (dd, J = 11.24 Hz, J = 3.38 Hz, 1H), 3.89-3.83 (m, 2H), 3.20 (s, 3H),
2.52 (s, 3H), 1.22 (s, 3H), 1.17 (s, 3H), 1.09 (s, 9H) ppm. C NMR (CDCls): d
146.8, 135.9, 135.6, 133.3, 132.9, 131.1 (q, J = 33.07 Hz), 129.9, 127.8, 127.7,
127.5 (d, J = 3.00 Hz), 123.5 (q, J = 272.44 Hz), 120.6 (g, J = 3.70 Hz), 99.1,
98.9, 73.3,69.2, 64.4,54.4, 47.9, 47.1, 26.76, 19.2, 17.4, 17.3 ppm. FTIR (Neat):
2993 (N-H), 1277 (C-O) cm?® HRMS: m/z: [M+H]" calcd for CszsH42FsNOsSi
686.2734; Found 686.2731.
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Experiment 8: Synthesis of tert-butyl ((S)-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(((tert
butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)methyl)carbamate 45

To a solution of compound 44 (0.15 g, 0.22 mmol) in CH2CI, (5 mL) was added
Boc,0 (0.08 mL, 0.33 mmol) and EtsN (0.20 mL, 0.66 mmol) at 0 °C. The resulting
mixture was allowed to warm to rt and stirred overnight. Then the solution was
guenched with H,O and extracted with CH2Cl,. The combined organic layers were
dried (MgSOQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (80:20, Hexane/AcOEt) to
afford the product 45 (0.16 g, 94%) as a colourless oil. *H NMR (CDClz): d 8.05
(s, 2H), 7.78 (s, 1H), 7.68 (dd, J = 18.67 Hz, J = 6.86 Hz, 4H), 7.44-7.33 (m, 6H),
5.88 (d, J = 8.14 Hz, 1H), 4.10 (t, J = 6.31 Hz, 1H), 4.20-4.16 (m, 1H), 3.82-3.69
(m, 2H), 3.49 (d, J = 9.38 Hz, 1H), 3.07 (s, 3H), 3.01 (s, 3H), 1.41 (s, 9H), 1.27
(s, 3H), 1.24 (s, 3H), 1.04 (s, 9H) ppm.

The experimental procedure for compound 45’ (minor diastereomer) (0.58 g,
54%) was the same and it was obtained as a colourless oil. *H NMR (CDCls): &
7.85-7.67 (m, 7H), 7.44-7.31 (m, 6H), 5.87 (d, J = 8.48 Hz, 1H), 5.14 (d, J = 8.64
Hz, 1H), 4.22 (d, J = 9.66 Hz, 1H), 3.99 (dd, J = 11.69 Hz, J = 3.33 Hz, 1H), 3.94-
3.78 (m, 2H), 3.19 (s, 3H), 2.60 (s, 3H), 1.45 (s, 9H), 1.25 (s, 3H), 1.21 (s, 3H),
1.08 (s, 9H) ppm.

Experiment 9: Synthesis of tert-butyl ((S)-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(hydroxymethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)carbamate 46

To a solution of compound 45 (0.18 g, 0.23 mmol) in THF (5 mL) was added TBAF
(0.30 mL, 0.25 mmol). The reaction mixture was stirred for 1 h, then it was
guenched with H,O and extracted with AcOEt. The combined organic layers were

dried (MgSQ.), filtered and evaporated to dryness. The crude product was
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purified by flash column chromatography on silica gel (70:30, Hexane/AcOEt) to
afford the product 46 (0.091 g, 73%) as a white solid. *H NMR (CDCls): & 8.08-
8.01 (m, 2H), 7.80 (s, 1H), 5.00 (d, J =8.71 Hz, 1H), 4.89-4.86 (m, 1H), 4.15-4.10
(m, 1H), 3.65 (d, J = 4.39 Hz, 2H), 3.35 (s, 1H), 3.22 (s, 3H), 3.05 (s, 3H), 1.41
(s, 9H), 1.34 (s, 3H), 1.28 (s, 3H) ppm.

The experimental procedure for compound 46’ (minor diastereomer) (0.031 g,
63%) was the same and it was obtained as a white solid. *H NMR (CDCls): 6 7.84-
7.77 (m, 3H), 5.78 (d, J = 8.95 Hz, 1H), 5.00 (d, J = 8.82 Hz, 1H), 4.01 (d, J =
9.46 Hz, 1H), 3.85-3.80 (m, 3H), 3.28 (s, 3H), 2.62 (s, 3H), 1.46 (s, 9H), 1.26 (s,
3H), 1.21 (s, 3H) ppm.

Experiment 10: Synthesis of ((2S,3S,5R,6R)-3-((S)-(3,5-
bis(trifluoromethyl)phenyl)((tert-butoxycarbonyl)amino)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-nitro-5-
(trifluoromethyl)benzoate 47

To a solution of compound 46 (0.084 g, 0.15 mmol) in CH2Cl, (5 mL) was added
3-nitro-5-(trifluoromethyl)benzoic acid (0.053 g, 0.23 mmol). Then the mixture
was stirred at 0 °C and EDC.HCI (0.043 g, 0.23 mmol) and DMAP (0.027 g, 0.23
mmol) were added. The resulting mixture was allowed to warm to rt and stirred
until all starting material was consumed. Afterwards, the reaction was quenched
with H,O and extracted with CH,Cl,. The combined organic layers were dried
(MgSO0.,), filtered and evaporated to dryness. The crude product was purified by
flash column chromatography on silica gel (80:20, Hexane/AcOEt) to afford the
product 47 (0.096 g, 82%) as a colourless oil. *H NMR (CDCls): & 8.99 (s, 1H),
8.68 (s, 1H), 8.60 (s, 1H), 8.12 (s, 2H), 7.82 (s, 1H), 5.48 (d, J = 8.97 Hz, 1H),
4.97 (dd, J =9.09 Hz, J = 2.16 Hz, 1H), 4.53 (d, J = 12.38 Hz, 1H), 4.36 (dd, J =
12.15 Hz, J = 5.33 Hz, 1H), 4.30 (dd, J = 10.52 Hz, J = 2.37 Hz, 1H), 3.62 (s br,
1H), 3.34 (s, 3H), 3.07 (s, 3H), 1.40 (s, 12H), 1.30 (s, 3H) ppm.
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The experimental procedure for compound 47’ (minor diastereomer) (0.032 g,
74%) was the same and it was obtained as a colourless oil. *H NMR (CDCls): &
9.06 (t, J = 1.68 Hz, 1H), 8.70 (s, 1H), 8.65 (s, 1H), 7.79 (s, 3H), 5.75 (d, J = 9.29
Hz, 1H), 5.08 (d, J = 9.18 Hz, 1H), 4.72 (dd, J = 11.99 Hz, J = 4.86 Hz, 1H), 4.64
(dd, J = 12.21 Hz, J = 3.46 Hz, 1H), 4.19-4.15 (m, 1H), 3.97 (d, J = 9.74 Hz, 1H),
3.34 (s, 3H), 2.64 (s, 3H), 1.41 (s, 9H), 1.27 (s, 3H), 1.23 (s, 3H) ppm..

Experiment 11: Synthesis of ((2S,3S,5R,6R)-3-((S)-(3,5-
bis(trifluoromethyl)phenyl)((tert-butoxycarbonyl)amino)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-amino-5-
(trifluoromethyl)benzoate 48

Compound 47 (0.10 g, 0.13 mmol) in EtOH (5 mL) was hydrogenated at 50 psi in
the presence of Pd/C 10% (0.016 g) overnight. Then the reaction mixture was
filtered and the solvent was evaporated to afford product 48 (0.10 g, 87%) as a
colourless oil. *H NMR (CDCls): 8 8.10 (s, 2H), 7.78 (s, 1H), 7.58 (s, 2H), 7.5 (s,
1H), 5.56 (d, J = 9.33 Hz, 1H), 5.15 (dd, J = 9.37 Hz, J = 9.37 Hz, 1H), 5.56 (d, J
= 4.59 Hz, 1H), 4.25-4.21 (m, 2H), 3.59-3.54 (m, 1H), 3.32 (s, 3H), 3.04 (s, 3H),
1.43 (s, 9H), 1.38 (s, 3H), 1.29 (s, 3H) ppm.

The experimental procedure for compound 48 (0.032 g, 99%) (minor
diastereomer) was the same and it was obtained as a colourless. *H NMR
(CDCl3): 6 7.78 (s, 3H), 7.66 (s, 1H), 7.62 (s, 1H), 7.04 (s, 1H), 5.82 (d, J = 8.70
Hz, 1H), 5.17 (d, J = 8.77 Hz, 1H), 4.70 (dd, J = 12.15 Hz, J = 4.03 Hz, 1H), 4.37
(dd, J = 12.01 Hz, J = 5.41 Hz, 1H), 4.16 (s, 1H), 3.90 (d, J = 9.84 Hz, 1H), 3.32
(s, 3H), 2.59 (s, 3H), 1.43 (s, 9H), 1.27 (s, 3H), 1.22 (s, 3H) ppm.
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Experiment 12: Synthesis of ((2S,3S,5R,6R)-3-((S)-(3,5-
bis(trifluoromethyl)phenyl)((tert-butoxycarbonyl)amino)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-isothiocyanato-5-
(trifluoromethyl)benzoate 49

To a solution of compound 48 (0.08 g, 0.10 mmol) in CH2CI, (3 mL) was added
TCDI (0.04 g, 0.20 mmol) and imidazole (0.004 g, 0.05 mmol). Afterwards, the
resulting mixture was neutralised with sat. ag. NH4Cl solution and extracted with
CH.Cl,. The combined organic layers were dried (MgSO,), filtered and
evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (70:30, Hexane/AcOEt) to afford the product 49
(0.62 g, 78%) as a colourless oil. *H NMR (CDCls): 8 8.12 (d, J = 8.27 Hz, 3H),
8.01 (s, 1H), 7.81 (s, 1H), 7.64 (s, 1H), 5.47 (d, J = 9.09 Hz, 1H), 4.98 (dd, J =
9.32 Hz, J =2.56 Hz, 1H), 4.78 (dd, J = 12.12 Hz, J = 2.10 Hz, 1H), 4.31 (dd, J =
12.23 Hz, J = 5.24 Hz, 1H), 4.24 (dd, J = 10.37 Hz, J = 2.92 Hz, 1H), 3.58 (s br,
1H), 3.32 (s, 3H), 3.05 (s, 3H), 1.42 (s, 9H), 1.39 (s, 3H), 1.29 (s, 3H) ppm.

The experimental procedure for compound 49’ (0.022 g, 55%) (minor
diastereomer) was the same and it was obtained as a colourless oil. *H NMR
(CDCls): 8 8.20 (s, 1H), 8.08 (s, 1H), 7.78 (s, 3H), 7.65 (s, 1H), 5.74 (d, J =9.14
Hz, 1H), 5.07 (d, J = 9.25 Hz, 1H), 4.69 (dd, J =12.17 Hz, J = 4.78 Hz, 1H), 4.55
(dd, J=12.22 Hz, J = 3.57 Hz, 1H), 4.15-4.10 (m, 1H), 3.93 (d, J = 10.03 Hz, 1H),
3.32 (s, 3H), 2.61 (s, 3H), 1.42 (s, 9H), 1.27 (s, 3H), 1.22 (s, 3H) ppm.

Experiment 13: Synthesis of (9H-fluoren-9-yl)methyl  ((S)-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(((tert
butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)methyl)carbamate 52

To a solution of compound 44 (0.25 g, 0.56 mmol) in dioxane (10 mL) was added

an aqueous solution of NaHCO3 1M (1.4 mL) at 0 °C. The resulting mixture was

144



Experimental Procedures

stirred for 10 min. Then Fmoc-Osu (0.21 g, 0.61 mmol) dissolved in dioxane (10
mL) was added. The solution was stirred at rt overnight. After this time it was
acidified with citric acid 10% until pH 4 and extracted with AcOEt. The combined
organic layers were dried (MgSOQ.), filtered and evaporated to dryness. The crude
product was purified by flash column chromatography on silica gel (80:20,
Hexane/AcOEt) to afford the product 52 (0.20 g, 92%) as a white solid. *H NMR
(CDCls): 6 8.08 (s, 2H), 7.79 (s, 1H), 7.74 (d, J = 7.64 Hz, 2H), 7.64 (dd, J = 19.17
Hz, J = 7.06 Hz, 4H), 7.51 (d, J =7.29 Hz, 2H), 7.42-7.32 (m, 8H), 7.23 (d, J =
7.73 Hz, 2H), 6.02 (d, J = 8.98 Hz, 1H), 5.14 (q, J = 4.37 Hz, 1H), 443 (d, J =
7.03 Hz, 2H), 4.22-4.18 (m, 2H), 3.73 (d, J = 4.09 Hz, 2H), 3.46 (td, J = 7.53 Hz,
J=4.36 Hz, 1H), 3.13 (s, 3H), 3.01 (s, 3H), 1.31 (s, 3H), 1.25 (s, 3H), 1.03 (s, 9H)
ppm. C NMR (CDCls): 5 155.3, 143.7, 143.6, 141.8, 141.3, 135.8, 135.5, 133.0,
132.6, 131.3 (q, J = 33.20 Hz), 129.8, 129.4, 127.7, 127.6, 127.0, 124.9, 124.8,
123.3 (g, J = 272.47 Hz), 121.5 (g, J = 3.76 Hz), 120.0, 98.8, 98.5, 71.2, 69.1,
66.9, 64.7, 53.8, 47.9, 47.6, 47.2, 26.7,19.2, 17.3, 17.2 ppm.

The experimental procedure for compound 52’ (minor diastereomer) (0.135 g,
90%) was the same and it was obtained as a white solid. Mp 54-56 °C. [a]3°= -
50.75 (c 1.19, CH:Cl,).*H NMR (CDCls): & 7.87 (s, 2H), 7.81 (d, J = 7.45 Hz, 3H),
7.75-7.69 (m, 4H), 7.59 (t, J = 6.89 Hz, 2H), 7.44-7.19 (m, 10H), 6.15 (d, J = 8.45
Hz, 1H), 5.17 (d, J = 8.83 Hz, 1H), 4.59 (dd, J = 11.12 Hz, J = 6.62 Hz, 1H), 4.43
(dd, J =10.87 Hz, J = 6.24 Hz, 1H), 4.26-4.20 (m, 2H), 3.91 (dd, J = 11.86 Hz, J
= 3.18 Hz, 1H), 3.82-3.78 (m, 1H), 3.67 (dt, J = 9.74 Hz, J = 2.87 Hz, 1H), 3.17
(s, 3H), 2.62 (s, 3H), 1.26 (s, 3H), 1.22 (s, 3H), 1.08 (s, 9H) ppm.

B3C NMR (CDCls): 5 155.9, 143.8, 143.7, 143.6, 141.4, 136.1, 135.7, 133.4, 133.0,
131.5 (g, J = 33.36 Hz), 129.9, 129.7, 127.8, 127.7, 127.6, 127.5, 127.3, 127.1,
127.0,125.0,124.9, 123.4 (q, J = 272.82 Hz), 121.2 (g, J = 3.68 Hz), 120.1, 120.0,
99.1, 98.9, 71.2, 69.0, 66.6, 64.3, 53.8, 47.9, 47.5, 47.3, 26.7, 19.4, 17.4, 17.3
ppm. FTIR (Neat): 1726 (C=0), 1277 (C-O) cm. HRMS: m/z: [M+Na]* calcd for
Ca9Hs51F6NNaO-Si 930.3227; Found 930.3231.

145



Chapter 7

Experiment 14: Synthesis of (9H-fluoren-9-yl)methyl  ((S)-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(hydroxymethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)carbamate 53

To a solution of compound 52 (0.27, 0.30 mmol) in THF (5 mL) was added
EtsN.3HF (0.24 mL, 1.50 mmol). The resulting mixture was stirred at rt for 5 days.
Then was quenched with H>O and extracted with AcOEt. The combined organic
layers were dried (MgSOQ.), filtered and evaporated to dryness. The crude product
was purified by flash column chromatography on silica gel (50:50, Hexane/AcOEt)
to afford the product 53 (minor diastereomer) (0.14 g, 71%) as a white solid. Mp
207-209 °C. [a]3°=-72.26 (c 1, CH.Cl,). *H NMR (CDCls): 5 7.82 (s, 2H), 7.77 (d,
J =8.01 Hz, 3H), 7.60 (d, J = 7.69 Hz, 2H), 7.44-7.36 (m, 2H), 7.31 (t, J = 7.44,
2H), 6.03 (d, J =9.15 Hz, 1H), 5.03 (d, J = 9.05 Hz, 1H), 4.62-4.58 (m, 1H), 4.47
(dd, J=11.17 Hz, J=6.16 Hz, 1H), 4.23 (t, J = 6.29 Hz, 1H), 4.00 (d, J = 9.90
Hz, 1H), 3.79 (td, J = 11.79 Hz, J =3.19 Hz, 2H), 3.69 (dt, J =9.70 Hz, J=3.65
Hz, 1H), 3.23 (s, 3H), 2.64 (s, 3H), 1.25 (s, 3H), 1.21 (s, 3H) ppm. ¥C NMR
(CDCls): & 155.9, 143.7, 143.6, 143.1, 141.4, 141.3, 131.5 (g, J = 33.44 Hz),
127.8, 127.7, 127.3 (d, J = 2.68 Hz), 127.1, 127.0, 125.0, 124.8, 123.3 (q, J =
273.75 Hz), 121.3 (q, J = 3.74 Hz), 120.1, 120.0, 99.1, 98.9, 70.6, 68.8, 66.6,
62.0, 53.6, 48.1, 47.5, 47.4, 17.4, 17.3 ppm. FTIR (Neat): 3278 (O-H), 1721
(C=0), 1280 (C-O) ocml HRMS: m/zz [M+Na]* caled for
CasH3zsFeNNaO7 692.2052; Found 692.2053.

Experiment 15: Synthesis of ((2S,3S,5R,6R)-3-((S)-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)(3,5-bis(trifluoromethyl)phenyl)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-nitro-5-
(trifluoromethyl)benzoate 54

To a solution of compound 53 (0.32 g, 0.47 mmol) in CH2Cl, (30 mL) was added

3-nitro-5-(trifluoromethyl)benzoic acid (0.22 g, 0.94 mmol). Then the mixture was
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stirred at 0 °C and EDC.HCI (0.18 g, 0.94 mmol) and DMAP (0.11 g, 0.94 mmol)
were added. The resulting mixture was allowed to warm to rt and stirred until all
the starting material was consumed. Afterwards the reaction was quenched with
H,O and extracted with CH,Cl,. The combined organic layers were dried
(MgSO0s.), filtered and evaporated to dryness. The crude product was purified by
flash column chromatography on silica gel (80:20, Hexane/AcOEt) to afford the
product 54 (minor diastereomer) (0.26 g, 61%) as a white solid. Mp 179-181 °C.
[a]2’= - 61.48 (c 0.4, CH.Cl,). *H NMR (CDCls): & 8.97 (s, 1H), 8.62 (s, 1H), 8.59
(s, 1H), 7.80 (s, 3H), 7.75 (9, J = 3.74 Hz, 2H), 7.55 (q, J = 3.63 Hz, 2H), 7.39 (q,
J=7.49 Hz, 2H), 7.30 (d, J = 7.44 Hz, 2H), 6.01 (d, J =9.12 Hz, 1H),5.12(d, J =
9.12 Hz, 1H), 4.60 (d, J = 2.85 Hz, 2H), 4.54 (dd, J = 10.25 Hz, J = 6.50 Hz, 1H),
4.38 (dd, J = 11.31 Hz, J = 6.60 Hz, 1H), 4.14 (t, J = 6.45 Hz) 4.08 (td, J = 9.96
Hz, J = 4.12 Hz, 1H), 3.94 (d, J = 10.00 Hz, 1H), 3.31 (s, 3H), 2.65 (s, 3H), 1.27
(s, 3H), 1.25 (s, 3H) ppm. FTIR (Neat): 1720 (C=0), 1535 (N-O) cm™. HRMS:
m/z: [M+Na]* calcd for C41H3ssFsN2NaO10 909.2047; Found 909.2040.

Experiment 16: ((2S,3S,5R,6R)-3-((S)-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)(3,5-bis(trifluoromethyl)phenyl)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-amino-5-
(trifluoromethyl)benzoate 55

To a solution of compound 54 (0.13 g, 0.14 mmol) in AcOEt was added
SnCl2.2H,0 (0.16 g, 0.72 mmol). The resulting mixture was stirred at 50°C
overnight. Then it was filtered, washed with satd. aq. NaHCOs; solution and
extracted with AcOEt. The combined organic layers were dried (MgSO.), filtered
and evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (70:30, Hexane/AcOEt) to afford the product 55
(minor diastereomer) (0.1 g, 80%) as a yellow pale solid. *H NMR (CDCls): &
7.80 (d, J = 6.39 Hz, 3H), 7.75 (dd, J = 7.77 Hz, J = 2.44 Hz, 2H), 7.64 (s, 1H),
7.57-7.52 (m, 3H), 7.41-7.36 (m, 3H), 7.30-7.21 (m, 2H), 6.16 (d, J = 8.65 Hz,
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1H), 5.21 (d, J = 8.70 Hz, 1H), 4.63 (dd, J = 12.12 Hz, J = 3.96 Hz, 1H), 4.55 (dd,
J=10.68 Hz, J = 6.48 Hz, 1H), 4.42-4.32 (m, 2H), 4.19 (t, J = 6.60 Hz), 4.06-4.01
(m, 1H), 3.87 (d, J = 9.68 Hz, 1H), 3.30 (s, 3H), 2.61 (s, 3H), 1.27 (s, 3H), 1.24
(s, 3H) ppm. 3C NMR (CDCls): 8 165.2, 156.0, 147.5, 143.6, 143.1, 141.4, 131.7
(q, J =32.71 Hz), 131.6 (q, J = 33.49 Hz), 127.9, 127.8, 121.2 (d, J = 2.72 Hz),
127.1,124.9, 124.8, 123.7 (q, J = 271.78 Hz), 123.2 (q, J = 272.94 Hz), 121.5 (q,
J = 3.70 Hz), 120.0 (d, J = 2,64 Hz), 115.9 (q, J = 4.09 Hz), 115.2 (d, J = 3.58
Hz), 99.2, 99.0, 72.5, 66.8, 66.6, 64.6, 53.8, 48.2, 47.5, 47.2, 17.3, 17.2 ppm.
FTIR (Neat): 3396 (NH.), 1706 (C=0 ester), 1618 (C=0 amide) cm™.

Experiment 17: Synthesis of ((2S,3S,5R,6R)-3-((S)-((((9H-fluoren-9-
yl)methoxy)carbonyl)amino)(3,5-bis(trifluoromethyl)phenyl)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-isothiocyanato-5-
(trifluoromethyl)benzoate 56

To a solution of compound 55 (0.18 g, 0.211 mmol) in CH2Cl> (5 mL) TCDI (0.09
g, 0.53 mmol) and imidazole (0.014 g, 0.21 mmol) were added. Afterwards, the
resulting mixture was neutralised with satd. aq. NH.Cl solution and extracted with
CH2Cl,. The combined organic layers were dried (MgSO.), filtered and
evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (70:30, Hex/AcOEt) to afford the product 56 (minor
diastereomer) (0.15 g, 78%) as a white solid. Mp 124-126 °C. [a]3’= -56.23 (c
0.67, CHCl). 'H NMR (CDCls): & 8.15 (s, 1H), 7.95 (s, 1H), 7.80 (s, 3H), 7.77
(dd, J=7.87 Hz, J = 4.48 Hz, 2H), 7.57-7.54 (m, 3H), 7.39 (q, J = 7.67 Hz, 2H),
7.29 (d, J = 7.25 Hz, 2H), 6.06 (d, J = 9.08 Hz, 1H), 5.13 (d, J = 9.10 Hz, 1H),
4.63-4.49 (M, 3H), 4.42-4.36 (m, 1H), 4.13 (t, J = 6.39 Hz, 1H), 4.09-4.06 (m, 1H),
3.92 (d, J = 9.65 Hz, 1H), 3.30 (s, 3H), 2.64 (s, 2H), 1.27 (s, 3H), 1.24 (s, 3H)
ppm. 3C NMR (CDCls): 5 163.8, 155.9, 143.6, 143.6, 142.9, 141.4, 141.3, 139.7,
133.3, 132.6 (q, J = 34.46 Hz), 132.3, 131.6 (q, J = 33.39 Hz), 129.9, 127.8 (d, J
= 2.03 Hz), 127.2, 127.0, 127.0, 124.9, 124.8, 124.7 (g, J = 3.50 Hz) , 124.4,
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124.2,123.3(q, J = 271.94 Hz), 122.7 (q, J = 273.40 Hz), 121.5 (g, J = 3.38 Hz),
120.1, 99.3, 99.1, 71.6, 66.9, 66.8, 65.0, 53.6, 48.2, 47.6, 47.2, 17.3,17.2 ppm.
FTIR (Neat): 3350 (N-H), 2010 (N=C=S), 1713 (C=0), 1276 (C-O) cm™. HRMS:
m/z: [M+Na]*calcd for Cs2H3ssFsN2NaOsS 921.1860; Found 921.1863.

Experiment 18: ((2S,3S,5R,6R)-3-(((tert-butyldiphenylsilyl)oxy)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 4-methylbenzenesulfonate
57

To a solution of compound 38 (1.66 g, 3.49 mmol) in CH2Cl, (20 mL) was added
tosyl chloride (1.66 g, 8.73 mmol), EtsN (1.20 mL, 8.73 mmol) and DMAP (cat.
amount) at 0 °C. The resulting mixture was allowed to warm to rt and stirred
overnight. Then the solution was quenched with H,O and extracted with CH,Cl..
The combined organic layers were dried (MgSO.), filtered and evaporated to
dryness. The crude product was purified by flash column chromatography on
silica gel (80:20, Hexane/AcOEt) to afford the product 57 (2.15 g, 98%) as a
colourless oil. *H NMR (CDClz): & 7.78 (s, 1H), 7.76 (s, 1H), 7.67-7.61 (m, 4H),
7.46-7.34 (m, 6H), 7.28 (s, 1H), 7.25 (s, 1H), 4.48 (dd, J = 10.85 Hz, J = 2.47 Hz,
1H), 4.15-4.06 (m, 1H), 3.99 (td, J = 7.38 Hz, J = 2.49 Hz, 1H), 3.69-3.63 (m, 2H),
3.61-3.55 (m, 1H), 3.19 (s, 3H), 3.09 (s, 3H), 2.42 (s, 3H), 1.21 (s, 3H), 1.20 (s,
3H), 1.10 (s, 9H) ppm. 3C NMR (CDCls): & 144.6, 135.6, 135.6, 133.1, 133.1,
132.9, 129.8, 129.7, 128.0, 127.8, 127.7, 98.8, 98.6, 69.4, 69.3, 69.0, 64.1, 47.9,
47.8, 26.7, 21.6, 19.1, 17.3, 17.3 ppm. FTIR (Neat): 1366 (S=0) cm™. HRMS:
m/z: [M+H2O]* calcd for C33H4s09SSi 646.2632; Found 646.2860.
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Experiment 19: Synthesis of (((2S,3S,5R,6R)-3-(azidomethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methoxy)(tert-butyl)diphenylsilane
58

To a solution of compound 57 (2.14 g, 3.40 mmol) in DMF (20 mL) NaNs (0.33 g,
5.10 mmol) was added. The resulted mixture was stirred at 70 °C overnight. Then
the solution was quenched with H,O and extracted with CH,Cl,. The combined
organic layers were dried (MgSO.), filtered and evaporated to dryness. The
compound 58 (1.68 g, quantitative yield) was obtained as a colourless oil. H
NMR (CDCls): 6 7.68-7.65 (m, 4H), 7.45-7.36 (m, 6H), 4.00-3.93 (m, 1H), 3.71-
3.66 (m, 3H), 3.44-3.43 (m, 2H), 3.30 (s, 3H), 3.16 (s, 3H), 1.32 (s, 3H), 1.25 (s,
3H), 1.04 (s, 9H) ppm. C NMR (CDCls): & 135.7, 135.6, 133.2, 133.0, 129.8,
127.8,127.7,98.8, 98.8, 71.0, 69.7, 64.3, 50.9, 48.0, 47.9, 26.7, 19.2, 17.4, 17.3
ppm. FTIR (Neat): 2097 (N=N=N) cm™. HRMS: m/z: [M+H,O]" calcd for
C26H39N306Si 517.2608; Found 517.2838.

Experiment 20: Synthesis of ((2S,3S,5R,6R)-3-(azidomethyl)-5,6-dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yl)methanol 59

To a solution of compound 58 (0.85 g, 1.70 mmol) in THF (5 mL) was added TBAF
(2.60 mL, 2.55 mmol). The reaction mixture stirred for 1 h, then was quenched
with H,O and extracted with AcOEt. The combined organic layers were dried
(MgS0.,), filtered and evaporated to dryness. The crude product was purified by
flash column chromatography on silica gel (50:50 Hexane/AcOEt) to afford the
product 59 (0.40 g, 90%) as a white solid. Mp 59-61 °C.*H NMR (CDCls): 5 3.99-
3.94 (m, 1H), 3.77-3.73 (m, 1H), 3.71-3.66 (m, 1H), 3.63-3.57 (m, 1H), 3.41-3.36
(m, 1H), 3.30 (s, 3H), 3.27 (s, 3H), 2.06 (t, J = 6.26 Hz, 1H), 1.33 (s, 3H), 1.31 (s,
3H) ppm. C NMR (CDCls): 8 99.1, 98.9, 69.5, 68.5, 62.1, 50.9, 48.1, 48.0, 17.5
ppm. FTIR (Neat): 3250 (O-H), 2089 (N=N=N) cm™.
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Experiment 21: Synthesis of ((2S,3S,5R,6R)-3-(azidomethyl)-5,6-dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-nitro-5-(trifluoromethyl)benzoate 60
To a solution of compound 59 (0.40 g, 1.52 mmol) in CH>Cl, (10 mL) 3-nitro-5-
(trifluoromethyl)benzoic acid (0.54 g, 2.28 mmol) was added. Then the mixture
was stirred at 0 °C and EDC.HCI (0.44 g, 2.28 mmol) and DMAP (0.28 g, 2.28
mmol) were added. The resulting mixture was allowed to warm to rt and stirred
until all starting material has been consumed. Afterwards the reaction was
guenched with H,O and extracted with CH2Cl,. The combined organic layers were
dried (MgSQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (80:20, Hexane/AcOEt) to
afford the product 60 (0.70 g, 96%) as colourless oil. *H NMR (CDCls): & 9.04 (s,
1H), 8.70 (s, 1H), 8.63 (s, 1H), 4.50-4.42 (m, 2H), 4.15-4.10 (m, 1H), 4.02-3.98
(m, 1H), 3.46 (dd, J = 13.34 Hz, J = 6.15 Hz, 1H), 3.37 (d, J = 3.61 Hz, 1H), 3.33
(s, 3H), 3.32 (s, 3H), 1.35 (s, 3H), 1.33 (s, 3H) ppm. *C NMR (CDCls): & 162.8,
148.5, 132.9 (q, J = 34.87 Hz), 132.9, 131.9 (q, J = 3.52 Hz), 127.6, 124.7 (9, J =
3.61 Hz), 122.4 (q, J = 273.66 Hz), 99.2, 99.1, 68.6, 67.3, 65.1, 51.0, 48.1, 48.0,
17.4, 17.3 ppm. FTIR (Neat): 2102 (N=N=N), 1736 (C=0), 1548 (N-O) cm™.
HRMS: m/z: [M+Na]* calcd for CigH21FsN4sNaOg 502.1238; Found 502.3742.

Experiment 22: Synthesis of ((2S,3S,5R,6R)-3-(azidomethyl)-5,6-dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-amino-5-(trifluoromethyl)benzoate 61
To a solution of compound 60 (0.10 g, 0.22 mmoal) in dioxane:H,O (3:1) (12 mL)
NH,4CI (0.088 g, 1.65 mmol) and Zn (0.11 g, 1.65 mmol) were added. The resulting
mixture was stirred at rt. Afterwards, it was filtered and extracted with AcOEt and
the combined organic layers were dried (MgSO.), filtered and evaporated to
dryness. The crude product was purified by flash column chromatography on
silica gel (70:30, Hexane/AcOEt) to afford the product 61 (0.04 g, 39%) as a
yellow oil. [a]’= - 108.46 (c 0.95, CH,Cl,). *"H NMR (CDCl3):  7.74 (d, J = 17.14
Hz, 1H), 7.39 (s, 1H), 7.16 (s, 1H), 6.52 (s, 1H), 4.40-4.32 (m, 2H), 4.10-4.05 (m,
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1H), 4.00-3.95 (m, 1H), 3.44 (dd, J = 13.40 Hz, J = 6.44 Hz 1H), 3.36 (d, J = 3.09
Hz, 1H), 3.33 (s, 3H), 3.30 (s, 3H), 1.35 (s, 3H), 1.33 (s, 3H) ppm. HRMS: m/z:
[M+H*] calcd for C1gH24N4F306 449.1570; Found 449.1338.

Experiment 23: Synthesis of ((2S,3S,5R,6R)-3-(azidomethyl)-5,6-dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-isothiocyanato-5-
(trifluoromethyl)benzoate 62

To a solution of compound 61 (0.04 g, 0.08 mmol) in CH.Cl, was added TCDI
(0.03 g, 0.17 mmol) and imidazole (0.003 g, 0.042 mmol). Afterwards, the
resulting mixture was neutralised with satd. ag. NH4Cl sol. and extracted with
CH.Cl,. The combined organic layers were dried (MgSO,), filtered and
evaporated to dryness. The crude product was purified by preparative TLC
(70:30, Hexane/AcOEt) to afford the product 62 (0.006 g, 15%) as colourless oil.
'H NMR (CDCls): & 8.16 (s, 1H), 8.03 (s, 1H), 7.64 (s, 1H), 4.39 (d, J = 4.50 Hz,
2H), 4.09-4.05 (m, 1H), 3.98-3.93 (m, 1H), 3.43 (dd, J = 13.02 Hz, J = 6.23 Hz,
1H), 3.36 (d, J = 3.15 Hz, 1H), 3.32 (s, 3H), 3.30 (s, 3H), 1.34 (s, 3H), 1.33 (s,
3H) ppm.

Experiment 24: Synthesis of 1-(3,5-bis(trifluoromethyl)phenyl)-3-((3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(((tert-
butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)methyl)thiourea 64

To a solution of compound 44 (0.14 g, 0.20 mmol) in CH,Cl, (10 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (54 uL, 0.30 mmol). The resulting
mixture was stirred for 1 h and then it was evaporated. The crude product was
purified by flash column chromatography on silica gel (90:10, Hexane/AcOEt) to
afford the product 64 (0.19 g, 97%) as a white solid. *H NMR (CDCls): d 8.30 (s,
1H), 8.15 (s, 2H), 7.81 (s, 1H), 7.77 (s, 1H), 7.70 (s, 2H), 7.64 (dt, J = 8.01 Hz, J
= 1.61 Hz, 4H), 7.43-7.38 (m, 2H), 7.34 (q, J = 7.16 Hz, 4H), 6.00 (s br, 1H), 4.29
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(dd, J=10.07 Hz, J = 4.07 Hz, 1H), 3.76 (dd, J = 11.40 Hz, J = 4.78 Hz, 1H), 3.67
(dd, J = 11.35Hz, J = 3.88 Hz, 1H), 3.40-3.34 (m, 1H), 2.96 (s, 6H), 1.21 (s, 3H),
1.18 (s, 3H), 1.06 (s, 9H) ppm. HRMS: m/z: [M+H]* calcd for CasHasF12N,OsSSi
957.2621; Found 957.2515.

The experimental procedure for compound 64’ (minor diastereomer) (0.25 g,
91%) was the same and this compound was obtained as a white solid. Mp 47-49
°C. [a]3%=-11.66 (c 0.52, CH,Cl,). *H NMR (CDCls): 5 8.82 (s, 1H), 7.97 (s, 2H),
7.89 (s, 2H), 7.85 (d, J=7.51 Hz, 1H), 7.79 (d, J = 6.94 Hz, 2H), 7.74 (d, J = 6.51
Hz, 2H), 7.70 (s, 1H), 7.43-7.34 (m, 6H), 6.00 (d, J = 7.52 Hz, 1H), 4.42 (d, J =
9.88 Hz, 1H), 4.16-4.06 (m, 1H), 3.85 (d, J = 11.80 Hz, 1H), 3.65 (d, J = 9.25 Hz,
1H), 3.14 (s, 3H), 2.75 (s, 3H), 1.28 (s, 3H), 1.17 (s, 3H), 1.08 (s, 9H) ppm. =C
NMR (CDCls): 6 181.2, 142.6, 139.4, 136.0, 135.6, 133.2, 132.9 (g, J = 34.01 Hz),
131.6 (g, J = 33.42 Hz), 129.8, 129.7, 127.8, 127.6, 123.6, 122.9 (q, J = 272.65
Hz), 1225, 122.3 (q, J = 272.95 Hz), 121.5 (g, J = 3.40 Hz), 119.1 (q, J = 3.80
Hz), 99.3, 98.8, 71.1, 69.0, 64.2, 56.5, 48.1, 47.6, 26.6, 19.4, 17.4, 17.2 ppm.
FTIR (Neat): 1276 (C-0O), 1126 (C=S) cm™.

Experiment 25: Synthesis of (3,5-bis(trifluoromethyl)phenyl)-3-((S) or (R)-
(3,5-bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(hydroxymethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)thiourea 65 and 66

To a solution of compound 64 (0.32 g, 0.33 mmol) in THF (10 mL) was added
TBAF (0.37 mL, 0.40 mmol). The reaction mixture was stirred for 1 h, then it was
guenched with H>O and extracted with AcCOEt. The combined organic layers were
dried (MgSOQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (60:40, Hexane/AcOEt) to
afford the product 65 (0.22 g, 91%) as a white solid. Mp 167-169 °C. [a]3’= -
98.18 (c 1, CH.Cl,). *H NMR (CDCls): d 8.53 (s, 1H), 8.11 (s, 2H), 7.83 (s, 1H),
7.76 (s, 3H), 7.30 (d, J = 7.98 Hz, 1H), 5.78 (t, J = 6.04 Hz, 1H), 4.21 (g, J = 5.06
Hz, 1H), 3.71-3.63 (m, 2H), 3.35 (dt, J = 10.04 Hz, J = 3.73 Hz, 1H), 3.03 (s, 3H),
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2.93 (s, 3H), 1.23 (s, 3H), 1.17 (s, 3H) ppm. *C NMR (CDCls): & 179.8, 139.9,
138.4, 133.3 (q, J = 34.18 Hz), 131.5 (g, J = 33.33 Hz), 129.7 (d, J = 2.75 Hz),
124.6 (d, J = 3.61 Hz), 122.9 (q, J = 274.24 Hz), 122.6 (q, J = 273.09 Hz), 122.1
(g, J = 3.65 Hz), 120.1 (q, J = 3.54 Hz), 99.2, 98.8, 69.2, 69.0, 62.0, 57.1, 47.9,
17.2, 17.0 ppm. FTIR (Neat): 3330 (N-H), 3302 (O-H), 1275 (C-0), 1123 (C=S)
cm™. HRMS: m/z: [M+H]* calcd for C27H27F12N20sS 719.1444; Found 719.1444.
The experimental procedure for compound 66 (minor diastereomer) (0.19 g,
99%) was the same and this compound was obtained as a white solid. Mp 175-
177 °C. [a]3°= -56.8 (c 1, CH.Cl,). *H NMR (CDCls): 5 8.49 (s, 1H), 7.91 (s, 2H),
7.88 (s, 2H), 7.83 (s, 1H), 7.75 (s, 1H) 7.66 (d, J = 8.21 Hz, 1H), 5.94 (d, J = 8.32
Hz, 1H), 4.12 (d, J = 10.18 Hz, 1H), 3.92 (t, J = 4.70 Hz, 2H), 3.70 (dt, J = 7.22
Hz, J = 3.56 Hz, 1H), 3.19 (s, 3H), 2.76 (s, 3H), 1.22 (s, 3H), 1.14 (s, 3H) ppm.
13C NMR (CDCl3): d 181.1, 142.0, 139.0, 132.8 (g, J = 33.85 Hz), 131.7 (q, J =
33.15 Hz), 127.6 (d, J = 2.89 Hz), 124.3 (q, J = 273.28 Hz), 124.0 (d, J = 3.13
Hz), 123.2 (q, J =272.96 Hz), 121.7 (9, J = 3.69 Hz), 119.5 (g, J = 3.64 Hz), 99.2,
98.9, 70.7, 68.8, 62.2, 56.5, 48.3, 47.9, 17.3, 17.2 ppm. FTIR (Neat): 3340 (N-H),
3304 (O-H), 1277 (C-0), 1121 (C=S) cm™. HRMS: m/z: [M+H]" calcd for
Co7H27F12N205S 719.1440; Found 719.1444).

Experiment 26: Synthesis of ((2S,3S,5R,6R)-5,6-dimethoxy-5,6-dimethyl-1,4-
dioxane-2,3-diyl)bis(methylene)-bis(4-methylbenzenesulfonate) 67

To a solution of compound 37 (0.55 g, 2.32 mmol) in CH2Cl, (15 mL) was added
tosyl chloride (2.21 g, 11.6 mmol), EtsN (1.60 mL, 11.6 mmol) and DMAP (cat.
amount) at 0 °C. The resulting mixture was allowed to warm to rt and stirred
overnight. Then the solution was quenched with H,O and extracted with CH,Cl..
The combined organic layers were dried (MgSO.), filtered and evaporated to

dryness. The crude product was purified by flash column chromatography on

silica gel (70:30, Hexane/AcOEt) to afford the product 67 (1.00 g, 79%) as a white
solid. Mp 110-112 °C.*H NMR (CDCls): 6 7.79 (d, J = 8.26 Hz, 4H), 7.35 (d, J =
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8.16 Hz, 4H), 4.05-4.03 (m, 4H), 3.81-3.78 (m, 2H), 3.13 (s, 6H), 2.46 (s, 6H),
1.17 (s, 6H) ppm. *C NMR (CDCls): d 145.0, 132.6, 129.9, 128.0, 98.9, 68.7,
66.9, 48.0, 21.6, 17.2 ppm. FTIR (Neat): 1353 (S=0) cm™. HRMS: m/z: [M+NHa]*
calcd for Co4H3sNO10S2 562.1775; Found 562.1777.

Experiment 27: Synthesis of (2R,3R,5S,6S)-5,6-bis(azidomethyl)-2,3-
dimethoxy-2,3-dimethyl-1,4-dioxane 68

To a solution of compound 67 (1.00 g, 1.84 mmol) in DMF (15 mL) was added
NaNs (0.35 g, 5.52 mmol). The reaction mixture was stirred at 70 °C overnight.
Then the solution was quenched with H.O and extracted with CH:Cl,. The
combined organic layers were dried (MgSO.), filtered and evaporated to dryness.
The compound 68 (0.49 g, 93%) was obtained as a white solid. Mp 61-63 °C.
[a]3°=-103.10 (c 0.36, CH,Cl,). *H NMR (CDCls): & 3.88-3.86 (m, 2H), 3.38-3.33
(m, 2H), 3.31 (s, 6H), 3.23 (d, J = 2.64 Hz, 1H), 3.19 (d, J = 2.59 Hz, 1H), 1.32 (s,
6H) ppm. *C NMR (CDCls): § 99.2, 69.1, 50.9, 48.2, 17.4 ppm. FTIR (Neat): 2096
(N=N=N) cm™*. HRMS: m/z: [M+Na]* calcd for C1oH1sFsNsNaO4 309.1282; Found
309.0978.

Experiment 28: Synthesis of ((2S,3S,5R,6R)-5,6-dimethoxy-5,6-dimethyl-1,4-
dioxane-2,3-diyl)dimethanamine 69

Compound 68 (0.49 g, 1.72 mmol) in EtOH (10 mL) was hydrogenated at 50 psi
in the presence of Pd/C 10% (0.05 g) overnight. Then the reaction mixture was
filtered, washed with CH3;OH and the solvent was evaporated to afford product 69
(0.40 g, quantitative yield) as a white solid. Mp 85-87 °C.H NMR (CDCl): &
3.60-3.58 (m, 2H), 3.28 (s, 6H), 2.76 (d, J = 5.36 Hz, 4H), 1.62 (br s, 2H), 1.32 (s,
6H) ppm. *C NMR (CDCls): d 98.6, 71.1, 47.9, 42.6, 17.6 ppm. HRMS: m/z:
[M+H]* calcd for C1oH23N204 235.1613; Found 235.1650.
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Experiment 29: Synthesis of (((2S,3S,5R,6R)-5,6-dimethoxy-5,6-dimethyl-
1,4-dioxane-2,3-diyl)bis(methylene))bis(3-(3,5-
bis(trifluoromethyl)phenyl)thiourea) 70

To a solution of compound 69 (0.40 g, 1.72 mmol) in CH2Cl, (10 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (0.90 mL, 5.16 mmol). The resulting
mixture was stirred for 1 h and then was evaporated. The crude product was
purified by flash column chromatography on silica gel (60:40, Hexane/AcOEt) to
afford the product 70 (1.16 g, 91%) as a white solid. Mp 102-104 °C. [«]3°= -
64.58 (c 1, CH3OH). 'H NMR (CDsOD): & 8.22 (s, 4H), 7.63 (s, 2H), 4.01-3.94
(m, 4H), 3.83-3.79 (m, 2H), 3.31 (s, 6H), 1.34 (s, 6H) ppm. 3C NMR (CD3;OD): &
181.7,141.61, 131.3 (g, J = 33.38 Hz), 123.3 (q, J = 271.93 Hz), 122.0, 116.5 (q,
J = 3.56 Hz), 98.8, 67.9, 47.1, 44.6, 16.5 ppm. FTIR (Neat): 3338 (N-H), 1122
(C=S) cm™. HRMS: m/z: [M+H]* calcd for CagH29F12N4O4S, 777.1433; Found
777.1435.

Experiment 30: Synthesis of benzyl-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(((tert-
butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)methyl)carbamate 71

To a solution of compound 44 (1.58 g, 2.30 mmol) in CH2Cl, (15 mL) was added
CbzCl (1.31 mL, 9.21 mmol) dropwise and EtsN (2.55 mL, 18.40 mmol) at O °C.
The resulting mixture was allowed to warm to rt and stirred overnight. The solution
was washed with satd. ag. NaHCOs sol. and H>O and extracted with CH,Cl,. The
organic layer was dried (MgSQO.), filtered and evaporated to dryness. The crude
product was purified by flash column chromatography on silica gel (70:30,
Hexane/AcOEt) to afford the product 71 (major diastereomer) (1.17 g, 90%) as
a colourless oil. [a]4°= -55.46 (c 0.6, CH2Cl;). *H NMR (CDCls): & 8.08 (s, 2H),
7.79 (s, 1H), 7.65 (dd, J = 20.49 Hz, J = 7.18 Hz, 4H), 7.43-7.32 (m, 11H), 6.10
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(d, J =8.83 Hz, 1H), 5.17-5.06 (m, 3H), 4.2 (dd, J = 10.24 Hz, J = 4.44 Hz, 1H),
3.73 (d, J = 3.73 Hz, 2H), 3.46-3.41 (m, 1H), 3.10 (s, 3H), 2.99 (s, 3H), 1.28 (s,
3H), 1.23 (s, 3H), 1.04 (s, 9H) ppm. *C NMR (CDCls): d 155.4, 142.0, 136.2,
135.8, 135.6, 133.0, 132.6, 131.2 (q, J = 33.29 Hz), 129.8, 129.4 (d, J = 2.48 Hz),
128.6, 128.3, 128.2, 127.8, 127.7, 123.4 (g, J = 271.99 Hz), 121.5 (g, J = 3.80
Hz), 98.8, 98.5, 71.0, 69.2, 67.2, 64.8, 54.1, 48.0, 47.6, 26.7, 19.2, 17.3, 17.2
ppm. FTIR (Neat): 2953 (N-H), 1277 (C-O) cm™. HRMS: m/z: [M+Na]* calcd for
C42H47F6NNaO-Si 842.2906; Found 842.2918.

The experimental procedure for compound 71’ (minor diastereomer) (0.62 g,
92%) was the same and this compound was obtained as a colourless oil. *H NMR
(CDCl3): 8 7.85 (s, 2H), 7.79 (d, J = 7.07 Hz, 2H), 7.73 (d, J = 7.39 Hz, 3H), 7.45-
7.36 (m, 11H), 6.15 (d, J = 8.21 Hz, 1H), 5.18-5.06 (m, 3H), 4.20 (d, J = 9.38 Hz,
1H), 3.98 (dd, J = 11.62 Hz, J = 2.88 Hz, 1H), 3.91-3.77 (m, 2H), 3.14 (s, 3H),
2.60 (s, 3H), 1.21 (s, 3H), 1.20 (s, 3H), 1.08 (s, 9H) ppm. *C NMR (CDCls): &
155.9, 143.9, 136.0, 135.6, 133.4, 132.9, 131.4 (q, J = 33.84 Hz), 129.8, 129.7,
128.7, 128.5, 128.3, 127.8, 127.6, 127.2 (d, J = 2.99 Hz), 123.3 (q, J = 272.74
Hz), 121.2 (g, J = 3.68 Hz), 99.1, 98.8, 71.4, 68.8, 67.3, 64.3, 53.9, 47.9, 47.2,
26.6,19.3,17.4, 17.2.

Experiment 31: Synthesis of benzyl-(3,5-
bis(trifluoromethyl)phenyl)((2S,3S,5R,6R)-3-(hydroxymethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl)carbamate 72

To a solution of compound 71 (0.52 g, 0.63 mmol) in THF (15 mL) was added
TBAF (0.7 0 mL, 0.69 mmol). The reaction mixture stirred for 1 h, then it was
guenched with H,O and extracted with AcOEt. The combined organic layers were
dried (MgSO.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (60:40, Hexane/AcOEt) to
afford the product 72 (major diastereomer) (0.36 g, 98%) as a white solid. *H
NMR (CDCls): & 8.08 (s, 2H), 7.81 (s, 1H), 7.33 (s, 5H), 5.93 (d, J = 8.82 Hz, 1H),
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5.11-5.02 (m, 2H), 4.94 (dd, J = 8.85 Hz, J = 4.13 Hz, 1H), 4.15 (dd, J = 10.26
Hz, J = 4.13 Hz, 1H), 3.63 (s, 2H), 3.32-3.28 (m, 1H), 3.19 (s, 3H), 3.03 (s, 3H),
1.32 (s, 3H), 1.26 (s, 3H) ppm. *C NMR (CDCls): d 155.4, 141.1, 135.9, 131.4 (q,
J =33.39 Hz), 129.5 (d, J = 2.93 Hz), 128.6, 128.4, 128.3, 123.3 (q, J = 272.80
Hz), 121.8 (g, J = 3.85 Hz), 99.0, 98.7, 69.8, 68.8, 67.3, 61.9, 53.9, 48.3, 47.8,
17.3,17.2 ppm.

The experimental procedure for compound 72’ (minor diastereomer) (0.40 g,
93%) was the same and this compound was obtained as a white solid. Mp 143-
145 °C. [a]3°= - 73.15 (c 0.7, CH2Cl,). *H NMR (CDCls): & 7.83 (s, 2H), 7.78 (s,
1H), 7.39-7.65 (m, 5H), 6.08 (d, J = 8.80 Hz, 1H), 5.12 (d, J = 3.54 Hz, 2H), 5.08-
5.04 (m, 1H), 4.00 (d, J =8.91 Hz, 1H), 3.88-3.80 (m, 3H), 3.22 (s, 3H), 2.62 (s,
3H), 1.24 (s, 3H), 1.19 (s, 3H) ppm. **C NMR (CDCls): & 156.0, 143.2, 135.9,
131.5(q, J =33.70 Hz), 128.7, 128.5, 128.4, 127.2 (d, J = 2.86 Hz), 123.3(q, J =
273.06 Hz), 121.3 (g, J = 3.51 Hz), 99.2, 98.9, 70.7, 68.8, 67.5, 53.7, 48.1, 47.5,
17.4, 17.2 ppm. FTIR (Neat): 3450 (OH), 3250 (N-H), 1718 (C=0) cm™*. HRMS
m/z: [M-H] calcd for C2sH2sFsNO7 580.1770; Found 580.1780.

Experiment 32: Synthesis of ((2S,3S,5R,6R)-3-
(((benzyloxy)carbonyl)amino)(3,5-bis(trifluoromethyl)phenyl)methyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-nitro-5-
(trifluoromethyl)benzoate 73

To a solution of compound 72 (0.39 g, 0.67 mmol) in CH2Cl, (10 mL) was added
3-nitro-5-(trifluoromethyl)benzoic acid (0.24 g, 1.01 mmol). Then the mixture was
stirred at 0 °C and EDC.HCI (0.19 g, 1.01 mmol) and DMAP (0.12 g, 1.01 mmol)
were added. The resulting mixture was allowed to warm to rt and stirred until all
the starting material was consumed. Afterward, the reaction was quenched with
H,O and extracted with CH,Cl,. The combined organic layers were dried
(MgSO0.), filtered and evaporated to dryness. The crude product was purified by
flash column chromatography on silica gel (70:30, Hexane/AcOEt) to afford the
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product 73 (major diastereomer) (0.53 g, 99%) as a white solid. Mp 55-57 °C.
[a]3°=-61.38 (c 0.68, CH.Cl,). *H NMR (CDCl;): 8 8.99 (s, 1H), 8.69 (s, 1H), 8.59
(s, 1H), 8.12 (s, 2H), 7.83 (s, 1H), 7.32 (s, 5H), 5.81 (d, J = 9.03 Hz, 1H), 5.11-
5.00 (m, 3H), 4.52 (dd, J =11.97 Hz, J = 2.81 Hz, 1H), 4.34 (dd, J = 12.22 Hz, J
=5.42 Hz, 1H), 4.28 (dd, J = 10.56 Hz, J = 3.25 Hz, 1H), 3.58-3.53 (m, 1H), 3.28
(s, 3H), 3.04 (s, 3H), 1.38 (s, 3H), 1.29 (s, 3H) ppm. **C NMR (CDCls): d 162.8,
155.4, 148.5, 140.1, 135.8, 132.8 (g, J = 35.36 Hz), 132.0 (q, J = 3.67 Hz), 131.7
(9, J =33.36 Hz), 129.5 (d, J = 2.45 Hz), 128.6, 128.5, 128.4, 127.6, 124.7 (d, J
= 3.79 Hz), 123.1 (q, J = 273.25 Hz), 122.2 (q, J = 3.63 Hz), 99.1, 98.9, 69.6,
67.5, 66.5, 64.7, 53.7, 48.3, 47.8, 17.3, 17.2 ppm. FTIR (Neat): 2953 (N-H), 1724
(C=0), 1548 (N-O), 1277 (C-O) cm'. HRMS [M-Cbz] calcd for
Ca6H26F9N20Og 665.1540; Found 665.1543.

The experimental procedure for compound 73’ (minor diastereomer) (0.49 g,
96%) was the same and the compound was obtained as a white solid. *H NMR
(CDCls): 8 9.05 (s, 1H), 8.70 (s, 1H), 8.65 (s, 1H), 7.80 (s, 3H), 7.35 (s, 5H), 6.07
(d, J=8.94 Hz, 1H), 5.12-5.04 (m, 3H), 4.68 (dd, J =12.14 Hz, J = 4.79 Hz, 1H),
4.61 (dd, J=12.11 Hz, J = 3.75 Hz, 1H), 4.18-4.13 (m, 1H), 3.94 (d, J = 9.80 Hz,
1H), 3.29 (s, 3H), 2.63 (s, 3H), 1.26 (s, 3H), 1.22 (s, 3H) ppm.

Experiment 33: Synthesis of ((2S,3S,5R,6R)-3-amino(3,5-
bis(trifluoromethyl)phenyl)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-

2-yl)methyl 3-amino-5-(trifluoromethyl)benzoate 74

Compound 73 (0.95 g, 0.76 mmol) in AcOEt (5 mL) was hydrogenated at 50 psi
in the presence of Pd/C 10% (0.08 g) for 50 minutes. Then the reaction mixture
was filtered with CH3OH and the solvent was evaporated to afford product 74
(major diastereomer) (0.37 g, 61%) as a white solid. Mp 48-50 °C. [a]3°= -122
(c 0.5, CH2Clp). *H NMR (CDCls): 8 7.98 (s, 2H), 7.76 (s, 1H), 7.60 (s, 1H), 7.42
(s, 1H), 7.06 (s, 1H), 4.45 (dd, , J =12.12 Hz, J = 3.21 Hz, 1H), 4.29 (dd, J = 11.97
Hz, J =5.79 Hz, 1H), 4.11-4.08 (m, 2H), 3.99 (s, 2H), 3.67-3.62 (m,1H), 3.27 (s,
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3H), 3.07 (s, 3H), 1.32 (s, 3H), 1.29 (s, 3H) ppm. ¥C NMR (CDCls): d 165.2,
147.1, 145.2, 132.0 (q, J = 32.45 Hz), 131.5, 131.4 (q, J = 33.31 Hz), 128.5 (d, J
=2.71 Hz), 123.6 (q, J = 272.78 Hz), 123.3 (g, J = 272.41 Hz), 121.3 (q, J = 3.66
Hz), 118.6, 116.0 (q, J = 3.89 Hz), 115.4 (q, J = 3.65 Hz), 98.9, 98.6, 71.5, 67.7,
64.4,55.9, 48.1, 47.7, 17.3, 17.2 ppm. FTIR (Neat): 3375 (N-H), 1278 (C-O) cm"
1, HRMS: m/z: [M+H]* calcd for CzsH2sFsN2Og 635.1798; Found 635.1792.

The experimental procedure for compound 74’ (minor diastereomer) (0.31 g,
84%) was the same and the compound was obtained as a white solid. *H NMR
(CDsOD): 6 8.03 (s, 2H), 7.84 (s, 1H), 7.55 (s, 1H), 7.52 (s, 1H), 7.15 (s, 1H), 4.68
(dd, J = 12.34 Hz, J = 5.13 Hz, 1H), 4.51 (dd, J = 12.44 Hz, J = 2.68 Hz, 1H),
4.39-4.34 (m, 2H), 3.83 (dd, J = 10.10 Hz, J = 2.68 Hz, 1H), 3.33 (s, 3H), 2.57 (s,
3H), 1.27 (s, 3H), 1.23 (s, 3H) ppm.

Experiment 34: Synthesis of ((2S,3S,5R,6R)-3-((S) or -(R)-(3,5-
bis(trifluoromethyl)phenyl)(3-(3,5-
bis(trifluoromethyl)phenyl)thioureido)methyl)-5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)methyl  3-(3-(3,5-bis(trifluoromethyl)phenyl)thioureido)-5-
(trifluoromethyl)benzoate 75 and 76

To a solution of compound 74 (0.36 g, 0.57 mmol) in CH.Cl, (5 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (1.04 mL, 5.69 mmol). The resulting
mixture was stirred for 1 h and then it was evaporated. The crude product was
purified by flash column chromatography on silica gel (80:20, Hexane/AcOEt) to
afford the product 75 (major diastereomer) (0.554 g, 83%) as a yellow pale solid.
Mp 109-111 °C. [a]4’= - 55.10 (c 1.2, CH>Cl,).*H NMR (CDCls): & 8.55-8.51 (m,
1H), 8.35-8.29 (m, 3H), 8.14 (s, 1H), 8.12 (s, 2H), 8.00 (s, 1H), 7.93 (s, 2H), 7.82
(s, 1H), 7.79 (s, 1H), 7.72 (s, 1H), 7.67 (s, 2H), 7.04 (d, J = 8.11 Hz, 1H), 5.99
(dd, J = 8.41 Hz, J = 3.36 Hz, 1H), 4.46 (dd, J = 12.09 Hz, J = 4.53 Hz, 1H), 4.39
(dd, J = 12.20 Hz, J = 4.47 Hz, 1H), 4.33 (dd, J = 10.37 Hz, J = 3.55 Hz, 1H),
3.53-3.48 (m, 1H), 3.05 (s, 3H), 3.01 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H) ppm. 3C
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NMR (CDCls): & 180.2, 179.4, 163.9, 138.9, 138.8, 138.2, 137.9, 133.6 (q, J =
34.39 Hz), 132.5 (q, J = 34.06 Hz), 131.8 (g, J = 33.32 Hz), 131.7, 129.8 (d, J =
.31 Hz), 128.7, 125.9 (q, J = 3.66 Hz), 124.7 (d, J = 3.51 Hz), 124.6 (9, J = 2.14
Hz), 124.4 (d, J = 3.51 Hz), 123.0 (q, J = 273.12 Hz), 122.8 (q, J = 274.29 Hz),
122.5 (g, J = 3.79 Hz), 120.4 (q, J = 4.01 Hz), 120.0 (q, J = 3.67 Hz), 99.2, 98.9,
69.9, 66.1, 64.3, 56.9, 48.1, 47.9, 17.1, 17.0 ppm. FTIR (Neat): 1730 (C=0), 1275
(C-0), 1123 (C=S) cm®. HRMS: m/z: [M+H]" calcd for CaiH2sF21NsNasS;
1199.1391; Found 1199.1385.

The experimental procedure for compound 76 (minor diastereomer) (0.463 g,
69%) was the same and this compound was obtained as a white solid. Mp 105-
107 °C. [a]4’= -32.84 (c 0.88, CH:Cl,). *H NMR (CDCls): & 8.72 (s, 1H), 8.67 (s,
1H), 8.28 (s, 1H), 8.20 (s, 1H), 8.13 (s, 1H), 8.09 (s, 1H), 8.01 (d, J = 7.35 Hz,
1H), 7.83 (d, J = 7.76 Hz, 7H), 7.68 (s, 1H), 7.64 (s, 1H), 5.85 (d, J = 7.24 Hz,
1H), 4.75 (dd, J = 12.21 Hz, J = 3.52 Hz, 1H), 4.46 (dd, J = 12.23 Hz, J =5.35
Hz, 1H), 4.02-3.93 (m, 2H), 3.27 (s, 3H), 2.69 (s, 3H), 1.27 (s, 3H), 1.20 (s, 3H)
ppm. 3C NMR (CDCls): d 181.1, 179.9, 164.2, 141.9, 138.8, 138.7, 133.0-131.3
(m), 131.1, 127.8, 127.6 (d, J = 2.30 Hz), 125.3 (q, J = 2.25 Hz), 124.7 (d, J =
3.22 Hz), 124.1 (d, J = 3.76 Hz), 123.9 (q, J = 3.70 Hz), 123.1 (q, J = 271.89 Hz),
122.9 (g, J = 273.63 Hz), 122.6 (g, J = 272.31 Hz), 121.8 (q, J = 2.20 Hz), 119.9-
119.7 (m), 99.5, 99.1, 72.8, 66.8, 65.1, 56.9, 48.5, 47.9, 17.2, 17.0 ppm. FTIR
(Neat): 1726 (C=0), 1275 (C-0), 1124 (C=S) cm*. HRMS: m/z: [M+H]" calcd for
Ca4H34F21N24O6S2 1177.1575; Found 1177.1579.

Experiment 35: Synthesis of ((2S,3S,5R,6R)-3-((S)-(3,5-
bis(trifluoromethyl)phenyl)(3-(3,5-
bis(trifluoromethyl)phenyl)thioureia)methyl)-5,6-dimethoxy-5,6-dimethyl-
1,4-dioxan-2-yl)methyl 3-amino-5-(trifluoromethyl)benzoate 77

The experimental procedure was the same of the one followed for the obtention

of compounds 75 and 76.
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Mp 91-93 °C. [a]3°=-79.28 (c 1.2, CH.Cl,). 'H NMR (CDCls): & 8.42 (s, 1H), 8.14
(s, 2H), 7.81 (s, 1H), 7.78 (s, 1H), 7.71 (s, 2H), 7.64 (d, J = 9.61 Hz, 2H), 7.16 (d,
J =7.16 Hz, 2H), 5.98 (dd, J = 8.65 Hz, J = 3.30 Hz, 1H), 4.44 (dd, J = 12.05 Hz,
J = 4.88 Hz, 1H), 4.34 (dd, J = 12.17 Hz, J = 4.58 Hz, 1H), 4.26 (dd, J = 10.24
Hz, J = 3.76 Hz, 1H), 3.53-3.48 (m, 1H), 3.03 (s, 3H), 3.02 (s, 3H), 1.25 (s, 3H),
1.22 (s, 3H) ppm. ¥C NMR (CDCls): & 179.6, 165.1, 139.1, 138.1, 133.5(q, J =
33.98 Hz), 132.7-131.2 (m), 129.8 (d, J = 3.28 Hz), 124.6 (d, J = 2.80 Hz) 123.5
(q, J = 271.98 Hz), 123.1 (g, J =272.40 Hz), 122.5 (q, J = 273.24 Hz), 122.3 (9, J
=3.76 Hz), 120.3 (g, J = 3.51 Hz), 119.6 (q, J = 3.14 Hz), 117.2 (q, J = 2.38 Hz),
116.5 (g, J = 2.86 Hz), 99.1, 98.7, 70.1, 66.3, 64.0, 57.0, 48.0, 47.8, 17.1, 17.0
ppm. FTIR (Neat): 3410 (N-H), 1707 (C=0), 1275 (C-0), 1124 (C=S) cm. HRMS:
m/z: [M+H]" calcd for CssHzoF15sN4O6S 906.1649; Found 906.1680.

Experiment 36: Synthesis of ((2S,3S,5R,6R)-3-(aminomethyl)-5,6-
dimethoxy-5,6-dimethyl-1,4-dioxan-2-yl)methyl 3-amino-5-
(trifluoromethyl)benzoate 78

Compound 60 (0.20 g, 0.42 mmol) in AcOEt (10 mL) was hydrogenated at 50 psi
in the presence of Pd/C 10% (0.02 g) overnight. Then the reaction mixture was
filtered and washed with CH3zOH and the solvent was evaporated to afford product
78 (0.033 g, 19%) as colourless oil. *H NMR (CDCls): 8 7.62 (s, 1H), 7.47 (s, 1H),
7.05 (s, 1H), 4.40-4.32 (m, 2H), 3.98 (q, J = 4.88 Hz, 1H), 3.80-3.75 (m, 1H), 3.29
(s, 3H), 3.28 (s, 3H), 2.95-2.84 (m, 2H), 1.32 (s, 6H) ppm. *C NMR (CDCls): &
165.3, 147.3, 132.0 (q, J = 32.70 Hz), 131.6, 123.7 (q, J = 272.83 Hz), 118.5,
115.9 (q, J = 4.05 Hz), 115.3 (g, J = 3.68 Hz), 98.9, 98.7, 70.1, 68.0, 64.5, 48.0,
47.9, 424.4,17.6, 17.5 ppm
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Experiment 37: Synthesis of [(2S,5R,6R)-3-[({[3,5-
bis(trifluoromethyl)phenyl]lcarbamothioyl}amino)methyl]-  5,6-dimethoxy-
5,6-dimethyl-1,4-dioxan-2-yllmethyl 3-({[3,5-

bis(trifluoromethyl)phenyl]lcarbamothioyl}amino)-5-
(trifluoromethyl)benzoate 79

To a solution of compound 78 (0.056 g, 0.13 mmol) in CH2Cl, (5 mL) was added
3.5-bis(trifluoromethyl)phenyl isothiocyanate (0.06 mL, 0.33 mmol). The resulting
mixture was stirred for 1 h and then it was evaporated. The crude product was
purified by flash column chromatography on silica gel (50:50, Hexane/AcOEt) to
afford the product 79 (0.043 g, 47%) as an orange solid. Mp 103-105 °C. [a]%°=
-117.04 (c 0.26, CH,Cl,).*H NMR (CDsOD): d 8.58 (s, 1H), 8.23 (s, 2H), 8.19 (s,
2H), 8.12 (s, 2H), 7.70 (s, 1H), 7.61 (s, 1H), 4.61-4.50 (m, 3H), 4.25 (s, 1H), 4.01-
3.97 (m, 1H), 3.77-3.71 (m, 1H), 3.32 (s, 3H), 3.31 (s, 3H), 1.34 (s, 3H), 1.30 (s,
3H) ppm. C NMR (CDsOD): & 181.7, 181.1, 164.6, 141.6, 141.3, 140.4, 131.4
(g, J =33.39 Hz), 131.3, 131.2 (q, J = 33.50 Hz), 130.9 (q, J = 33.05 Hz), 128.1,
124.4 (g, J = 3.69 Hz), 123.4 (d, J = 3.54 Hz), 123.3 (g, J = 271.89 Hz), 122.2 (q,
J=2.26 Hz), 121.9 (q, J = 271.95 Hz) 117.3 (g, J = 3.93 Hz), 116.5 (q, J = 2.32
Hz), 98.9, 98.8, 67.9, 67.1, 64.5, 47.1, 44.4, 16.5, 16.4 ppm. FTIR (Neat): 3265
(N-H), 1728 (C=0), 1275 (C-0), 1120 (C=S) cm™. HRMS: m/z: [M+H]" calcd for
CaaH33F21N406S2 965.1479; Found 965.1505.

Experiment 38: Synthesis of ((2S,3S,5R,6R)-3-(((tert-
butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5,6-dimethyl-1,4-dioxan-2-
yl)methanamine 80

To a solution of compound 58 (0.72 g, 1.44 mmol) in THF:H-O (8:2) (20 mL) was
added PPh3(0.75 g, 2.88 mmol). The solution was refluxed for 2 h, at the end of
this time the reaction was quenched with satd. ag. NaHCO3 sol. and extracted

with AcOEt. The combined organic layers were dried (MgSOa), filtered and
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evaporated to dryness. The crude product was purified by flash column
chromatography on silica gel (95:5 CH2Cl./CHsOH) to afford the product 80 (0.60
g, 88%) as a colourless oil. [a]3°= - 86.09 (c 0.73, CH:Cl,).*H NMR (CDCls): &
7.70-7.66 (m, 4H), 7.44-7.35 (m, 6H), 3.75-3.63 (m, 4H), 3.25 (s, 3H), 3.18 (s,
3H), 2.96 (dd, J = 13.35 Hz, J = 2.76 Hz, 1H), 2.86-2.80 (m, 1H), 1.30 (s, 3H),
1.26 (s, 3H), 1.05 (s, 9H) ppm. *C NMR (CDCls): 5 135.7, 135.6, 133.4, 133.2,
129.7, 127.7, 127.6, 98.6, 98.5, 72.2, 70.6, 64.5, 47.8, 47.7, 42.8, 26.8, 19.2,
17.6, 17.5 ppm. FTIR (Neat): 2931 (N-H) cm™. HRMS: m/z: [M+H]*calcd for
C26H40NOsSi 474.2672; Found 474.2670.

Experiment 39: 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-
methoxycyclobut-3-ene-1,2-dione 81
The synthesis of compound 81 was carried out according to the procedure

described in the literature.®®

Experiment 40: Synthesis of 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-
((((2S,3S,5R,6R)-3-(((tert-butyldiphenylsilyl)oxy)methyl)-5,6-dimethoxy-5-
methyl-1,4-dioxan-2-yl)methyl)amino)cyclobut-3-ene-1,2-dione 82

To a solution of compound 80 (0.57 g, 1.21 mmol) in CH»Cl, (10 ml) was added
3-(3,5-bis(trifluoromethyl)phenylamino)-4-methoxycyclobut-3-ene-1,2-dione 81
(0.45 g, 1.33 mmol). The resulting mixture was stirred for 48 h at rt. The solvent
was removed and the crude product was purified by flash column chromatography
on silica gel (70:30 Hexane/AcOEt) to afford the product 82 (0.75 g, 79%) as a
yellow solid. [a]°= - 42.56 (c 0.95, CH3OH). *H NMR (DMSO-ds): 8 11.22 (s, 1H),
10.33 (t, J = 5.95 Hz, 1H), 8.42 (s, 2H), 7.74-7.66 (m, 5H), 7.46-7.39 (m, 6H),
4.01-3.94 (m, 2H), 3.82-3.73 (m, 3H), 3.60 (dt, J = 9.62 Hz, J = 3.86 Hz, 1H), 3.16
(s, 3H), 3.13 (s, 3H), 1.19 (s, 3H), 1.18 (s, 3H), 0.98 (s, 9H) ppm. *C NMR
(DMSO-dg): 8 184.5,172.7, 141.3, 135.8, 135.6, 133.4, 133.2, 131.7 (q, J = 32.85
Hz), 130.2, 128.2, 128.1, 123.6 (g, J = 273.59 Hz), 119.2 (d, J = 3.97 Hz), 115.7
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(g, J = 3.33 Hz), 98.7, 98.6, 70.6, 68.5, 63.8, 47.8, 47.7, 45.2, 26.9, 19.3, 17.8,
17.7 ppm.

Experiment 41: Synthesis of 3-((3,5-bis(trifluoromethyl)phenyl)amino)-4-
((((2S,3S,5R,6R)-3-(hydroxymethyl)-5,6-dimethoxy-5-methyl-1,4-dioxan-2-
yl)methyl)amino)cyclobut-3-ene-1,2-dione 83

To a solution of compound 82 (0.56 g, 0.71 mmol) in THF (10 mL) was added
TBAF (1.00 mL, 1.07 mmol). The reaction mixture stirred for 1 h, then it was
guenched with H>O and extracted with ACOEt. The combined organic layers were
dried (MgSQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (100 % AcOEt) to afford the
product 83 (0.33 g, 85%) as a yellow solid. Mp 221-223 °C. [a]3°= -50.95 (c 1,
CH3OH).*H NMR (DMSO-ds): d 10.34 (s, 1H), 8.08 (s, 2H), 7.81 (s, 1H), 7.66 (s,
1H), 4.83 (s br, 1H), 3.94 (d, J = 11.36 Hz, 1H), 3.74 (d, J = 7.59 Hz, 2H), 3.53-
3.50 (m, 3H), 3.17 (s, 3H), 3.15 (s, 3H), 1.23 (s, 3H), 1.19 (s, 3H) ppm. *C NMR
(DMSO-ds): 6 185.0, 181.0, 170.4, 162.9, 141.6, 131.8 (g, J = 32.49 Hz), 123.6
(g,J=272.47 Hz), 118.5 (d, J = 2.76 Hz), 115.1 (q, J = 3.65 Hz), 98.7, 98.6, 70.3,
69.6, 61.2, 47.7, 44.8, 17.9 ppm. FTIR (Neat): 3340 (N-H), 2950 (O-H), 1275 (C-
0), 1664 (C=C), 1564 (C=0) cm?®. HRMS: m/z: [M+H]" calcd for
C22H24F6N207 543.1521; Found 543.1552.

Experiment 42: Synthesis of (1R,3S)-1,3-diamino-1,2,2-
trimethylcyclopentane 86
The synthesis of compound 86 was carried out according to the procedure

described in the literature.5?

Experiment 43: General procedure for the synthesis of compounds 87 and

88

To a stirred solution of diamine 86 (0.13 g, 0.928 mmol) in dry CH2Cl» (5 mL) was

added 3,5-bis(trifluoromethyl)phenyl isothiocyanate or phenyl isothiocyanate
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(0.49 mmol), dropwise, dissolved in CH,Cl,. The resulting mixture was stirred for
0.5 h and then evaporated.

Experiment 44: Synthesis of N-((1S,3R)-3-amino-2,2,3-
trimethylcyclopentyl)-1-(3,5-bis(trifluoromethyl)phenylthiourea 87

The crude product was washed with Et,O to afford the product 87 (0.17 g, 63%)
as a white solid. Mp 180-183 °C. [a]3’= + 39.42 (c 1, CH3OH). *H NMR (DMSO-
ds): © 10.39 (bs, 1H), 8.31 (s, 2H), 7.70 (s, 1H), 4.62 (dd, J = 8.43 Hz, J = 2.41
Hz, 1H), 2.20-2.11 (m, 1H), 1.72-1.47 (m, 3H), 1.07 (s, 3H), 0.87 (s, 6H) ppm. 13C
NMR (DMSO-de): 6 178.9, 142.6, 130.6 (q, J = 32.87 Hz), 123.7 (g, J = 272.50
Hz), 121.8 (d, J = 2.77 Hz), 116.1 (q, J = 3.10 Hz), 63.9, 61.7, 47.8, 37.6, 29.1,
25.7,24.9, 17.4 ppm. HRMS: m/z: [M+H]* calcd for C17H22FsN3S 414.1394; Found
414.1429. FTIR (Neat): 3179 (N-H), 3152 (N-H primary amine), 1122 (C=S) cm"

1

Experiment 45: Synthesis of N-((1S,3R)-3-amino-2,2,3-
trimethylcyclopentyl)-1-phenylthiourea 88

The crude product was washed with Et,O to afford the product 88 (0.107 g, 51%)
as a white solid. Mp 174-177 °C. [a]3’= + 79.00 (c 0.95, CH;OH). *H NMR
(DMSO-ds): 6 9.56 (s, 1H), 7.33-7.31 (m, 4H), 7.14-7.07 (m, 1H), 4.61 (d, J=6.80
Hz, 1H), 2.16-2.07 (m, 1H), 1.66-1.38 (m, 3H), 1.02 (s, 3H), 0.85 (s, 6H) ppm. 3C
NMR (DMSO-dg): 6 178.5, 139.0, 129.4, 124.7, 123.8, 64.6, 61.5, 47.8, 37.5,
29.5, 25.8, 25.0, 17.6 ppm. HRMS: m/z: [M+H]* calcd for CisH24N3S 278.1685.
Found 278.1682. FTIR (Neat): 3147 (N-H), 2956 (N-H primary amine), 1243
(C=S) cm™.
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Experiment 46: Synthesis of N-((1S,3R)-3-amino-2,2,3-
trimethylcyclopentyl)-4-((3,5-bis-(trifluoromethyl)pheny) amino) cyclobut-3-
ene-1,2-dione 89

To a stirred solution of diamine 86 (0.13 g, 0.93 mmol) in CH2Cl> (5 mL) was
added 3-(3,5-bis(trifluoromethyl)phenylamino)-4-methoxycyclobut-3-ene-1,2-
dione 81 (0.25 g, 0.75 mmol) portion-wise. The resulting mixture was stirred for
48 h at rt. The solvent was removed and the crude product was purified by flash
column chromatography on silica gel (90:10, CH.Cl,/CHsOH) to afford the product
89 (0.185 g, 55%) as a yellow pale solid. Mp 138-142 °C. [a]3°= +9.89 (c 1,
CH3OH). *H NMR (DMSO-dg): 8 8.09 (s, 2H), 7.63 (s, 1H), 4.33 (dd, J = 9.20 Hz,
J =5.63 Hz, 1H), 2.23-2.14 (m, 1H), 1.81-1.62 (m, 3H), 1.10 (s, 3H), 0.87 (s, 6H)
ppm. BC NMR (DMSO-dg): & 184.9, 180.6, 169.6, 162.7, 142.1, 131.7 (g, J =
33.08 Hz), 123.7 (q, J = 273.22 Hz), 118.5 (d, J = 3.98 Hz) , 114.80 (q, J = 3.33
Hz), 63.4, 61.7, 47.5, 36.5, 28.5, 25.1, 22.8, 17.5 ppm. HRMS: m/z: [M+H]* calcd
for CaoH22FsN302 450.1616; Found 450.1607. FTIR (Neat): 3312 (N-H primary
amine), 3180 (N-H), 1794 (C=0), 1684 (C=C), 1172 (C=S) cm™.

Experiment a7: Synthesis of N-((1S,3R)-3-amino-2,2,3-
trimethylcyclopentyl)-tert-butyl carbamate 90

To a solution of diamine 86 (1.10 g, 7.75 mmol) in THF:H2O (2:1) (18 mL) was
added Na,COs3 (0.41 g, 3.87 mmol). Then the mixture was stirred at 0 °C and
Boc,O (0.89 mL, 3.87 mmol) was added. The resulting mixture was allowed to
warm to rt and stirred overnight. After this time the THF was evaporated and the
obtained mixture was extracted with CH,Cl,. The combined organic layers were
dried (MgSOQ.), filtered and evaporated to dryness. The crude product was
purified by flash column chromatography on silica gel (90:10, AcCOEt/CH30H) to
afford the product 90 (0.81 g, 86%) as a colourless oil. *H NMR (CDCls):  6.05
(d, J = 9.19 Hz, 1H), 3.81 (ddd, J = 10.16 Hz, J = 10.16 Hz, J = 3.60 Hz, 1H),
2.24-2.14 (m, 1H), 1.75-1.66 (m, 1H), 1.59-1.50 (m, 2H), 1.42 (s, 9H), 1.10 (s,
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3H), 0.88 (s, 6H) ppm. *C NMR (CDCls): & 155.8, 78.4, 60.1, 47.0, 37.9, 28.9,
28.5, 24.3, 16.6 ppm. HRMS: m/z: [M+H]* calcd for C13H27N202 243.2067; Found
243.2065.

Experiment 48: Synthesis of N-((1S,3R)-3-(3-(3,5-
bis(trifluoromethyl)phenyl)thioureia)-2,2,3-trimethylcyclopentyl)-tert-butyl
carbamate 91

To a solution of compound 90 (0.11 g, 0.46 mmol) in CH2CI, (5 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (92.3 uL, 0.50 mmol). The resulting
mixture was stirred for 1 h and then it was evaporated. The crude product was
purified by flash column chromatography on silica gel (98:2, CH,CI,/CHsOH) to
afford the product 91 (0.21 g, 90%) as a white solid. Mp 99-101 °C. [«]3°= +33.43
(c 1, CH.Cl,). *H NMR (DMSO-ds): d 10.10 (s, 1H), 8.29 (s, 2H), 7.71 (s, 1H),
7.54 (s, 1H), 6.71 (d, J = 8.81 Hz, 1H), 3.81 (g, J = 9.53 Hz, 1H), 2.45-2.38 (m,
1H), 2.12 (ddd, J = 13.26, Hz, J = 13.26, Hz, J =5.04 Hz, 1H), 1.91-1.78 (m, 2H),
1.51 (s, 3H), 1.40 (s, 9H), 0.92 (s, 3H), 0.84 (s, 3H) ppm. *C NMR (DMSO-ds):
179.7, 156.0, 142.4, 130.5 (q, J = 32.75 Hz), 123.7 (q, J = 272.46 Hz), 122.3,
116.3 (g, J = 3.93 Hz), 77.9, 65.8, 56.5, 48.3, 34.7, 28.7, 26.2, 21.1, 20.9, 17.8
ppm; HRMS: m/z: [M-H]* calcd for C2;H2sFsN302S 512.1812; Found 512.1810.

Experiment 49: Synthesis of N-((1S,3R)-3-(dimethylamino)-2,2,3-
trimethylcyclopentyl)-tert-butyl carbamate 93

To a solution of compound 90 (0.234 g, 0.97 mmol) in acetonitrile (10 mL) was
added K»CO3(0.27 g, 1.93 mmol) and CHsl (0.30 mL, 4.83 mmol). The mixture
was heated at 50 °C on a sealed tube until the consumption of initial reagent was
observed. After this period, the solvent was evaporated and the obtained mixture
was extracted with CH,Cl,. The combined organic layers were dried (MgSOs),
fillered and evaporated to dryness. The crude product was purified by flash

column chromatography on silica gel (80:2, Et,O/ Etz:N) to afford the product 93

168



Experimental Procedures

(0.21 g, 80%) as a white solid. *H NMR (CDCls): & 4.53 (d, J = 10.21 Hz, 1H),
3.90 (g, J =9.76 Hz), 2.20 (s, 6H), 2.07-1.97 (m, 1H), 1.86-1.78 (m, 1H), 1.54 (dt,
J=11.36 Hz, J = 3.36 Hz, 1H), 1.44 (s, 9H), 1.34-1.24 (m, 1H), 1.01 (s, 3H), 0.94
(s, 3H), 0.89 (s, 3H) ppm. *3C NMR (CDCls): 6 155.8, 78.9, 66.4, 58.6, 47.0, 40.0,
36.6, 28.4, 26.7, 22.5, 16.9, 11.0 ppm.

Experiment 50: trifluoroacetate (1S,3R)-3-(dimethylamino)-2,2,3-
trimethylcyclopentan-1-aminium salt 94

To a solution of compound 93 (0.20 g, 0.77 mmol) in CH2CI, (5 mL) was added
TFA (9.6 mL) dissolved in CH2Cl; (9.6 mL) at 0 °C. The resulting mixture was
allowed to warm to rt and stirred 1 h and then it was evaporated. The product 94
(0.19 g, quantitative yield) was obtained as a trifluoroacetate salt. *H NMR
(D20): 6 3.54 (t, J = 9.36 Hz, 1H), 2.82 (s, 3H), 2.76 (s, 3H), 2.22-1.99 (m, 3H),
1.76-1.66 (m, 1H), 1.32 (s, 3H), 1.19 (s, 3H), 1.09 (s, 3H) ppm. C NMR (D.0):
120.6, 116.2 (g, J = 290.92 Hz), 73.6, 58.9, 45.7, 40.7, 38.8, 33.6, 22.4, 20.6,
15.5, 13.8 ppm.

Experiment 51: Synthesis of N-((1S,3R)-3-(dimethylamino)-2,2,3-
trimethylcyclopentyl)-3-3,5-bis(trifluoromethyl)phenyl) thiourea 95

To a solution of compound 94 (0.03 g, 0.14 mmol) in CH2CI, (2 mL) was added
3,5-bis(trifluoromethyl)phenyl isothiocyanate (27.4 uL, 0.15 mmol) and K;COs3
(0.04 g, 0.27 mmol) at 0 °C. The resulting mixture was monitored by TLC until the
consumption of starting material. Then the solid was filtered and washed with
CH.CIl, and the filtrate was evaporated. The crude product was purified by
preparative TLC (80:20, CH,CI,/CH3OH) to afford the product 95 (0.03 g, 50%)
as a yellow solid. Mp 187 °C (degradation). [a]3°= + 2.60 (c 0.39, CH3zOH). ‘H
NMR (CDCls): & 10.31 (s, 1H), 8.45 (d, J = 9.55 Hz, 1H), 8.28 (s, 2H), 7.55 (s,
1H), 5.21 (g, J = 9.84 Hz, 1H), 2.86 (s, 6H), 2.44 (ddd, J = 13.41 Hz, J = 13.41
Hz, J = 4.85 Hz, 1H), 2.28-2.19 (m, 1H), 1.97-1.87 (m, 1H), 1.77-1.66 (m, 1H),
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1.48 (s, 3H), 1.39 (s, 3H), 1.23 (s, 3H) ppm. *C NMR (CDCls): & 182.36, 141.33,
131.25 (g, J = 33.34 Hz), 123.31 (g, J = 273.58 Hz), 122.84 (d, J = 3.68 Hz),
117.25 (q, J = 3.81 Hz), 74.38, 60.17, 48.08, 34.09, 24.74, 22.02, 18.76, 16.26
ppm. HRMS: m/z: [M+H]* calcd for C1sH26N3FeS 442.1746; Found 442.1746. FTIR
(Neat): 3255 (N-H), 1167 (C=S) cm™.

Experiment 52: Synthesis of N-((1S,3R)-3-amino02,2,3-trimethylciclopentyl)-
4-methylbenzenesulfonamide 96

The synthesis of compound 96 was carried out according to the procedure

described in the literature.®®

Experiment 53: Synthesis of 9-deoxyepiquinine isothiocyanate 96
The synthesis of compound 97 was carried out according to the procedure

described in the literature.*®

Experiment 54: Synthesis of N-((1S,3R)-3-amino-2,2,3-
trimethylcyclopentyl)-3-((R)-(6-methoxyquinolin-4-yl)((1S,2S,4S,5R)-5-
vinylquinuclidin-2-yl)methyl)thiourea 98

To a solution of diamine 86 (0.028 g, 0.20 mmol) in CH.Cl> (2 mL) was added
isothiocyanate 97 (0.058 mL, 0.159 mmol), dropwise, dissolved in CH,Cl,. The
resulting mixture was stirred overnight and then evaporated. The crude product
was purified by flash column chromatography on silica gel (80:20,
CH,CI,/CH30H) to afford the product 98 (0.039 g, 73%) as a pale yellow solid.
Mp 136-139 °C. [a]?°= -89.8 (c 1, CH2Cl;). *H NMR (CDCls): 8 8.73 (d, J = 4.62
Hz, 1H), 8.03 (d, J = 9.29 Hz, 1H), 7.71 (br s, 3H), 7.47 (br s, 1H), 7.40 (dd, J =
9.24 Hz, J = 2.40 Hz, 1H), 5.63 (ddd, J = 17.44 Hz, J = 17.44 Hz, J = 2.98 Hz,
1H), 4.99-4.92 (m, 2H), 3.99 (s, 3H), 3.29 (dd, J = 14.51 Hz, J = 10.07 Hz, 1H),
3.21-3.12 (m, 2H), 2.87-2.73 (m, 2H), 2.34 (br s, 1H), 2.04 (br s, 1H), 1.73-1.52
(m, 7H), 1.38 (t, J = 10.97 Hz, 2H), 1.13-1.07 (m, 2H), 0.91-0.76 (m, 9H) ppm. 3C
NMR (CDCls): 6 180.0, 157.8, 147.6, 144.8, 140.6, 131.7, 121.9, 114.9, 102.0,
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66.0, 61.5, 55.8, 55.5, 47.2, 40.9, 39.3, 37.7, 29.3, 27.6, 27.4, 25.9, 25.5,
24.8,16.6 ppm. HRMS: m/z: [M+H]" calcd for CugH4NsOS 50.3105; Found
508.3108. FTIR (Neat): 3286 (N-H), 2946 (N-H primary amine), 1170 (C=S) cm-

1

Experiment 55: General procedure for the preparation of racemic mixtures

To a solution of the nitroalkene acceptor (0.14 mmol), Schreiner thiourea (6
mol%) and EtsN (6 mol%), in dry CH2Cl; (0.37 mL), under argon and at the
designated temperature, the Michael addition donnor was added (0.28 mmol) and
the resulting reaction mixture was stirred for 24 h. The reaction was evaporated
and the crude product was purified by preparative TLC. The diastereoisomeric
ratio was determined by 'H NMR analysis and the enantiomeric excess of the

products was determined by HPLC analysis.

Experiment 56: Synthesis of (S)-2,2-Dimethyl-4-nitro-3-phenyl-butanal 113a
A mixture of of trans-B-nitrostyrene (0.17 mmol), catalyst (20 mol%), DMAP (0.02
mmol), isobutyraldehyde (0.47 mmol) and CHCIs (0.3 mL) was stirred at rt. When
the reaction was complete (TLC) the solvent was removed under vacuum. The
residue was purified by preparative TLC (80:20 Hexane/AcOEt) to afford the
desired product 113a as a yellow oil and the spectroscopic analysis of the product
matched the literature data.'®® The enantiomeric excess was determined by
HPLC with Chiralpack AD-H column at 205 nm (Hexane//lPrOH = 99/1, 0.5 mL/min
tr(minon = 38.0 Min, trmajory = 39.9 mMin).

Experiment 57: Synthesis of (R) and (S)-ethyl 2-carboethoxy-4-nitro -3-
phenylbutyrate 113b

Under an argon atmosphere, to a stirred solution of trans-B-nitrostyrene (0.20
mmol) and diethyl malonate (0.39 mmol) in dry toluene (0.40 mL) was added

catalyst (10 mol%). After being stirred for 48 h, the reaction mixture was
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concentrated in vacuo. The residue was purified by preparative TLC (80:20
Hexane/AcOEt) to afford the desired product 113b as a yellow pale solid and the
spectroscopic analysis of the product matched the literature data.®® The
enantiomeric excess was determined by HPLC with Chiralpack AD-H column at
205 nm (Hexane/PrOH = 90/10, 1 mL/min tg = 10.9 min, tr = 14.5 min).

Experiment 58: Synthesis of (S)-3-(2-nitro-1-phenyl-ethyl)-1H-indole 113c

Under an argon atmosphere, to a stirred solution of trans-B-nitrostyrene (0.20
mmol) and catalyst (20 mol%) in dry CHxCl, (200 pl) and 1H-indole (0.30 mmol)
was added in one portion. After being stirred for 72 h, the reaction mixture was
concentrated in vacuo. The residue was purified by preparative TLC (80:20
Hexane/AcOEt) to afford the desired product 113c as a colourless oil and the
spectroscopic analysis of the product matched the literature data.!'! The
enantiomeric excess was determined by HPLC with Chiralpack AD-H column at
205 nm (Hexane/'PrOH = 90/10, 0.75 mL/min trgminon = 44.4 min, trmajon = 49.4

min).

Experiment 59: General procedure for Michael addition reactions of 1,3-
dicarbonyl nucleophiles to nitroalkene acceptors

To a solution of the nitroalkene acceptor (0.14 mmol) and the synthesised
organocatalysts (5 mol%), in anhydrous solvent (0.37 mL), under argon and at
the designated temperature, the 1,3-dicarbonyl nucleophile was added (0.28
mmol) and the resulting reaction mixture was stirred until the consumption of the
nitroalkene acceptor (2—24 h). The reaction was evaporated and then the crude
product was purified by preparative TLC (60:40 or 70:30, Hexane/AcOEt). The
diastereoisomeric ratio was determined by *H NMR analysis and the enantiomeric

excess of the products was determined by HPLC analysis.
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Experiment 60: Synthesis of (R)-3-(2-nitro-1-phenylethyl) pentane-2,4-dione
113d

The title compound was prepared from trans-f-nitrostyrene and acetylacetone
according to the representative procedure. Product 113d was obtained as a white
solid in 80% of yield and the spectroscopic analysis of the product matched the
literature data.®” The enantiomeric excess (ee 68%) was determined by HPLC
with Chiralpack AD-H column at 205 nm (Hexane/'PrOH = 90/10, 1 mL/min trgminor)
=10.9 min, trmajor) = 14.5 min).

Experiment 61: Synthesis of (S)-3-(2-nitro-1-phenylethyl) pentane-2,4-dione
114a

The title compound was prepared from trans-B-nitrostyrene and acetylacetone
according to the representative procedure. Product 114a was obtained as a white
solid and the spectroscopic analysis of the product matched the literature data.®’
The enantiomeric excess was determined by HPLC with Chiralpack AD-H column
at 205 nm (Hxane/PrOH = 90/10, 1 mL/min trgmajory = 10.9 Min, trgminon = 14.5 min).

Experiment 62: Synthesis of (S)-3-(1-(4-methoxyphenyl)-2-
nitroethyl)pentane-2,4-dione 114b

The title compound was prepared from trans-4-methoxy-B-nitrostyrene and
acetylacetone according to the representative procedure. Product 114b was
obtained as a yellow solid in 97% of yield and the spectroscopic analysis of the
product matched the literature data.®’” The enantiomeric excess (ee 66%) was
determined by HPLC with Chiralpack AD-H column at 205 nm (Hexane/PrOH =
90/10, 1 mL/min trgmajory = 14.9 mMin, trmino = 22.8 Min).
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Experiment 63: Synthesis of (S)-3-(1-(4-chlorophenyl)-2-nitroethyl)pentane-
2,4-dione 114c

The title compound was prepared from trans-4-chloro-B-nitrostyrene and
acetylacetone according to the representative procedure. Product 114c was
obtained as a white solid in 68% of yield and the spectroscopic analysis of the
product matched the literature data.®’” The enantiomeric excess (ee 65%) was
determined by HPLC with Chiralpack AD-H column at 205 nm (Hexane/PrOH =
80/20, 1 mL/min trmajory = 8.5 MiN, trminor = 20.2 min).

Experiment 64: Synthesis of (S)-3-(1-(2-chlorophenyl)-2-nitroethyl)pentane-
2,4-dione 114d

The title compound was prepared from trans-2-chloro-p-nitrostyrene and
acetylacetone according to the representative procedure. Product 114d was
obtained as a yellow pale solid in 88% of yield and the spectroscopic analysis of
the product matched the literature data.®” The enantiomeric excess (ee 73%) was
determined by HPLC with Chiralpack AD-H column at 205 nm (Hexane/'PrOH =
99/1, 1 mL/min trmajory = 31.7 min, treminory = 40.1 min).

Experiment 65: Synthesis of (S)-3-(1-(furan-2-yl)-2-nitroethyl)pentane-2,4-
dione 114e

The title compound was prepared from trans-2-(2-nitrovinyl)furan and
acetylacetone according to the representative procedure. Product 114e was
obtained as a yellow oil in 91% of yield and the spectroscopic analysis of the
product matched the literature data.®” The enantiomeric excess (ee 56%) was
determined by HPLC with Chiralpack AD-H column at 210 nm (Hexane/PrOH =
90/10, 1 mL/min trgmajony = 11.0 Min, trmino = 12.9 min).
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Experiment  66: Synthesis  of  (S)-1-((R)-2-nitro-1-phenylethyl)-2-
oxocyclopentane-1-carboxylate and (R)-1-((R)-2-nitro-1-phenylethyl)-2-
oxocyclopentane-1-carboxylate 116a

The title compound was prepared from trans-B-nitrostyrene and ethyl-2-
oxocycloethylester according to the representative procedure. Product 116a was
obtained as a colourless oil in 62% of yield and the spectroscopic analysis of the
product matched the literature data.®” The enantiomeric excess was determined
by HPLC with Chiralpack IB column at 205 nm (Hexane/PrOH = 90/10, 1 mL/min
major diastereomer trmajony = 7.9 mMin, trminoy = 9.9 Min — ee 74% and minor

diastereomer trmajor) = 7.1 min, trminory = 8.6 Min — ee 36% ).

Experiment 67: Synthesis of (R)-2-acetyl-2-((R)-2-nitro-1-
phenylethyl)cyclopentan-1-one and (S)-2- acetyl-2-((R)-2-nitro-1-
phenylethyl)cyclopentan-1-one 116b

The title compound was prepared from trans-B-nitrostyrene and 2-
acetylcyclopentanone according to the representative procedure. Product 116b
was obtained as a yellow oil in 93% of yield and the spectroscopic analysis of the
product matched the literature data.®” The enantiomeric excess was determined
by HPLC with Chiralpack IB column at 205 nm (Hexane/PrOH = 80/20, 1 mL/min
major diastereomer trmajory = 8.6 Min, trminon = 23.0 Min — ee 63% and minor

diastereomer trmajory = 10.1 min, trminony = 12.8 min — ee 69%).

Experiment 68: Synthesis of (S)-ethyl 1-((S)1-(4-methoxyphenyl)-2-
nitroethyl)-2-oxocyclopentanecarboxylate and  (R)-ethyl  1-((S)1-(4-
methoxyphenyl)-2-nitroethyl)-2-oxocyclopentanecarboxylate 116c

The title compound was prepared from trans-4-methoxy-B-nitrostyrene and ethyl-
2-oxocycloethylester according to the representative procedure. Product 116¢
was obtained as a colourless oil in 92% of yield and the spectroscopic analysis of

the product matched the literature data.*’ The enantiomeric excess was

175



Chapter 7

determined by HPLC with Chiralpack AD-H column at 210 nm (Hexane/EtOH =
95/5, 1 mL/min major diastereomer trmajor) = 28.5 mMin, trminor) = 48.9 Min — ee 73%

and minor diastereomer trmajor) = 14.5 min, trminon = 22.3 mMin — ee 25%).

Experiment 69: Synthesis of (S)-ethyl 1-((R)1-(4-chlorophenyl)-2-nitroethyl)-
2-oxocyclopentanecarboxylate and (R)-ethyl 1-((R)1-(4-chlorophenyl)-2-
nitroethyl)-2-oxocyclopentanecarboxylate 116d

The title compound was prepared from trans-4-chloro-B-nitrostyrene and ethyl-2-
oxocycloethylester according to the representative procedure. Product 116d was
obtained as a yellow oil in 98% of yield and the spectroscopic analysis of the
product matched the literature data.'*®* The enantiomeric excess was determined
by HPLC with Chiralpack IB column at 205 nm (Hexane/PrOH = 90/10, 1 mL/min
major diastereomer trmajory = 9.8 Min, trminon = 14.2 min — ee 71% and minor

diastereomer trmajor) = 8.3 MiN, treminoy = 11.6 Min — ee 23%).

Experiment 70: Synthesis of (S)-2-acetyl-2-((R)1-(4-methoxyphenyl)-2-
nitroethyl)cyclopentan-1-one and (R)-2-acetyl-2-((S)1-(4-methoxyphenyl)-2-
nitroethyl)cyclopentan-1-one 116e

The title compound was prepared from trans-4-methoxy-B-nitrostyrene and 2-
acetylcyclopentanone according to the representative procedure. Product 116e
was obtained as a yellow oil in 97% of yield and the spectroscopic analysis of the
product matched the literature data.'** The enantiomeric excess was determined
by HPLC with Chiralpack AD-H column at 205 nm (Hexane/PrOH = 90/10, 0.5
mL/min major diastereomer trmajory = 23.1 Min, trminory = 25.2 min — ee 58% and

minor diastereomer trminoy = 29.7 Min, trmajor) = 40.8 min — ee 47%).
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Experiment  71: Synthesis of 2-acetyl-2-((S)1-(4-chlorophenyl)-2-
nitroethyl)cyclopentan-1-one 116f
The title compound was prepared from trans-4-chloro-p-nitrostyrene and 2-

acetylcyclopentanone according to the representative procedure. Product 116f
was obtained as a colourless oil in 85% of yield. [a]3°= +10.53 (c 0.3, CH,CL).
Major diastereomer: *H NMR (CDCls): & 7.29-7.27 (m, 2H), 7.22 (d, J = 8.37 Hz,
2H), 4.83 (dd, J = 11.56 Hz, J = 10.59 Hz, 1H), 4.52 (dd, J = 13.67 Hz, J = 3.80
Hz, 1H), 4.33 (dd, J = 11.56 Hz, J = 3.94 Hz, 1H), 2.59-2.33 (m, 2H), 2.30 (s, 3H),
1.99-1.70 (m, 4H) ppm. 3*C NMR (CDCls): & 213.1, 202.5, 134.5, 132.6, 130.9,
129.1,75.5,71.1,45.7, 38.6, 27.5, 26.6, 19.4 ppm. Minor diastereomer: *H NMR
(CDCls): 6 7.58-7.43 (m, 2H), 7.13 (d, J = 8.34 Hz, 2H), 5.00 (dd, J = 11.13 Hz, J
=9.21 Hz, 1H), 4.58 (dd, J = 13.21 Hz, J = 3.81 Hz, 1H), 4.58 (dd, J = 13.50 Hz,
J =3.83 Hz, 1H), 2.28-2.21 (m, 2H), 2.19 (s, 3H), 1.99-1.70 (m, 4H) ppm.*3C NMR
(CDCl): 6 216.7, 202.9, 134.7, 133.9, 130.1, 129.1, 76.7, 70.1, 46.5, 39.3, 31.0,
26.8, 19.4 ppm. HRMS: m/z: [M+H]* calcd for Ci5H17CINO4 310.0846; Found
310.0081

The enantiomeric excess was determined by HPLC with Chiralpack IB column at
210 nm (Hexane/EtOH = 95/5, 2 mL/min major diastereomer trmajory = 8.2 min,
tr(minon = 35.1 min — ee 36% and minor diastereomer trmajory = 9.1 MiN, trminor) =
17.4 min — ee 41%)).

Experiment 72: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl
trichloroacetamidate 125

The synthesis of compound 125 was carried out according to the procedure
described in the literature.!’
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Experiment 73: General procedure for cooperative catalysis with O-
glycosyl trichloroacetimidates as glycosyl donors

Glycosyl donor (0.05 mmol), acceptor (0.05 mmol) and cocatalyst (15 mol%) were
dissolved in CHxCI, (1.0 mL) and stirred at room temperature for 5 min, acid
catalyst (15 mol%) was then added. The reaction mixture was stirred at the same
temperature until TLC indicated the complete consumption of the starting
material, then the reaction was guenched with satd. aqueous NaHCO3 solution
and extracted with CH2Cl,. The organic phase was washed with water, dried over
MgSO,4 and concentrated in vacuo. The crude product was purified by flash
column chromatography with Hexane/AcOEt to afford the desired glycosides. The
o/p ratios of the newly formed glycosidic bonds were determined by the *H NMR

integration of representative peaks.

Experiment 74: Synthesis of isopropyl 2,3,4,6-tetra-O-benzyl-D-
glucopyranoside 130

The title compound was prepared from 2,3,4,6-Tetra-O-benzyl-a-D-
glucopyranosyl trichloroacetamidate 126 and isopropanol according to the
representative procedure. Product 130 was obtained as a white solid and the
spectroscopic analysis of the product matched the literature data.!”® The
anomeric selectivity was calculated from the peak area ratio of isopropyl CH a
(1.43 ppm) and isopropyl CH B (1.52 ppm) in the crude *H NMR spectrum.

Experiment 75: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl
chloride 131
The synthesis of compound 131 was carried out according to the procedure

described in the literature.™

Experiment 76: General procedure for thiourea catalysed glycosylation

reactions
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A round bottom flask was charged with glycosyl chloride (0.05 mmol) and catalyst
(5-10 mol%). The flask was refilled with argon and a solution of acceptor (0.09
mmol) in toluene (1 mL) was added via syringe. Base (0.09 mmol) was added
and the resulting mixture was stirred at room temperature for 48 h. The crude
product was purified by flash column chromatography with Hexane/AcOEt to
afford the desired products. The a/f ratios of the newly formed glycosidic bonds

were determined by the *H NMR integration of representative peaks.

Experiment  77: Synthesis  of  allyl-2,6-O-benzyl-3-O-methyl-a-D-
mannopyranoside 136

The compound 136 was already synthesised in our laboratory group.

Experiment 78: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl
phosphate 138

The synthesis of compound 138 was carried out according to the procedure
described in the literature.!”

Experiment 79: General procedure for catalytic activation of glycosyl
phosphates for stereoselective glycosylation reactions

A flame-dried 5 mL sealed tube with a stirring bar was charged with glycosyl donor
(0.043 mmol), flame-dried 4-A molecular sieves (43 mg), thiourea catalyst (20
mol%) and acceptor (0.085 mmol); diisopropyl ether (427 pL) was added to the
reaction. The mixture was then heated with stirring at 40 °C in an oil bath for 19
h, over which time the mixture thickened. After 19 h, the mixture was cooled to
room temperature, diluted with diethyl ether and filtered to remove the molecular
sieves. This solution was concentrated and the crude product was purified by
preparative TLC. The diastereoisomeric ratio was determined by 'H NMR

analysis.
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Experiment 80: Synthesis of methyl (2R)-(2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl) propanoate 143

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and L-methyl lactate according to the representative
procedure. Product 143 was obtained as a colourless oil in 85% vyield. The
anomeric selectivity (a:8 83:17) was calculated from the peak area ratio of -OCH3
a (3.74 ppm) and -OCHs 8 (3.68 ppm) in the crude *H NMR spectrum.*H NMR
(CDCls): 8 7.43-7.26 (m, 26H), 5.13 (d, J = 3.67 Hz, 1H, H-1 a), 4.96 (s, 2H), 4.93
(d, J = 9.18 Hz, 1H), 4.88 (s, 1H), 4.84 (s, 3H), 4.76-4.71 (m, 3H), 4.59-4.53 (m,
2H), 4.48 (d, J =11.76, 1H, H-1 B), 4.43-4.36 (m, 3H), 4.07 (dd, J = 10.19 Hz, J =
3.60 Hz, 1H), 4.01-3.87 (m, 4H), 3.74 (s, 3H, a), 3.68 (s, 3H, B), 3.49-3.45 (m,
1H), 1.48 (d, J = 7.01 Hz, 3H, a), 1.44 (d, J = 6.84 Hz, 3H, B) ppm. 3C NMR
(CDCls): & 170.4, 138.8, 138.7, 138.5, 138.4, 138.3, 137.9, 128.6, 128.5, 128.4,
128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 127.6, 127.6, 127.5,
103.2, 96.3, 81.8, 79.2, 78.7, 75.9, 75.1, 74.9, 74.7, 74.5, 73.6, 73.5, 73.4, 73.2,
72.9,69.9, 68.9, 68.7, 65.5, 63.3, 51.9, 51.8, 18.5, 18.1 ppm.

Experiment 81: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-glucopyranosyl
phosphate 144a

The synthesis of compound 144a was carried out according to the procedure

described in the literature.™

Experiment 82: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-mannopyranosyl
phosphate 144b

The synthesis of compound 144b was carried out according to procedures

described in the literature.*’>178
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Experiment 83: Synthesis of methyl (2R)-(2,3,4,6-Tetra-O-benzyl-a-D-
glucopyranosyl) propanoate 145a

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
glucopyranosyl phosphate and L-methyl lactate according to the representative
procedure. Product 145a was obtained as a colourless oil in 70% vyield. The
anomeric selectivity (a: 70:30) was calculated from the peak area ratio of -CHsa
(1.43 ppm) and -CH3B (1.52 ppm) in the crude *H NMR spectrum. a anomer *H
NMR (CDClz): & 7.35-7.13 (m, 20H), 4.98 (d, J = 10.94 Hz, 1H), 4.84-4.78 (m,
3H),4.73 (d, J=6.66 Hz, 1H ), 4.60 (dd, J = 12.12 Hz, J = 6.21 Hz, 2H), 4.46 (dd,
J=12.16 Hz, J = 11.28 Hz, 2H), 4.08 (q, J = 6.88 Hz, 1H), 4.01 (t, J = 9.34 Hz,
2H), 3.75-3.71 (m, 1H), 3.68 (d, J = 9.53 Hz, 1H) 3.65 (s, 3H), 3.56 (dd, J = 5.95
Hz, J = 3.83 Hz, 1H), 3.51 (dd, J = 8.79 Hz, J = 1.84 Hz, 1H), 1.43 (d, J = 6.80
Hz, 3H) ppm. *C NMR (CDCls): 5 172.9, 138.8, 138.2, 138.2, 137.7, 128.6, 128.5,
128.4, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6, 97.5, 81.8, 79.7, 77.4,
75.8, 75.1, 73.6, 73.5, 73.4, 70.5, 68.0, 52.1, 17.8 ppm. B anomer H NMR
(CDCls): 7.42-7.40 (m, 2H), 7.33-7.26 (m, 16H), 7.16-7.14 (m, 2H), 5.14 (d, J =
10.85 Hz, 1H), 4.93 (d, J = 10.99 Hz, 1H), 4.78 (dd, J = 23.90 Hz, J = 10.99 Hz,
2H), 4.71 (d, J = 10.85 Hz, 1H), 4.60 (d, J = 12.22 Hz, 1H), 4.55-4.49 (m, 4H),
3.71 (s, 3H), 3.69 (d, J =2.03 Hz, 1H), 3.68-3.65 (m, 1H), 3.64-3.60 (m, 1H), 3.57
(d, J=8.86 Hz, 1H), 3.49 (t, J =8.17 Hz, 1H),3.42 (ddd, J = 9.25 Hz, J = 4.57 Hz,
J=2.13 Hz, 1H), 1.52 (d, J = 6.88 Hz, 3H) ppm. *C NMR (CDCls): 3 173.0, 138.6,
138.5, 138.0, 137.9, 128.6, 128.5, 128.4, 128.3, 128.1, 128.0, 127.8, 127.7,
127.6, 102.4,84.4,81.8, 77.4, 75.8, 75.1, 74.7, 74.6, 73.4, 72.6, 68.6, 52.1, 19.3

ppm.

Experiment 84: Synthesis of methyl (2R)-(2,3,4,6-Tetra-O-benzyl-a-D-
mannopyranosyl) propanoate 145b

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-

mannopyranosyl phosphate and L-methyl lactate according to the representative
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procedure. Product 145b was obtained as a colourless oil in 84% yield. The
anomeric selectivity (a:f 89:11) was calculated from the peak area ratio of -
OCHsa (3.69 ppm) and -OCHgB (3.60 ppm) in the crude *H NMR spectrum.H
NMR (CDCl): 8 7.38-7.25 (m, 19H), 7.16-7.10 (m, 4H), 5.23 (d, J = 1.02 Hz, 1H,
H-1 B), 5.04 (d, J = 1.24 Hz, 1H, H-1 q), 4.87 (d, J = 10.47 Hz, 1H, H-2 a), 4.72
(s, 2H), 4.64 (s, 1H), 4.61 (s, 1H), 4.59 (d J = 1.43 Hz, 1H), 4.53-4.47 (m, 3H),
4.38 (d, J = 6.78 Hz, 1H), 4.02-3.92 (m, 3H), 3.81-3.71 (m, 3H), 3.69 (s, 3H, a),
3.60 (s, 3H, B), 1.38 (d, J = 7.07 Hz, 3H, a), 1.25 (d, J = 5.59 Hz, 3H, B) ppm. 3C
NMR (CDCls): 6 173.06, 138.4, 138.2, 138.1, 138.0, 128.4, 128.3, 128.2, 128.1,
128.0, 127.9, 127.8, 127.7, 127.6, 127.5, 96.9, 79.8, 75.3, 74.7, 74.3, 73.4, 72.7,
72.3,71.9, 70.0, 69.0, 52.0, 18.5 ppm.

Experiment 85: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl
chloride 146a
The title compound 146a was carried out according to the procedure described

in the literature.17®

Experiment 86: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl
trichloroacetamidate 146b
The title compound 146b was carried out according to the procedure described

in the literature.'"?

Experiment 87: Synthesis of Synthesis of methyl 2-(2,3,4,6-tetra-O-benzyl-
a-D-galactopyranosyl) propanoate 148a

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and methyl glicolate according to the representative
procedure. Product 148a was obtained as a colourless oil in 58% yield. The
anomeric selectivity (a: 83:17) was calculated from the peak area ratio of -CHsza
(3.73 ppm) and CH3 (3.74 ppm) in the crude *H NMR spectrum.*H NMR (CDCly):
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0 7.44-7.27 (m, 22H), 5.09 (d, J = 3.68 Hz, 1H, H-1 a), 4.95 (d, J = 11.58 Hz, 1H),
4.89 (d, J=11.72 Hz, 1H), 4.83 (d, J = 12.84 Hz, 1H), 4.80-4.76 (m, 1H), 4.62 (d,
J=11.73Hz, 1H), 4.57 (d, J=11.47 Hz, 1H), 4.49-4.37 (m,3H), 4.30 (d, J = 16.59
Hz, 1H), 4,15 (d, J = 16.80 Hz, 1H), 4.09 (dd, J = 9.83 Hz, J = 3.63 Hz, 1H), 4.00-
3.95 (m, 3H), 3.74 (s, 3H, B), 3.73 (s, 3H, q), 3.57-3.44 (m, 3H) ppm.:*C NMR
(CDCls): 6 170.4, 138.8, 138.5, 138.3, 137.8, 128.5, 128.4, 128.3, 128.2, 128.1,
128.1, 128.0, 127.9, 127.8, 127.7, 127.7, 127.6, 127.5, 103.3, 97.0, 81.8, 79.2,
78.6, 75.9, 75.1, 74.9, 74.8, 74.5, 73.6, 73.5, 73.4, 73.2, 72.9, 69.9, 68.9, 68.7,
65.5, 63.3, 51.9 ppm.

Experiment 88: Synthesis of O-1-L-menthyl-2,3,4,6-tetra-O-benzyl-a/B-D-
galactopyranoside 148b

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and L-menthol according to the representative
procedure. Product 148b was obtained as a colourless oil in 58% yield and the
spectroscopic analysis of the product matched the literature data.’®® The
anomeric selectivity (a:B 41:59) was calculated from the peak area ratio of -CHsa
(0.75 ppm) and -CHsp (0.69 ppm) in the crude *H NMR spectrum.

Experiment 89: Synthesis of O-1-cyclohexyl-2,3,4,6-tetra-O-benzyl-a/B-D-
galactopyranoside 148c

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and cyclohexanol according to the representative
procedure. Product 148c was obtained as a colourless oil in 60% yield and the
spectroscopic analysis of the product matched the literature data.®! The
anomeric selectivity (a: 49:51) was calculated from the peak area ratio of H-1a
(5.00 ppm) and H-4B (3.86 ppm) in the crude *H NMR spectrum.
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Experiment 90: Synthesis of 1-O-adamantanyl-2,3,4,6-tetra-O-benzyl-a-D-
galactopyranoside 1498d

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and adamantanol according to the representative
procedure. Product 148d was obtained as a colourless oil in 41% yield and the
spectroscopic analysis of the product matched the literature data.®? The
anomeric selectivity (a:B 57:43) was calculated from the peak area ratio of H-1a
(5.30 ppm) and H-1B (4.62 ppm) in the crude *H NMR spectrum.

Experiment 91: Synthesis of 2,3,4,6-tetra-O-benzyl-a-D-galactopyranosyl-N-
Boc-L-ser-methyl ester 148e

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and N-Boc-L-ser-methyl ester according to the
representative procedure. Product 148e was obtained as a colourless oil in 64%
yield. The anomeric selectivity (a: 73:27) was calculated from the peak area ratio
of -OCHgza (3.64 ppm) and -OCH3p (3.71 ppm) in the *H NMR crude spectrum.H
NMR (CDCls): & 7.40-7.26 (m, 25H), 5.78 (d, J = 8.56 Hz, 1H, H-1 a), 5.50 (d, J =
8.30 Hz, 1H, H-1 B) 4.92 (d, J = 11.52 Hz, 1H), 4.85-468 (m, 5H), 4.63-4.50 (m,
4H), 4.46-4.27 (m, 4H), 4.10 (dd, J = 11.29 Hz, J = 3.39 Hz, 1H), 4.02 (dd, J =
10.24 Hz, J = 3.68 Hz, 1H), 3.96-3.88 (m, 2H), 3.86 (dd, J = 10.08 Hz, J = 2.72
Hz, 1H), 3.81-3.75 (m, 2H), 3.71 (s, 3H, B), 3.64 (s, 3H, a), 3.57-3.49 (m, 4H),
1.42 (s, 9H, a), 1.40 (s, 9H, B) ppm. 3C NMR (CDCls): 5 170.9, 170.7, 138.7,
138.6, 138.5, 138.4, 138.4, 138.3, 137.9, 137.8, 128.4, 128.3, 128.3, 128.3,
128.2, 128.1, 127.9, 127.8, 127.8, 127.7, 127.6, 127.6, 127.5, 127.5, 127.4,
104.4,99.3, 82.1, 79.9, 79.1, 78.7, 76.4, 75.3, 74.8, 74.7, 74.6, 73.6, 73.5, 73.4,
73.3, 73.2, 73.1, 73.0, 70.2, 70.1, 69.7, 68.7, 68.6, 54.2, 54.1, 54.0, 52.5, 52.3,
28.3 ppm.
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Experiment 92: Synthesis of 2,3,4,6-tetra-O-benzyl-a/p-D-galactopyranosyl-
epiandrosterone 148f

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and epiandrosterone according to the representative
procedure. Product 148f was obtained as a colourless oil in 58% vyield. The
anomeric selectivity (a:f 50:50) was calculated from the peak area ratio of H-1a
(4.98 ppm) and H-4 (3.86 ppm) in the crude *H NMR spectrum.*H NMR (CDCls):
0 7.39-7.27 (m, 40H), 4.98 (d, J = 3.81 Hz, 1H, H-1 a), 4.96-4.90 (m, 4H), 4.85
(d, J =11.79 Hz, 2H), 4.77-4.68 (m, 8H), 4.65-4.55 (m, 6H), 4.53-4.49 (m, 1H),
4.46 (d, J = 5.47 Hz, 1H, H-1 B), 4.42 (d, J = 3.77 Hz, 1H), 4.39-4.28 (m, 4H),
4.05-4.02 (m, 2H), 4.00 (d, J = 3.54 Hz, 1H), 3.95-3.90 (m, 3H), 3.86 (d, J = 2.51
Hz, 1H), 3.80-3.76 (m, 1H), 3.58-3.48 (m, 9H), 3.08-3.00 (m, 2H), 2.95 (dd, J =
12.76 Hz, J = 4.77 Hz, 1H), 2.43 (dd, J = 19.33 Hz, J = 8.64 Hz, 1H), 2.11-2.01
(m, 2H), 1.95-1.90 (m, 3H), 1.75-1.65 (m, 5H), 1.54-1.45 (m, 8H), 1.35-1.20 (m,
18H), 0.85 (s, 3H, a), 0.82 (s, 3H, B), 0.69-0.62 (m, 2H) ppm.3C NMR (CDCls): &
139.0, 138.9, 138.8, 138.7, 138.6, 138.6, 138.5, 138.4, 138.3, 138., 137.8, 128.4,
128.4, 128.3, 128.3, 128.2, 128.1, 128.0, 127.9, 127.9, 127.8, 127.7, 127.7,
127.6,127.6, 127.6, 127.5, 127.5, 127.5, 127.4, 127.3, 127.3, 127.1, 102.1, 99.8,
82.4, 82.3, 79.7, 79.2, 78.9 78.8, 78.6, 76.5, 76.1, 75.2, 75.1, 74.8, 74.7, 74.6,
74.4, 73.5, 73.5, 73.4, 73.2, 73.2, 73.2, 73.1, 72.9, 72.6, 69.7, 69.3, 69.0, 68.5,
68.2, 54.5, 54.4,51.4, 47.8, 45.1, 44.7, 36.9, 36.8, 35.9, 35.8, 35.0, 34.6, 31.5,
30.9, 29.5, 28.4, 21.8, 20.5, 13.8, 12.2 ppm.

Experiment 93: Synthesis of methyl 2,3,4-tri-O-benzyl-a-D-glucopyranoside
148g
The synthesis of this compound was carried out according to the procedure

described in the literature.83-184
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Experiment 94: Synthesis of methyl 2,3,4-Tri-O-benzyl-6-0-(2,3,4,6-tetra-O-
benzyl-a-D-galactopyranosyl)-a-D-galactopyranoside 148g

The title compound was prepared from 2,3,4,6-tetra-O-benzyl-a-D-
galactopyranosyl phosphate and methyl-2,3,4-Tri-O-benzyl-galactose-a-D-
galactopyranoside according to the representative procedure. Product 148g was
obtained as a colourless oil in 70% yield and the spectroscopic analysis of the
product matched the literature data.'®? The anomeric selectivity (a:B 56:43) was
calculated from the peak area ratio of H-1a (4.99 ppm) and H-1B (4.31 ppm) in
the crude *H NMR spectrum.

Experiment 95: General procedure for the preparation of racemic mixtures
of styrene oxides with mandelic acid

To a solution of styrene oxide (0.17 mmol) in dry methanol (0.5 mL) was added
DDQ (0.2 mmol) and the resulting mixture was stirred at rt. After the completion
of the reaction (monitored by TLC) the solvent was evaporated, the obtained solid
was washed several times with hexane and filtered. The enantiomeric excess of

the products was determined by chiral HPLC analysis.

Experiment 96: General Procedure for alcoholysis of styrene oxides with
mandelic acid

A round bottom flask was charged with mandelic acid (0.002 mmol) and thiourea
organocatalysts 65, 70 or 87 (0.002 mmol, 1 mol%). After addition of styrene
oxide (0.17 mmol) and dry methanol (1.99 mmol) the reaction solution was
vigorously stirred at room temperature. The full conversation was observed by
TLC and the excess of methanol was evaporated. The crude was analysed by 'H

NMR and the enantiomeric excess was determined by HPLC analysis.
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Experiment 97: Synthesis of 2-methoxy-2-phenyl-ethanol 152

The title compound was prepared according to the representative procedure.
Product 152 was obtained as a yellow oil and the spectroscopic analysis of the
product matched the literature data.'*® The enantiomeric excess was determined
by HPLC with Chiralpack AD-H column at 210 nm (hexane/PrOH = 97/3, 0.5
mL/min tr = 21.2 min, tr= 25.1 min).

Experiment 98: Synthesis of N-phenyl-1,2,3,4-tetrahydroisoquinoline 153
The synthesis of compound 153 was carried out according to the procedure

described in the literature.'*’

Experiment 99: General procedure for the preparation of racemic mixtures
for cross-dehydrogenative coupling reaction

Diethyl phosphonate (0.6 mmol) and TBHP (0.6 mmol, 5.5 M in decane) were
successively added to a mixture of N-phenyl-1,2,3,4-tetrahydroisoquinoline (0.2
mmol) and Schreiner thiourea (20 mol%, 0.04 mmol) in CH3CN (600 uL). Then,
the mixture was stirred at 50°C for 12 h. Upon completion of the reaction, as
monitored by TLC analysis the mixture was directly purified by column
chromatography (80:20 Hexane/AcOEt) to afford desired product 155 and the

enantiomeric excess of the products was determined by chiral HPLC analysis.

Experiment 100: General procedure for cross-dehydrogenative coupling
reaction

Diethyl phosphonate (0.6 mmol) and TBHP (0.6 mmol, 5.5 M in decane) were
successively added to a mixture of N-phenyl-1,2,3,4-tetrahydroisoquinoline (0.2
mmol) and organocatalyst 70 or 87 (20 mol%, 0.04 mmol) in CH3CN (600 pL).
Then, the mixture was stirred at 50 °C for 12 h. Upon completion of the reaction,

as monitored by TLC analysis the mixture was directly purified by column
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chromatography (80:20 Hexane/AcOEt) to afford desired coupling product 156
and the enantiomeric excess of the products was determined by HPLC analysis.

Experiment 101: Synthesis of diethyl (2-phenyl-1,2,3,4-
tetrahydroisoquinolin-1-yl)phosphonate 155

The title compound was prepared according to the representative procedure.
Product 156 was obtained as a colourless oil and the spectroscopic analysis of
the product matched the literature data.'®® The enantiomeric excess (rac) was
determined by HPLC with Chiralpack AD-H column at 210 nm (Hexane/PrOH =
95/5, 1 mL/min tg= 17.1 min, tg= 18.4 min).
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