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Abstract

Design and preparation of novel bioactive compounds for development
of new drug leads is a challenging task. Chirality plays a key role in all
biological systems, including drug targets, and stereoisomeric
compounds often have very different pharmacological properties.
Chirality is thus an important factor when designing and preparing novel
bioactive molecules.

The intention of the first project was to create a library of novel
iminosugar antipodes from optically active hexoses for the purpose of
glycosidase inhibition testing. The aim of the second project was to
synthesize the biologically active martinella alkaloids from prochiral
building blocks by installing the stereochemistry with a chiral catalyst,
and subsequently create analogues of the alkaloids by altering the side
chains connected to the martinella tricyclic scaffold.

In the preparation towards the martinella alkaloids, the governing
stereocenter was installed by asymmetric Sharpless epoxidation of a
cinnamyl alcohol. The resulting epoxide was successfully obtained in
76% ee. However, upon an ineffective reaction step and numerous efforts
to circumvent the problem, the progress towards the martinella alkaloids
came to a full stop.

The library of novel iminosugars, namely the functionalized D- and L-
arabino-pyrrolidines, were prepared and evaluated as glycosidase
inhibitors. The D-arabino-hydrazide imide and its N-ethyl congener
displayed selective a-mannosidase inhibition in the micromolar range,
with inhibition constants K; = 0.23 uM and K; = 1.4 uM, respectively.
Selective a-mannosidase inhibitors are interesting lead molecules for
development of therapeutic compounds, such as anticancer and antiviral
agents.
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Introduction

1 Introduction

This thesis includes the descriptions of two main projects. Chapters 3
and 4 cover the synthetic preparation of biologically active iminosugars.
The biological evaluation of the synthesized iminosugars as glycosidase
inhibitors is then presented in chapter 5. The second project includes
synthetic strategies towards preparation of the biologically active
martinella alkaloids, presented in chapter 6. A common feature for both
projects has been the aspect of how chirality affects a compound’s
biological properties. The aim of this chapter is therefore to provide a
general introduction to the concept of chirality in biologically active
molecules.

Chirality plays a key role in all biological systems.!* All natural proteins
and carbohydrates are chiral compounds, that is, compounds that are
non-identical to their mirror image. Figure 1 illustrates the concept of
chirality by displaying chiral and achiral objects, such as hands and
coffee cups and molecules, such as ibuprofen (1) and paracetamol (2).
Because biological systems are composed of chiral compounds,
including chiral drug receptors, the activity of biologically active
compounds is mostly chirality dependent (Figure 2).>* This implies that
two stereoisomers (e.g. enantiomers) of the same compound can have
substantially different pharmacological profiles. One example of this is
ibuprofen (1), a well-known anti-inflammatory drug, in which the S
enantiomer is over 100-fold more potent inhibitor of cyclooxygenase 1
(COX 1) than the R enantiomer (Figure 1).° Before 1994 ibuprofen (1)
was distributed as a racemic mixture. In 1992 the United States Food and
Drug Administration (FDA) issued a policy statement concerning
stereoisomeric drugs, in which chirality was officially included in the
pharmacological profile of a drug.%’” Consequently, racemate drugs were
considered to be mixtures of two compounds. The production of several
racemate drugs, including ibuprofen (1), was thus switched to the
preparation of the single-enantiomer.®”
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Chiral objects Achiral objects

S

Chiral molecules Achiral molecules
H H
HaCTN NTCH3
T, O
OH HO
(S)-Ibuprofen ((S)-1) (R)-Ibuprofen ((R)-1) Paracetamol (2)
(active enantiomer) (inactive enantiomer)

Figure 1. Concept of chirality.

R Chiral drug

1l Y&
= % Chiral receptor

Figure 2. Chiral biological receptors interact with chiral compounds. (Created with
BioRender.com)
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Today, production of single-enantiomer versions is the standard in the
pharmaceutical industry.!® Synthetic preparation of single enantiomers
generally fall into one of three categories:!! 1) Chiral pool, in which the
chiral product is synthesized from optically active building blocks, 2)
Chiral resolution, in which the desired enantiomer is isolated from the
racemic mixture by co-crystallization with a chiral resolving agent, such
as D- or L-tartaric acid, or 3) Stereoselective synthesis, in which the chiral
product is obtained from a non-chiral/prochiral substrate by treatment
with an enantiopure reagent in either stoichiometric (auxiliary) or
catalytic amount. In the projects described in this thesis we have
synthesized chiral iminosugars from chiral building blocks (chapters 3
and 4) and prepared a chiral epoxide from a prochiral alkene by
asymmetric synthesis with a chiral catalyst (chapter 6).

The specific spatial arrangement of the groups connected to a
compound’s chiral centre is referred to as a compound’s absolute
configuration. Following the International Union of Pure and Applied
Chemistry (IUPAC) nomenclature, the resulting stereochemical
description is then specified using the Cahn-Ingold-Prelog (CIP) rules,
in which stereocenters with opposite chirality are labelled R and S,
respectively (Figure 3)."!'? According to the CIP rules, the four different
groups attached to a chiral (carbon) centre are assigned priority, based
on atomic number. When the lowest priority group is faced away from
the viewer, the orientation of the residual groups determines the
stereochemical description. If the priority ascends clockwise (to the
right), the centre is annotated R. Equivalently, a centre with counter-
clockwise (to the left) priority is labelled S.

The description of molecules with several chiral centres are often named
by the direction in which the molecule rotates the plane of light, viz.
optical rotation, annotated (+) or (-) for rotation to the right and left,
respectively (Figure 3).!* For identification of monosaccharides and
amino acids, the Fischer-Rosanoff convention from 1906 is frequently
used, with descriptors D and L.'>!'* In a Fischer-projection of the

3
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molecule, with atom number one (C1, carbonyl) place at the top of the
chain, the chiral atom furthest away from C1 determines the overall
stereochemical description. For glucose (3), a hydroxyl group on the
right-hand side at C5, gives D-glucose (D-3). In L-glucose (L-3) the C5
hydroxyl group is positioned on the left-hand side in the Fischer
projection. The example illustrated in figure 3, shows that (+)-glucose
((+)-3) can also be termed D-glucose (D-3). In fact, the compound is most
often referred to as D-(+)-glucose (D-(+)-3).

Cahn-Ingold-Prelog : Fischer-Rosanoff
1 1 3
4 4, : CHO
2)\ )\2 H——OH
§ HO——H
s R | H-*—OH
Sinister Rectus : H-2—0OH
left right ‘ X OH
(left) (right) CH,0H
Dextrorotary D-glucose (D-3)
Optical rotation
CHO
HO——H oH
H——0oH 7, O ~OH
HO——H J/\j:
HO——H HO Y OH
CH,0H OH
(+)-glucose ((+)-3) (-)-glucose ((-)-3) Levorotary L-glucose (L-3)

Figure 3. Stereochemical description following the Cahn-Ingold-Prelog rules apply for all
organic compounds. Molecules with several stereocenters are often annotated by the molecule’s
optical rotation. The Fischer-Rosanoff nomenclature is specifically used for identifying
monosaccharides and amino acids.

In chapters 3, 4 and 5 the D and L descriptors are used for most
compounds, and opposite chirality is verified by the [a]poptical rotation
values. The chiral molecules in chapter 6 are described by their specific
optical rotation (+/-).
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2 Glycosidase Inhibitors -A General
Introduction

The group of enzymes that display activity towards glycosidic bonds are
known as carbohydrate-active enzymes (CAZymes). These
biomolecules catalyse the transfer of a glycosyl group to an acceptor
substrate. According to the Enzyme Commission (EC) of the
International Union of Biochemistry and Molecular Biology (IUBMB),
CAZymes that use water as acceptor substrate are classified as glycoside
hydrolases (GH) (EC 3.2),' also known as glycosidases. In 1991
Henrissat and co-workers established a classification system of
CAZymes, where the enzymes are grouped into families based on amino
acid sequence similarity.!® The IUBMB nomenclature of glycosidases
are, however, still linked to substrate specificity and enzymes with equal
specificity but dissimilar structural features are found in different GH
families in the CAZy classification system (http://www.cazy.org/).

A common feature for the majority of glycosidases are the two
carboxylic amino acids (aspartate or glutamate) in the active site of the
enzyme.'”!® These acid/base catalytic residues play a central role in the
two main glycosidase hydrolysis mechanisms, in which the substrate is
hydrolysed with either inversion or retention of the anomeric
configuration. Scheme 1 illustrates both mechanisms of hydrolysis for a-
glucosidases. Inverting glycosidases catalyze the direct attack of water
on the anomeric carbon (C1) (Scheme 1a). The water is activated by the
carboxylate residue that accepts a proton from the water molecule. The
hydrolysis is promoted by a second carboxylic acid residue which
donates a proton to the leaving group. In contrast to the single
displacement mechanism of the inverting glycosidases, retaining
glycosidases follow a double displacement mechanism which includes
two inversions of the anomeric configuration and a covalent glycosyl-
enzyme intermediate (Scheme 1b).!%2° Common for both mechanisms is
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the shape and charge distribution of the glycoside in the transition
state(s).

Mimicry of the glycoside shape and charge in the transitions state has
been an important lead in the design of glycosidase inhibitors.?! In the
transition state the anomeric carbon holds a positive charge which is
stabilized by the endocyclic oxygen. This oxocarbenium character
allows for a coplanar arrangement across the C5-O5-C1-C2 atoms
(Scheme 1a).? From this planarity, the glycoside may adopt a limited
number of conformations in its transition state, roughly grouped into
half-chair conformations (*Hs or *H3 or the closely related envelopes “E
or °E) and boat conformations (>*°B or B2s).?? The design and synthesis
of oxocarbenium charge analogues and/or conformational analogues of
the transition state glycosides has resulted in a number of potent and
specific glycosidase inhibitors.?32*
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Scheme 1. Mechanism of hydrolysis for a) inverting o-glucosidases and b) retaining o-
glucosidases. The transition state glycosides are here depicted in the “H3 half-chair conformation.

Although certain non-glycosidic compounds can inhibit glycosidases,
the sugars mimics, including carbasugars, thiosugars, and iminosugars,
is the major class of glycosidase inhibitors currently in use or under
development. The study of sugar mimics as glycosidase inhibitors has
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provided valuable insight into the mechanism of catalysis within the
different enzyme families.?>?® The composition of mammalian glycans
biosynthesized by a given cell is driven by enzyme activity rather than
derived from a template such as proteins are derived from their genetic
code. Glycosidase inhibitors have thus also served as a tool in
understanding the roles of mammalian glycosides.?” This has been done
by regulating the enzymes responsible for formation and breakdown of
the relevant glycans. The use of glycosidase inhibitors as research tools
has further enabled the discovery of specific glucosidases as targets in
the treatment of various diseases. In the pharmaceutical industry
iminosugars and thiosugars, in which the endocyclic oxygen is replaced
with a nitrogen or a sulfur, respectively, are currently the most promising
compound classes due to their oral bioavailability.?® This part of the
thesis focuses on the inhibitory properties of iminosugars, and design and
synthesis of new iminosugars as glycosidase inhibitors.

2.1 Glycosidases as Targets for Drug Design

Carbohydrates are essential biomolecules for all living organisms. In
addition to operating as storage and source of energy, glycans cover all
cellular surfaces and are thus important mediators of many biological
processes such as protein folding,” cell signaling,*® fertilization,
embryogenesis, cell differentiation, and proliferation.’! Additionally,
glycans influence disease development by playing a part in pathogen
recognition,* cancer metastasis,>® the innate immune response,** and
inflammation.* Furthermore, many diseases are directly caused by
defects in the glycosylation machinery, and these are collectively termed
congenital disorders of glycosylation.’® Due to the ubiquity of
carbohydrates, glycan metabolizing enzymes are valuable biomarkers
and targets for the treatment of diseases and hence for the design of
potent drugs.’”-8
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Perhaps the most intuitive association to glycan metabolism is the
degradation of carbohydrates and absorption of the resulting sugars for
the purpose of energy uptake. Disruptions in this system can trigger
metabolic disorders such as type 2 diabetes, a chronic disease which is
characterized by insufficient levels of insulin and resulting disturbances
in the sugar metabolism.>* Low insulin levels are caused by low secretion
of insulin by target cells and/or by cellular resistance to the produced
insulin. Both processes cause elevated levels of blood sugar and patients
that suffer from type 2 diabetes are at a risk of developing further
complications such as cardiovascular diseases and neuropathy. One
strategy to manage type 2 diabetes is to delay the absorption of glucose
by manipulation of enzymes that degrade carbohydrates to sugars, such
as the intestinal o-glucosidases.*’ Inhibition of the a-glucosidases bound
to the intestinal epithelium cells slow down the rate of carbohydrate
digestion and thereby postpone the absorption of glucose to the blood.*!

Another vital role for glycosidases is the trimming of the
glycoconjugates that are presented on the eukaryotic cell surface.***
Most glycoconjugates are biosynthesized stepwise in the Endoplasmic
reticulum (ER) and Golgi apparatus and are transported to the cell
surface by the secretory pathway.** The glycosylation pattern on cancer
cell surfaces can distinguish them from normal cells. Furthermore, the
distinct and aberrant combination of N-linked oligosaccharides on cancer
cell surfaces can influence tumour progression and mitosis.*> The
biosynthesis of the glycoproteins include trimming of the glycan moiety
by a set of glucosidases and mannosidases. Inhibitors of these enzymes
may slow down cancer progression.*’

The biosynthesis of glycoproteins through the mammalian secretory
pathway is also exploited by enveloped viruses.*® The host glycosylation
machinery is hijacked by the virus and used in viral replication.
Inhibitors of a-glucosidase I and a-glucosidase II in the ER lumen are
thought to interfere with the viral glycopeptide folding, and hence
obstruct the assembly of the virus.*’* It is worth mentioning that this

9
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strategy for treatment of viral infections was researched as a potential
treatment for COVID-19 during the (current) pandemic.*’

Glucosidases are also targeted in the lysosomal storage disorders
(LSDs), such Gaucher’s, Fabry and Pompe disease. Symptoms of this
group of genetic disorders vary greatly, but can include developmental
delay, respiratory failure, blindness, deafness etc.’® Though more than
50 different lysosomal disorders exist, the most common of these include
the anomalous storage of glycosphingolipids.®! This group of
biomolecules function as structural membrane components and are
involved in processes such as cell adhesion and recognition and
modulation of signal transduction.’> The catabolism of
glycosphingolipids occurs mostly in lysosomes and endosomes.
Disruptions in the lysosomal catabolism cause accumulation of
glycosphingolipids, resulting in the lysosomal storage disorders.

For Gaucher’s disease, generally considered to be the most prevalent of
the LSDs, mutations in the GBAI gene encoding the lysosomal
glucocerebrosidase cause improper folding of this enzyme. Though the
enzyme’s catalytic activity normally is intact, the misfolded enzyme is
recognized by an ER quality control system and degraded by the ER
Associated Degradation (ERAD) machinery.>* Conventional strategies
for treatment of Gaucher’s disease include reducing levels of
glycosphingolipids (substrate reduction therapy, SRT) or increasing
levels of glucocerebrosidase (enzyme replacement therapy, ERT).
Supplementary to this is pharmacological chaperone therapy (PCT).> In
this strategy a misfolded enzyme is stabilized by a small molecule and
may thus avoid ERAD degradation. The saved enzyme can then
hydrolyse the glycosphingolipids and avoid accumulation of these. Since
the glucocerebrosidase functions as a retaining [-glucosidase,
glucosidase inhibitors have been accessed for their ability to function as
pharmacological chaperones (PC) in Gaucher’s disease.’* PC therapy
targeting glucosidases have also been investigated for other LSDs, such
as the misfolded a-galactosidase in Fabry disease.>>>¢
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2.2 Iminosugars

Iminosugars are carbohydrate mimetics in which the endocyclic oxygen
is replaced by a nitrogen.”’ They share many features with carbohydrates,
such as size, water solubility, and oral bioavailability. Iminosugars are
however not metabolized by carbohydrate degrading enzymes and are
normally excreted unchanged by the kidneys.’® Moreover, iminosugars
have shown to be potent inhibitors of carbohydrate modifying enzymes,
and have also displayed many biological effects other than glycosidase
inhibition.”® All these properties make iminosugars valuable drug
candidates, as is further discussed in chapter 2.2.2.

Based on ring size and number of rings, naturally occurring iminosugars
can be grouped into five classes, namely piperidines, pyrrolidines,
indolizidines, pyrrolizidines, and nortropanes (Figure 4). Within the five
classes, more than 200 iminosugars have been isolated from natural
sources and their biological profiles have been evaluated.’%¢!

H H
0 O % &
Piperidine Pyrrolidine  Indolizidine  Pyrrolizidine Nortropane

Figure 4. Most common ring structures of the naturally occurring iminosugars.

2.2.1 The Origin of Iminosugars

The idea of replacing the endocyclic oxygen in sugars with other
heteroatoms was explored before iminosugars were isolated from natural
sources.®?% The first synthesis of 1-deoxynojirimycin (DNJ, 4) (Figure
5) was performed by Paulsen and co-workers at the University of
Hamburg in 1966.54% Later that year nojirimycin (NJ, 5) (Figure 5) was
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isolated from Streptomyces roseochromogenes R-468 and S. lavendulae
SF-425, and was described as an antibiotic.®*” It was also shown to be
a potent inhibitor of a- and B-glucosidases from different sources.®® A
major drawback of the NJ (5) natural alkaloid was, however, its
instability in solution. This instability may be explained by the unstable
N,O-acetal present in the compound, which prevented its use as a
pharmaceutical drug. Reduction of NJ (5) with sodium borohydride
could provide the more stable DNJ (4), free from the anomeric hydroxyl
group.” A decade after its first synthesis, DNJ (4) was isolated from the
roots of Mulberry trees (Morus spp.).%’

endocyclic
oxygen anomeric
carbon
OH | OH®H2/ OH@H2
O._.OH N_~.OH NaBH, N
HO™ “OH  HO" "'OH HO™ “OH
OH OH OH
Glucose (3) Nojirimycin Deoxynojirimycin
(NJ, 5) (DNJ, 4)

Figure 5. Nojirimycin (NJ, 5), a glucose analogue with a nitrogen in place of the endocyclic
oxygen. The hydroxyl group in the anomeric position can be removed by reduction of NJ (5) to
the corresponding 1-deoxy-NJ (DNJ, 4).

Mulberry trees have been used in traditional Chinese herbal medicine for
treatment of a number of ailments, including diabetes, inflammations,
coughing, fever, and high blood pressure.>’ All these properties can be
ascribed to different iminosugars. With improved purification methods,
more iminosugars were isolated from the Morus species in 1994,7%7!
such as fagomine (6),”> N-methyl DNJ (7),>7* and 1,4-dideoxy-1,4-
imino-D-arabinitol (DAB, 8) (Figure 6). The latter was originally
isolated from fruits of Angylocalyx boutiqueanus in 1985.° In 1976 2,5-
dideoxy-2,5-imino-D-mannitol (DMDP, 9) was isolated from the leaves
of the legume Derris elliptica,’® and has later been found in other natural
sources, such as a species of Streptomyces bacteria.”’ Castanospermine
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(10) was first isolated in 1981 from Castanospermum austral.’”® The
alkaloid 10 inhibits lysosomal a-glucosidase,” and disturbs the
lysosomal catabolism of glycogen.®® Together with other similar
iminosugars, such as Australine (11),8' Castanospermine (10) was found
to be the cause of toxicity in the legume C. austal for livestock.

OH H OH ‘ HO H
HO™ HO™ “'OH
OH OH HO ~ OH
6 7 8

Fagomine N-methyl-DNJ DAB
HO H OH HO
AN N ¢ ""OH
] H
“OH
HO OH HO OH
OH
9 10 1
DMDP Castanospermine Australine

Figure 6. Natural iminosugars.

Iminosugars are today assumed to be widespread in plants and
microorganisms.?>%* Moreover, many natural iminosugars display a
broad inhibitory spectrum towards mammalian glycosidases. This broad
activity is likely beneficial to the plants and microorganisms in which
they are produced, as protection against digestion.”® However, if the
natural iminosugars were to be used for therapeutic purposes, they would
give many side effects from off target activity. These sugars thus
generally provide a basis for preparation of more selective
pharmaceutical compounds. The specific physicochemical properties of
the iminosugars that give them the ability to inhibit glycosidases have
therefore been extensively studied.
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2.2.2 Properties of Iminosugars as Glycosidase
Inhibitors

The glycosidase inhibitory effect of iminosugars is believed to arise from
their resemblance to the transition state species presented in Scheme
1.28% The sugar traits that the iminosugars mimic, can roughly be
grouped into three categories, namely shape (conformation), charge and
chirality (Figure 7).

, OH OH ® OH OH
HO Qe N 03, 0._.OH
HO A ) ) — ‘ ) .
S " OH HO" “OH HO" “OH ‘OH
“H, OH OH OH
Transition state Oxonium Carbenium Galactose
hexoses species Glucose (3) (20)
iminosugars OH OH OH OH
o HO NH @Hz ® @“2
\ © NH,
HO NH, . 3 . .
OH HO ‘OH HO' ‘OH
OH OH OH
D-glucono-amidine  Deoxynojirimycin Isofagomine  Deoxygalactonojirimycin
(15) (DNJ, 4) (12) (DGJ, 19)

Figure 7. Iminosugars as glycoside transition state mimics, and their inhibitory profiles.®3-88

Due to their inherent pKa, iminosugars have the ability to be protonated
at physiological pH.% In its protonated form,” these sugars mimic the
oxocarbenium character of the transition state glycoside (Figure 7).
Furthermore, the position of the protonated nitrogen plays a part in the
glycosidase inhibition selectivity between a and B glycosidases (Figure
8). One example of this is the difference in selectivity between
deoxynojirimycin (DNJ, 4) and the iso-iminosugar isofagomine (12).
DNJ (4), the standard D-glucono-iminosugars with a nitrogen in the place
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of the endocyclic oxygen, favours inhibition of a-glucosidases.®> On the
other hand, isofagomine (12),°! with a nitrogen in the D-glucono-
anomeric position has displayed high affinity for B-glucosidases.®¢

a-glycosidase base 1 base
eo/go . g _KT;}; ;JI\_/'_ S
: 1 i I
o ' OH H2® ja-glucosidase !
—\ . H|_c|)o :(S. cerevisiae) 1
a-glycosyl OR DNJ OH 1 K=47 M |
H) , ) H | p-glucosidase |
Oj :0 ' Oj :0 \ (amond) |
acid acid
B-glycosidase acid acid
o | o CREEE
,‘_|) i 4 | a-glucosidase !
o (' ! OH I(S. cerevisiae) !
Nl | H t\ 1 Ki=0.11 pM
OR ' i u
' IS)O '\®IH2  p-glucosidase
B-glycosyl o__0  isofagomine . (almond)
° | a2) 07 NeSEeEte

base base

Figure 8. The position of the nitrogen in iminosugars influences glycosidase inhibition
selectivity.

The influence that the position of the endocyclic nitrogen has on an
iminosugar’s biological activity has further been verified upon the
synthesis of azafagomine (13) (Figure 9).%” This p-glucono-iminosugar,
with two nitrogens in the place of both the endocylic oxygen and the
anomeric carbon is a potent inhibitor of both yeast a-glucosidase and
almond B-glucosidase.””> The study also concluded that the L-glucono-
azafagomine (L-13) was a very poor inhibitor of the glucosidases.”
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__________

OH

H, ' Ki=6.9 uM |

N‘SH ' a-glucosidase |

2y (yeast) !

HO™ “’OH : K;=0.32 uM :
OH | B-glucosidase

1

Azafagomine :- _(?Iin ? quz _

(13)

Figure 9. Azatagomine (D-13), a potent a- and -glucosidase inhibitor.

Another feature that has provided valuable insight into glycosidase
inhibition potency and selectivity, is the study of charge distribution
across the endocyclic C-N bond by introduction of an amidine moiety
into the D-glucono-iminosugars.?*?*> The introduction of a double bond
into the six-membered ring also influences the piperidine conformation,
giving it a closer resemblance to the half-chair transition state species.?*
Similar conformation is also found in the natural iminosugar Kifunensine
(14), which is a selective plant a-mannosidase inhibitor.”® The amidine
15 introduced by Ganem and co-workers displayed a broad inhibitory
profile, including the inhibition of a-glucosidase, B-glucosidase, f-
galactosidase, and o-mannosidase (Figure 10).”> On the contrary,
isofagomine amidine analogue 16, reported by Lindbick ez al.,”> showed
a much narrower window of activity, more specifically, selective
inhibition of o-mannosidase. Moreover, N-arming of Ganem’s
endocyclic amidine nitrogen to form hydrazide imide 17 also resulted in
inhibition of several glycosidases.”* The methylated analogue 18, on the
other hand, displayed selective affinity for a-mannosidase.
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Figure 10. Synthetic functionalized D-glucono-amidines are potent glycosidase inhibitors that
mimic both the shape and charge of the glycoside transition state.

The relative stereochemistry of the piperidine iminosugar hydroxyl
groups generally determine their selectivity as glucosidase inhibitors.
For instance, naturally occurring DNJ (4), with a D-glucono-
configuration inhibits a-glucosidase, while deoxygalactonojirimycin
(DGJ, 19), the galactosidase (20) iminosugars analogue, inhibits o-
galactosidase and deoxymannojirimycin (DMJ, 21) inhibits a-
mannosidase (Figure 11).”7%® This is, however, not always the case for
pyrrolidine iminosugars. For instance, DMDP (D-9) inhibits both
glucosidases and galactosidase.”® In several instances the pyrrolidine
iminosugars, such as DAB (D-8), are more potent glycosidase inhibitors
than their piperidine derivatives, such as DNJ (D-4). This has been
rationalized by the fact that the pyrrolidine envelope conformation
resembles the half-chair conformation in a higher degree than what the
piperidine conformation does.'®

Because an enzyme can normally distinguish between its desired
substrate and its enantiomer, the unnatural L-iminosugars have been
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given much less attention than their natural D-enantiomers. For instance,
the L-enantiomers of DNJ (4) and isofagomine (5) have displayed 100-
4000 fold less potency than their D-enantiomers.'"!2 However, the
furanose mimicking L-iminosugars LAB (L-8), L-DMDP (L-9) have
proven to be even more potent inhibitors of mammalian and plant a-
glucosidases than their D-antipodes.!?>!** Furthermore, L-DMDP (L-9)
is a more specific inhibitor of mammalian a-glucosidases than the natural
product DMDP (D-9).!% The four L-iminosugars mentioned were further
suggested to be non-competitive inhibitors of the D-glycosidases. This
means that the L-iminosugars inhibit the enzyme at an allosteric site,
which gives the L-series an advantage over the D-series in terms of
selective inhibition, namely less off target hits. It has therefore recently
become more common to include the L-iminosugars in biological

assayS.106-108
Galacto . Glucono
OH H OH H C‘)H H OH ?H
3 O, OO
! HO YOH 11 HOY “OH HO” " OH  HO" HO” ™ ;
3 OH Pl OH OH OH OH ;
i D-19 o 0-4 L4 0-5 L5
3 DGJ / Migalastat | ! DNJ L-DNJ Isofagomine L-Isofagomine |
' Fabry disease E 5 a-glucosidase inhibitor f-glucosidase inhibitor f
| o-galactosidase !t
¢ inhibitor / chaperone |
! Clinically approved Menno
OH H HO H OH H :
Arabino | N o P e P
'HO _H, HO  ~H, A ' ) i
! ON |, ©N bl HO OH v Yon !
! E ) OH HO©  OH
! HO OH HO OH ! | p-21 b-9 L-9 i
' i I DMJ D-DMDP L-DMDP '
' D-8 L-8 f E a-mannosidase a-glucosidase a-glucosidase 1
: DAB LAB ' ! inhibitor inhibitor inhibitor :
E o-glucosidase  a-glucosidase 3 I B-glucosidase '
: inhibitor inhibitor 11 inhibitor :
e ' a-galactosidase :
: inhibitor ;

[ D-iminosugars and L-iminosugars ]

Figure 11. D- and L-iminosugars as glycosidase inhibitors.

18



Glycosidase Inhibitors — A General Introduction

One of the beneficial pharmacological properties of iminosugars
compared to other drugs, is their hydrophilicity.!” However, a drawback
of a drug’s ability to dissolve in water is that much of it will pass through
the body without performing any therapeutic activity. Alkylation of the
endocyclic nitrogen was quickly recognized to be a good way of
increasing biological uptake of the iminosugars.'!” In cases where the
sugar solubility impedes absorption, the main current approach is
administration of a prodrug. One example is Celgosivir (22), an
investigational drug for the treatment of infections caused by the
hepatitis C virus (Scheme 2).!'"! Celgosivir (22) is a prodrug that is
converted by cellular esterases to the o-glucosidase inhibitor
castanospermine (10).''2

in vivo

OH OH
22 10
Celgosivir Castanospermine
readily absorbed by cells a-glucosidase inhibitor

Scheme 2. Conversion of the prodrug celgosivir to the biologically active castanospermine.

Alkylation of iminosugars, however, often leads to the loss of
glycosidase inhibition activity.!'>!'* It has still been a valuable strategy
for the regulation of target specificity to minimize side effects of the
drug’s therapeutic application.'’> Effectively, two of the clinically
approved iminosugars drugs, namely Miglitol (23) and Miglustat (24),
used for the treatment of type 2 diabetes''® and Gaucher’s disease!!’,
respectively, are alkylated DNJ (4) derivatives (Figure 12). Moreover,
one of the promising novel therapeutic agents for the treatment of
hyperglycemia in type 2 diabetes is the a-C-butyl-LAB (L-25).!!8
Another alkylated L-iminosugar that is currently under investigation is

19



Glycosidase Inhibitors — A General Introduction

L-Miglustat (N-butyl-L-deoxynojirimycin, L-24), which selectively
enhances lysosomal a-glucosidase levels in Pompe disease fibroblasts.!%
L-Miglustat (L-24) has also shown anti-inflammatory response to
Pseudomonas aeruginosa infections and is investigated for application
in Cystic Fibrosis lung disease.!"’

Clinically approved D-iminosugars

D-23 D-24
Miglitol Miglustat
Type 2 diabetes Gaucher's disease
a-glucosidase inhibitor glucocerebrosidase

inhibitor / chaperone

inhibitor / chaperone

| HO gH, , !
: 1, ON /LNJ\ :
! W HO OH |
; HO OH OH f
| L-25 L-24
! a-C-butyl-LAB N-butyl-L-DNJ / L-Miglustat
H Type 2 diabetes Pompe disease H
; a-glucosidase inhibitor lysosomal a-glucosidase f

Figure 12. Example of alkylated iminosugars and their biological activity.

In conclusion, this chapter demonstrates that much is known about the
correlation between the traits of iminosugars and their glycosidase
inhibition activity. Iminosugars have many intrinsic properties that are
desirable in a potential drug candidate, such as water solubility, chemical
stability, and the ability to be readily absorbed through biological
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membranes.'?° Moreover, the diverse roles of glycan processing
enzymes in interaction with the variation of structures displayed by
carbohydrates, provides a great opportunity for the identification of new
and valuable chemotherapies. This motivates for further research on
sugar mimetics, and much is yet to be explored within synthetic
preparation of natural and unnatural iminosugars and examination of
their biological activity. This project has aimed at contributing to the
development of novel selective glycosidase inhibitors for the purpose of
exploring the chemical attributes required in an iminosugars for potent
and selective glycosidase inhibition.

The nomenclature of iminosugars normally follows the naming of
monosaccharides with an endocyclic oxygen. Figure 13 shows the
hexose and pentoses used for the naming of the iminosugars presented
in this thesis, namely D/L-glucose (D/L-3), D/L-arabinose (D/L-26), D/L-
xylose (D/L-27), D/L-ribose (D/L-28), and D/L-lyxose (D/L-29).
Enantiomers are distinguished from one another by the D- or L-prefix. It
can here be emphasized that C3-C5 in arabinose shares the same
stereochemistry as the glucose C4-C6. Chapter 3 covers our synthesis of
amidine iminosugars with an arabino configuration. Moreover, our
synthetic work towards hydrazide imide iminosugars with a glucono
configuration is presented in chapter 4.
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Figure 13. Hexoses and pentoses that are used for naming of iminosugars in this project.
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3 Synthesis of the Functionalized
Arabino-Amidines

The broad inhibitory profile of pyrrolidines, such as DAB (D-8) has been
ascribed to its conformational flexibility (Figure 14).?! As described in
chapter 2, chemical modifications of DAB (D-8), such N- and C-
alkylation, has been one strategy for preparing more selective
glycosidase inhibitors.!°”!?2 Additionally, conformational rigidity of the
pyrrolidines has been explored. For instance, the conformationally rigid
diazole arabinoses D-30 and D-31 are selective a-mannosidase inhibitors
(Figure 14).!2312% In this case, the diazole L-enantiomers L-30 and L-31
did not show any glycosidase inhibition. On the other hand, triazole L-
32 has proven to be a potent and selective inhibitor of a-glucosidase.!?
Though the heterocyclic aromatic ring fused to the pyrrolidine scaffold
in compounds 30-32 induced conformational rigidity, the element of
charge was absent. In this project, the element of charge has been added
to the conformationally rigid pyrrolidines by the introduction of
functionalized amidines to the five-membered ring.
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Conformationally flexible
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Figure 14. Introduction of conformational rigidity into the pyrrolidine iminosugars.

3.1 Results and Discussion

The synthetic plan for the formation of the arabino-amidines presented
in Figure 14, is depicted in Scheme 3. The first part of the strategy was
conversion of L-xylose (L-27) to nitrile L-33. Benzylation of L-xylose (L-
27)!2% was to be followed by nitrile formation at C1, employing the
method of Ermert and Vasella.'?’ In the second part, the arabino-
pyrrolidines were to be prepared from nitrile L-33. Inversion of C4 in L-
xylono-nitrile L-33 would then provide the corresponding D-xylono-
nitrile D-A, upon treatment with a suitable N-nucleophile. Activation of
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the C4 hydroxyl moiety could be obtained by either oxidation to the
corresponding ketone or installation of an appropriate leaving group.
Promotion of a nucleophilic attack by the C4 nitrogen onto the C1 nitrile
moiety would presumably provide a cyclized product containing the
desired functionality. The final arabino-pyrrolidine sugars D-B could
then be obtained from de-benzylation of the cyclization product. The
same strategy was also planned for the preparation of the L-B
enantiomers from D-xylose (D-27).

Chapter 3.1.2
OBn

l, OH 1) Benzylation 0.1 OH
' 2) Nitrile formation
1 _
Bno" NN HO” ™" 0H
OBn OH
L-33 L-xylose (L-27)
Chapter 3.1.2-3.1.4 OX|dat|on
Ho R 1) Cyclisation 0Bn Installation of ?B“
N__NH 2) De-benzylation & NR leaving group 7,4 OH
P — - CN
HO 'OH 2) Reductive BnO
ammatlon OBn
D-B L-33
Substltutlon

with N-nucleophile

Scheme 3. Retrosynthetic strategy for preparation of the arabino-amidines D-B from L-xylose
(L-27). Equivalent strategy was planned for the preparation of the L-B enantiomer from D-xylose
(D-27).

3.1.1 Preparation of D/L-Xylono-Nitriles

The synthesis of the xylono-nitriles L-33 and D-33 commenced with
benzylation of L-xylose (L-27) in a three-step reaction procedure,
previously reported by former group member T. Evangelista et al.
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(Scheme 4).'?° The method included methylation of the anomeric
hydroxyl group in L-xylose (L-27) followed by treatment of the resulting
compound L-34 with benzyl bromide and sodium hydride to form the
corresponding benzylated O-methyl xylose L-35. Acid promoted
demethylation finally furnished tri-O-benzyl-L-xylose (L-36) from
compound L-27 in 62% yield over three steps.

The ring-opened tautomer of xylose L-36 was further condensed with
hydroxyl amine to provide aldoxime L-37, which was used directly in the
next step without purification by column chromatography. Aldoxime L-
37 was subjected to Appel conditions to provide L-xylono-nitrile L-33 in
52% yield, accompanied by substantial formation of the known lactone
L-38.!2 This protocol was previously reported by Ermert and Vasella for
the synthesis of 2,3,4,5-tetra-O-benzyl-D-glucono-nitrile.'”’ They did
not, however, report the formation of a lactone by-product. Lactone L-38
was presumably formed from a hydrolysed intermediate. We therefore
repeated the two-step reaction from xylose L-27 to nitrile L-33, but
omitted the aqueous work-up of the step 1 aldoxime product L-37.
Instead, the residue from step 1 was dissolved in toluene and evaporated
to dryness before it was subjected to the step 2 Appel conditions. This
method afforded nitrile L-33 in 73% yield without formation of lactone
L-38.
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Scheme 4. Synthesis of nitrile L-33 from L-xylose (L-27).

The IR analysis of nitrile L-33 did not show the expected CN-stretch
which should have been evident at approx. 2200 cm™'. However, the 1*C
NMR signal at 116.7 ppm confirmed the presence of a nitrile moiety in
compound L-33 (Figure 15). Also, the '*C NMR spectrum of nitrile L-33
exhibited the expected number of signals, including the multiplet of
aromatic CH carbons at 129-127 ppm, the three quaternary aromatic
carbons at 138-135 ppm, and the seven aliphatic carbon peaks between
80 ppm and 60 ppm. The structure of nitrile L-33 was further evidenced
by the presence of a molecular ion at m/z 440.1827 in the HRMS
spectrum, which proved consistent with the molecular formula, viz.
C26H27NOs.
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Figure 15. Section of the nitrile L-33 '3C NMR spectrum. The blue star marks the nitrile
carbon in compound L-33.

The D-enantiomer of nitrile L-33, namely D-33, was prepared under
equivalent conditions from D-xylose (D-27) (Scheme 5). The
spectroscopic data were in full accord with the data for nitrile L-33.
Optical rotation measurements could also confirm that the two
compounds L-33 and D-33 were mirror images of each other, in which
[a]p =-29 and +32, respectively.

1) 1 MHCI, MeOH

rt,5.5h
o op 2 NaH.Bnbr, DMF BnO 1) NH,OH, EtOH QBn
0°C-rt, 23 h O .~OH ft,1h OH
HOY “oH 3)4 M aq. HCI, dioxane 5 2) PPh3, CBry BnO CN
OH 65 °C, 4 days, 66% BnO OBn MeCN, rt, 20 min z
67% OBn
D-xylose (D-27) D-36 D-33

Scheme 5. Synthesis of nitrile b-33 from p-xylose.
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3.1.2 Synthesis of D/L-Arabino-Amidines

The preparation of amidines D-40 and L-40 from nitriles L-33 and D-33
commenced with a triflation-azidation sequence (Scheme 6). The azide
functionality in the resulting compounds D-41 and L-41 was confirmed
by a strong IR stretch at 2100 cm™'. Hydrogenation of azide D-41 with a
catalytic amount of Pd/C, in the presence of acetic acid, provided
amidine D-42 in 91% yield upon conversion to the corresponding HCl
salt. A second hydrogenation reaction was then conducted with 10
equivalents of Pd/C, in the presence of TFA, to remove the benzyl groups
from compound D-42. D-Arabino-amidine D-40 was thus isolated as the
HCl salt in 99% yield. L-Arabino-amidine L-40 was then prepared in two
steps from azide L-41. Palladium catalyzed hydrogenation of azide L-41
provided amidine L-42 upon treatment with HCI in methanol. This was
followed by the palladium promoted hydrogenolysis of benzyl groups
and formation of L-arabino-amidine L-40.

29



Synthesis of the Functionalized Arabino-Amidines

- CN
BnO

OBn
L-33

1) Tf,0, pyridine
DCM, 0 °C, 15 min

2) NaN3;, DMF
0°C,5h, 87%

OBn

OBn
D-41

1) Hy, Pd/C (6 mol%)

91% AcOH, EtOH, rt, 16 h

2) 0.1 M HCI, MeOH

B0 H of
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BnO OBn
D-42

1) Hp, Pd/C (10 equiv.)
99% | TFA, EtOH, rt, 20 h
2) 0.1 M HCI, MeOH

(S)
HO g O
NSZZNH,
HO  OH
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Scheme 6. Preparation of D- and L-arabino-amides D-40 and L-40 from nitriles L-33 and D-33,

respectively.
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3.1.3 Synthesis of D/L-Arabino-Hydrazide Imides

As presented in chapter 2.2.2, N-arming of Ganem’s amidine 15 had
provided hydrazide imide piperidine 17 with an interesting glycosidase
inhibition profile (Figure 10). We thus wanted to do the same with
arabino-amidines D/L-40. Nitrile L-33 was therefore subjected to Swern
oxidation to afford ketone 43, which was used directly in the next step
without purification (Scheme 7). The residue was thus stirred with tert-
butyl carbazate for 20 hours before addition of sodium
cyanoborohydride. After 20 hours reaction time, the reductive amination
procedure provided hydrazide 44 in 74% yield as a mixture of
stereoisomers.

2) NH,NHBoc
) DMSO, Et;N QBn ACOH,THF ©Bn NHBoc
OH (COCI)2 DCM 0 EtOH, rt, 20 h NH
o . 3) NaCNBH . N
Bng R/CN 78°c,30min | N_CN )na20h s Bro N C
OBn OBn 74% (from xe) OBn
L-33 43 44

Scheme 7. Formation of hydrazide 44 by oxidation of alcohol L-33 followed by reductive
amination with fert-butyl carbazate, employing sodium cyanoborohydride as reducing agent.

The two D-glucono- and L-xylono-hydrazide 44 stereoisomers could
unfortunately not be separated by silica gel column chromatography. To
obtain only one stereoisomer, the alcohol moiety in nitrile L-33 was
instead converted to a triflate leaving group by treatment with triflic
anhydride and pyridine (Scheme 8). TLC analysis of the triflation
reaction showed a spot-to-spot reaction. Therefore, triflate L-45 was used
directly in the next step without further purification. It can be mentioned
that no decomposition or alteration of the triflate was observed.
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Treatment of the triflate L-45 with tert-butyl carbazate further provided
D-glucono-hydrazide D-44 in 54% yield from nitrile L-33. TFA mediated
removal of the Boc group facilitated cyclization to hydrazide imide D-
46. The benzyl groups were then removed by palladium promoted
hydrogenolysis in ethanol to provide the target compound, namely D-
arabino-hydrazide imide D-47.

1) pyridine 2) NH;NHBoc QBn NHBOC
OH 11,0, DCM_ ot CTHR t 44h NH
0o 54% (fi L-33 -
BnO" (‘/ C, 15 min R/CN % (from ) BnO' CN
OBn OBn OBn
L-3 L-4 b-44
DCM:TFA (9:1)
m, 3 h, 78%
o o
Ho  NH2 CF i atm), paic Bno  NH2 CI

N<ENH, EtOH:TFA (9:1) N@.NH,
A t, 24 h, 90% )

HO OH BnO OBn
D-47 D-46

Scheme 8. Preparation of D-arabino hydrazide imide D-47 from L-gl/ucono-nitrile L-33.

The NMR analysis of compound D-47 was best conducted in D-O, which
gave the best resolved spectra for both 'H and '*C NMR. The
characteristic feature of the arabino-pyrrolidines with an endocyclic
double bond presented in this thesis is the apparent H3 triplet, which
implies equal J* coupling constants between protons H3-H4 and H2-H3
(Figure 16). This feature was also observed in the '"H NMR analysis of
the O-benzyl arabino-pyrrolidines described in this thesis.
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g -

Figure 16. A section of the '"H NMR section of D-arabino hydrazide imide D-47 showing the
characteristic triplet for proton H3.

The structure of hydrazide imide D-47 was supported by the presence of
a molecular ion at m/z 162.0871 in the HRMS spectrum, which proved
consistent with the molecular formula of compound D-47, viz.
CsH1203N3. 2D NMR analysis was further conducted to verify the
position of the hydrazide imide moiety and suggest the conformation of
compound D-47 (Figure 17). To detect exchangeable protons in
compound D-47, the 'H-'>*C HMBC NMR analysis was run in DMSO-
ds. 'H-3C HMBC correlations were observed from the exocyclic NH»
protons as well as from H4 the OH proton at C4 to the iminium carbon
C5. Moreover, correlations from protons H2’, H3 and H4 to the
endocyclic nitrogen were detected in 'H-'>’N HMBC NMR analysis of D-
47 in D>0.

For the conformational analysis, the assumption was made that the sp?
character of N1 and C5 in hydrazide imide D-47 would afford a coplanar
arrangement across C2-N1-C5-C4. This planarity left the two
conformational options for compound D-47, namely the *E or the E4
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enveloped conformation. Observed 'H-'"H NOESY correlations between
H2’-H3 and H2-H4 indicated that D-arabino-hydrazide imide D-47 holds
an “E enveloped conformation. This was also consistent with the J°
coupling constants observed by 'H NMR analysis between H2-H3 and
H3-H4, which were both 7.0 Hz. By comparison, the 'H NMR analysis
of the benzylated D-arabino-hydrazide imide D-46 showed the smaller
J? coupling constant value of 3.4 Hz between protons H2-H3 and H3-H4
(Figure 17). This indicated that the benzylated compound D-46 held a
different conformation than its debenzylated congener D-47. Moreover,
the lack of an observed 'H-'H NOESY correlation between H2-H4
indicated that compound D-46 holds an E4 enveloped conformation.

2
© €] H
Ho N Cl Ho M ¢l HO TP
N ZNH, 2 - NSINH, s\N\z__ 1 NH
H 5 = H = MNEN o
H—-H H—H HH‘\@C'
HO  ©OH HO ~  ©OH "} NH,
D-47 D-47 D-47
(DMSO-dg) 'H-T5N HMBC (D,0) "H-"H NOESY (D,0)

“E, Jp3=J34=7.0Hz

Bno  NH: ci® BnO.2_H
N & NH, > NH,
LR = w7 Nec®
BnG  '0Bn SHY ONH,
D-46 D-46

"H-"H NOESY (MeOD)
E4, J3'4 = J415 =34 Hz

Figure 17. Conformational analysis of D-arabino-hydrazide imide D-47 and O-benzyl hydrazide
imide D-46, from 2D NMR analysis. In the conformational analysis OCBn and OH groups at
C3 and C4 have been omitted for clarity.

When hydrazide imide D-46 was subjected to palladium promoted
hydrogenation for 48 hours, alkylation of the exocyclic nitrogen gave N-
ethyl hydrazide imide D-48 in 85% yield (Scheme 9a). Similar N-
alkylation during hydrogenolysis of benzyl groups has been encountered
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by others.!*!3% For instance, Rasmussen et al. obtained N-ethyl
nortropane D-49 when employing (an old batch of) Pearlman’s catalyst
(Pd(OH),/C) for hydrogenolysis of benzyl groups from nortropane D-50
(Scheme 9b).!3% N-alkylation has also been observed in other palladium
catalyzed hydrogenation reactions, such as reduction of nitrobenzenes. 3!
In all these cases it has been suggested that the alkylating agent is the
corresponding aldehyde of the alcohol used as solvent. The aldehyde
species is most likely formed by palladium catalyzed oxidation of the
alcohol.'*? Thus, the N-alkylation presumably occurs through a reductive
amination reaction, forming imine intermediate D-51, with hydrogen
over a palladium species as the reducing agent.

a) ) H, (1 atm), Pd/C
EtOH:TFA (9:1)

J e
N.® Ho MY @ °
Z=NH, rt, 48 h NSENH,
\ 85% A
) HO  OH
D-48
o)
ro HN
Nso-
oxidation \\(_Z'/NH reduction

J J RO OR

HO™ © 5-51, R =H or Bn
b) Rasmussen et al. 30
OBn H, (1 atm), Pd(OH),/C OH

BnO NH EtOH, H,0, rt, 10 days HO N/\

N . 0, N .
BnO" “OBn 49% HO" "OH
OBn OH

D-50 D-49

Scheme 9. a) Debenzylation and simultaneous N-alkylation of hydrazide imide D-46. b)
Formation of N-ethyl nortropane D-49 from the corresponding O-benzyl compound D-50 reported
by Rasmussen et al.!3
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Equivalent to the preparation of D-arabino-hydrazide imides D-47 and
D-48 from L-glucono-nitrile L-33, L-arabino-hydrazide imides L-47 and
L-48 were prepared from D-glucono-nitrile D-33 (Scheme 10). TLC
analysis showed full conversion of the hydroxyl nitrile D-33 to the
corresponding triflate. However, the following substitution reaction with
tert-butyl carbazate was very slow and provided the hydrazide L-44 in
20-30% yield. Running the reaction at elevated temperatures did not
enhance the yield, but instead led to formation of several unidentified
side-products. TLC analysis indicated that the conversion from triflate
D-45 to hydrazide L-44 stopped after approx. 24 hours. Addition of fert-
butyl carbazate to the reaction mixture after 24 hours did not appear to
enhance the turnover of the starting material.

Since fert-butyl carbazate is hygroscopic, it was likely that water was
interfering with the reaction. Indeed, by stirring fert-butyl carbazate with
4 A molecular sieves in THF for 24 hours before addition of triflate D-
45, hydrazide L-44 was obtained in 66% yield after stirring at room
temperature for 4 days. TFA mediated removal of the Boc group
facilitated cyclization to hydrazide imide L-46. The benzyl groups were
then removed by palladium promoted hydrogenolysis over Pd/C in
ethanol to provide L-arabino hydrazide imide L-47 after 24 hours.

As presented in Scheme 9a, N-ethyl D-arabino-hydrazide imide D-48
was obtained in 85% yield from the corresponding benzylated hydrazide
imide D-46 by extending the reaction time for the hydrogenation to 48
hours. Replicating the reaction for the conversion of compound L-46 to
N-ethyl D-arabino-hydrazide imide L-48 was unfortunately not as
straightforward as expected, even though the same batch of Pd/C was
used for both reactions. After 48 hours TLC analysis indicated that the
major product formed was L-47, and only 17% of product L-48 was
isolated from the reaction. Nevertheless, this provided enough of
compound L-48 for biological testing, and no further attempts were made
to enhance the yield of this reaction.

36



Synthesis of the Functionalized Arabino-Amidines

OBn . OBn
1) pyridine
5/\0/” T£,0, DCM oTf
CN 0° i
BnO - 0°C, 15 min BnO : CN
OBn 0Bn
D-33 D-45
o
Ho NH; CI
\/,,Q@NHQ
HO OH
L-47

2) NH,NHBoc
THF, rt, 4 days

66% (from D-yc) B OJ/\/CN
n

H, (1 atm), Pd/C

EtOH:TFA (9:1)

rt, 24 h, 95%

OBn l}lHBoc
v, NH

OBn
L-44
DCM:TFA (9:1)
i, 3 h, 87%
o
BnO I}lHé cl
Vo NS@oNH,
BnO  ©OBn
L-46
H, (1 atm), Pd/C
EtOH:TFA (9:1)
1, 48 h, 17%
o
HO NHgt cl
V. N@o N,
HO  OH
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Scheme 10. Preparation of L-arabino hydrazide imides L-47 and L-48 from nitrile D-33.

3.1.4 Synthesis of D/L-Arabino-Amide Oximes

Analogous to the preparation of the hydrazide imide D-46 from triflate
L-45, we initially assumed that the imino hydroxyl amine D-52 could be
obtained from a reaction in which the hydroxylamine nitrogen first
substituted the triflate moiety (Scheme 11). The assumed hydroxyl
amine nitrile intermediate L-53 would then spontaneously cyclize to
afford imino hydroxyl amine D-52 with the hydroxyl group connected to

the endocyclic nitrogen.
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B0 NH2 1) NH,NHBoc ~ OBn orr ?B” 3: Bno  OH
Ny 2TFA NHOH | 7 . \\CT/NH
ref 34 - N X A
Bno" N C Bno" > BnO  OBn
BnG  OBn OBn OBn
D-46 L-45 L-53 D-52

Scheme 11. Proposed formation of imino hydroxylamine D-52 by treatment of triflate L-45 with
hydroxylamine, equivalent to the assembly of hydrazide imide D-46.

Triflate L-45, prepared from nitrile L-33, was therefore treated with
hydroxyl amine in ethanol (Scheme 12). The hydroxyl amine was
liberated from the corresponding HCI salt by treatment with sodium
ethoxide. D-arabino-amide oxime D-54 was isolated in 36% yield from
a tight separation by silica gel column chromatography. Furthermore, the
D-ribo isomer D-ribo-54 was obtained in 2% yield, and a mixture of the
isomers D-54 and D-ribo-54 was provided in 21% yield. The isomer D-
ribo-54 was presumably formed by racemization of the amide oxime a-
carbon by residual sodium ethoxide in the reaction mixture, even though
the hydroxyl amine HCI salt was employed in excess.

NH,OH<HCI (6 equiv.)
1) NaOEt (4 equiv.)

EtOH
0°C, 30 min
OBn
L, oH THO " or | 2NHOHEtOH BnO 4 OH BnO OH
' pyridine, DCM rt 17 h N =N N =N
+
8o NN 0°c 15min | gno N A /
OBn OBn BnO OBn BnO 0Bn
D-54 D-ribo-54
L-33
L-45 36% from L-33 2% from L-33

+ mixture of D-54 and D-ribo-54
21% from L-33

Scheme 12. Preparation of amidoxime D-54 using excess of hydroxylammonium chloride over
sodium ethoxide as base.
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The structure of product D-54 was expectedly equal to imino
hydroxylamine D-52 (Scheme 11). IR analysis of compounds D-54
showed the presence of a hydroxyl group, signified by a clear OH-stretch
at 3100 cm™'. However, from NMR analysis of the amide oxime D-54,
the position of the N-hydroxyl group could not be ascertained. Due to
solubility issues, the only solvent that would provide us with a descent
NMR spectrum of compound D-54 was deuterated methanol, in which
exchangeable protons are not observed. IR analysis could still confirm
the presence of a hydroxyl group. We envisaged that 2D NMR analysis
of a derivatized amide oxime could help us to determine the correct
structure of compound D-54. Amide oxime D-54 was therefore alkylated
with ethyl iodide in the presence of cesium carbonate to provide O-ethyl
amide oxime D-55 in 82% yield (Scheme 13).

BnO H OH Etl, Cs,CO3 BnO_ :H~ OEt Bng H~
=N MeCN, rt, 3 days H =N / 4
; 82% H=SH 7 Hitm ot
BnO  OBn BnO OBn KLHT 2N
D-54 D-55 D-55
’ 'H-"H-NOESY
H-""N-HMBC E4, J3,4 = J415 =3.0Hz

Scheme 13. Alkylation of amide oxime D-54 and consequent formation of O-ethyl amide oxime
D-55. 2D NMR analysis of the reaction product p-55 accompanied by the proposed
conformation of O-ethyl amide oxime p-55. OCBn groups at C3 and C4 have been
omitted for clarity.

Surprisingly, NMR analysis of O-ethyl amide oxime showed that the N-
ether moiety in compound D-55 was attached to the exocyclic nitrogen,
and not to the endocyclic nitrogen, as anticipated. The most convincing
evidence of this, was the presence of an NH proton attached to the
endocyclic nitrogen in amide oxime ether D-55. This proton would have
been absent if the ether oxygen in compound D-55 had been connected
to the endocyclic nitrogen. Analysis of 'H-'*C HMBC, 'H-'>’N-HMBC,
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and 'H-'H NOESY correlations confirmed the presence and position of
the endocyclic NH moiety (Scheme 13). The ring conformation of
pyrrolidine D-55 could also be estimate from analysis of the 'H-'H
NOESY correlations. The sp? character of N1 and C2 in compound D-55
was assumed to afford a coplanar arrangement across C5-N1-C2-C3.
This planarity left the two configurational options for compound D-585,
namely the “E or the E4 enveloped configuration. Thus, the lack of an
observed 'H-'H NOESY correlation between H3 and H5 indicated that
the amide oxime ether D-55 holds an E4 enveloped conformation.

From structure elucidation of the O-ethyl amide oxime D-55, the N-
hydroxyl group was most likely connected to the exocyclic nitrogen in
compound D-54. Formation of compound D-54 from triflate L-45 must
therefore have commenced by a nucleophilic attack by the hydroxyl
amine onto the nitrile carbon to afford the amide oxime intermediate L-
56 (Scheme 14a). A subsequent substitution of the protonated triflate
moiety by the amide oxime primary nitrogen presumably gave the
cyclization product D-54. The proposed mechanism for formation of the
aldoxime D-54 was further validated by the treatment of hydroxyl nitrile
L-33 with hydroxyl amine (Scheme 14b). In this reaction the nitrile L-33
was converted to the corresponding amide oxime L-57 in 73% yield,
interestingly, without formation of unwanted sterecoisomers when
employing sodium ethoxide for the liberation of hydroxyl amine from its
corresponding HCl salt.
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a) OBn OBn
L, orf L, @H BnO H OH
- _N
o2 Lson N
BnO L ’f\ll H BnO N TfOH 8
OBn 6;H OBn BnO  OBn
L-45 L-56 D-54
b) NH,OH+HCI (6 equiv.)

J1) NaOEt (3 equiv.)
EtOH, 0 °C, 20 min

QBn 2) NH,OH, EtOH 08N
OH  ‘n1en 7O,
% .
BnO" E‘/CN BnO" R/KNJOH
OBn OBn
L-33 L-57

Scheme 14. a) Proposed mechanism for formation of amide oxime D-54 from treatment
of nitrile L-56 with hydroxylamine. b) Formation of amide oxime L-57 from treatment
of nitrile L-33 with hydroxylamine.

The structure of compounds D-7ibo-54 and D-54 was demonstrated by
the presence of a molecular ion at m/z 455.1940 in the HRMS spectrum,
which proved consistent with the molecular formula, viz. C26H2804No.
Though the suggested mode of formation for compound D-ribo-54 was
reasonable, formation of other isomers could not be dismissed at this
point. In 1994 Ganem and coworkers prepared the ribo-amide oxime D-
ribo-58 for its evaluation as a nucleoside hydrolase inhibitor.!** To
confirm the ribo-configuration of compound D-ribo-54 we therefore
treated the stereomeric mixture of amide oximes D-54 and D-ribo-54
with boron trichloride (BCl3) to afford an inseparable mixture of the
amide oximes D-58 and D-ribo-58 (Scheme 15a). BCl3 was employed
instead of palladium promoted hydrogenolysis to eliminate the
possibility of reducing the amide oxime functionality. The difference in
the observed ring proton-proton coupling constants in the isomers D-58
and D-ribo-58 substantiated that the two compounds are stereoisomers
rather than regioisomers. The NMR analysis of the stereomeric mixture
(D-58 and D-ribo-58) was thus compared to that of Ganem and co-
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workers’ product (D-ribo-58).1** Despite the slight difference in H4-H5
coupling constant, the full NMR analysis of the ribo-compound D-ribo-
58 presented by the Ganem group supported our suggested ribo-
configuration for the pyrrolidine D-ribo-58 prepared by us, and thus also
its benzylated congener D-ribo-54. Removal of benzyl groups from
pyrrolidine D-54 with BCl; further provided D-arabino-amide oxime D-
58 (Scheme 15b).

a) inseparable mixture ;
BnO H OH BCl; DCM HO H OH HO 4 OH
N._N -78°C,3h-rt 22h \\5&,\] . NN
BnG  ©OBn HO *"OH HO  “OH
D-54 + D-ribo-54 D-ribo-58 D-58

J34=53Hz, Jys=10Hz
Ganem™2: J; , = 5.5 Hz, Jy5= 2.5 Hz

b) BnO H  OH BCl;, DCM HO H OH
NN -78°C,3h-rt,22h s N _N
\ 67% A
BnO  OBn HO *‘OH
p-54 p-58

J34=Jdas=T74Hz

Scheme 15. Boron trichloride mediated removal of benzyl groups from a) the stereomeric
mixture consisting of D-54 and D-ribo-54, and consequent formation of D-ribo-58 and D-58 as an
inseparable mixture, and b) compound D-54 and formation of amide oxime D-58.

The L-arabino-amide oxime L-58 was further prepared from nitrile D-33
(Scheme 16). Triflation of nitrile D-33 followed by treatment of the
resulting triflate D-45 with hydroxyl amine provided L-arabino-amide
oxime L-54 in 26% yield. To avoid formation of a ribo-conformer by
racemization of the amide oxime a-carbon, hydroxyl amine was liberated
from the corresponding HCl salt by treatment with triethyl amine instead
of sodium ethoxide, which had been used in the preparation of amide
oxime D-58. From the range of minor products that TLC analysis
indicated had been formed in the reaction, the ribo-conformer was not

42



Synthesis of the Functionalized Arabino-Amidines

observed. In addition to compound L-54, the known lactam L-59 was
isolated from the complex mixture of products.'** The formation of
lactam L-59 is presumably caused by the primary attack on the nitrile
moiety in compound D-45 by the hydroxyl amine oxygen.

NH,OH+HCI (5.4 equiv.)

1) NaOEt (5.4 equiv.)
EtOH
0°C, 30 min
OBn OBn
OH TR0 OTf | 2) NH,OH, EtOH Bn? H OH Bno\ 8
pyridine, DCM rt, 17 h 1, =N 1, O
- LI +
BnO” ™ CN goc, 15min BnO” CN 5—71/ Sj
C:)Bn C:)Bn BnO OBn BnO OBn
D-33 D-45 L-54 L-59
26% 17%

BCl;, DCM, -78 °C, 3 h
0°C, 15 h, 50%

HO H OH
N/,\j

\,,5—7/

HO"  “OH
L-58

Scheme 16. Treatment of triflate D-45 with hydroxylamine provided amidoxime 1-54 and
amide L-59 as major compounds.

Based on the previous mechanistic studies presented by Stephenson et
al. in 1969,'% and by Vérds et al. in 2013.13¢, the mechanism depicted in
Scheme 17 was proposed for the formation of lactam L-59. The
mechanistic pathway from nitrile D-45 to lactam L-59 is most likely
initiated by the attack of the hydroxylamine oxygen onto the nitrile
moiety and the resulting formation of O-amino amide intermediate D-60
(step A). The next two steps (B and C) may presumably occur in either
order. O-amino amide L-61 could be formed in a cyclization reaction
(step B) from intermediate D-60. The cyclization product L-61 could then
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react with excess hydroxylamine via the nitrogen (step C), to form amide
L-59, along with water, ammonia, and nitrogen. Alternatively, O-amino
amide intermediate D-60 reacted directly with excess hydroxyl amine
(step C) to form amide D-62, followed by a spontaneous cyclization
reaction (step B) and the consequent formation of lactam L-59.

OBn OBn H
oTf A @H B BnO\ ( HNoy
N N " N
ZNTN | _NH, N OR \gNH
BnO™ Y O H BnO” Y~ O TIOH / 2
OBn | OBn BnO 0Bn
NH,
D-45 D-60 L-61
|A c

OBn H o8\ S

oTf  HiN, OTf _H i Bn H ;
M/) OH ¢ BN B P NCo 210 * N+ Nz

Bno” > o7z " Bno o ) i S—f !

8n H,N-NH-OH en TOH | BnO" “OBn
0-60 [NHLOH 6o R L5
2H,0 + NH3 + Ny

Scheme 17. Proposed mechanism for formation of amide L-59 via routes A, B, and C.

With both amide oxime enantiomers D-58 and L-58 in hand, a
glycosidase inhibition assay was to be conducted before a potential
optimization study for the amide oxime synthesis would be initiated.

3.2 Conclusion

The functionalized arabino-amidine enantiomers D-40, D-47, D-48, and
D-58 and L-40, L-47, L-48, and L-58 have been prepared from L-xylose
(L-27) and D-xylose (D-27), respectively (Figure 18). Key
transformations included nitrile formation at C1 of tri-O-benzyl xylose
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D/L-36, followed by inversion of C4 by appropriate N-nucleophiles.
Cyclization and concomitant formation of the desired functionality
finally provided the functionalized arabino-amidines D-40, D-47, D-48,
and D-58 and L-40, L-47, L-48, and L-58, upon appropriate removal of
benzyl groups. The functionalized arabino-amidines amidines D-40, D-
47, D-48, and D-58 and 1.-40, L-47, L-48, and L-58 were further tested as
glycosidase inhibitors by collaborator Oscar L. Lopéz at the Universidad
de Sevilla in Spain.'*” The biological data is discussed in chapter 5.

L-xylose (L-27)

0.1 ,.OH

HO\H@OH

OH
D-xylose (D-27)

1) benzylation
2) nitrile formation at C1
3) inversion of C4
by N-nucleophile
4) cyclization
5) debenzylation

(amidine) (hydrazide imide)  (amide oxime)
S
Ho u ©° Ho ’}‘ch' HO W OH
1
HO  ‘OH HO  OH HO  OH
D-40 D-47R=H D-58
D-48 R = Et
S
b ¢ Ho NHRC™ o y  oH
1
no'  “ou HO' OH HO OH
L-40 L-47R=H L-58
L-48 R = Et

Glycosidase inhibition screening
Chapter 5

Figure 18. The functionalized arabino-amidine enantiomers D-40, D-47, D-48, and D-58 and L-
40, L-47, L-48, and L-58 synthesized from L-xylose (L-27) and D-xylose (D-27), respectively.
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4 Towards the Glucono-Hydrazide Imide

In 2000 Ramana and Vasella prepared glucono-hydrazide D-63, by
introducing a carbonyl group in the 6 position of azafagomine (D-13)
(Figure 19).13% Hydrazide D-63 exhibited inhibition activity in the
micromolar range against [-glucosidase, o-mannosidase, and p-
mannosidase. The strong activity against the [-glucosidase was
hypothesized to arise from favourable interaction of the lactam moiety
in compound D-63 and the catalytic acid of the B-glucosidase.

Instead of the lactam moiety in hydrazide D-63, isofagomidine D-16,
prepared by Lindbéick et al. possesses a basic amidine moiety in the 1,2-
position. Isofagomidine D-16 was a selective a-mannosidase inhibitor,
and thus exhibits a very different inhibition profile compared to
hydrazide D-63.

OH H OH H OH 1
“NH “NH NH
. 6 ) . @
HO™ HO™ o] HO' 2"NH,
OH OH OH
D-13 D-63 D-16
Azafagomine B-glucosidase inhibitor selective
B-glucosidase inhibitor -mannosidase inhibitor o-mannosidase inhibitor
a-glucosidase inhibitor a-mannosidase inhibitor
OBn NHBoc oM
i 1 N.
NH - Thiswork NH
‘ ! . @
BnO" CN . HO' “NH,
OBn i OH '
D-44 E D-64 : D-17

a-glucosidase inhibitor
B-glucosidase inhibitor
a-mannosidase inhibitor

Figure 19. Glucono-hydrazide imide D-64 presumably combines the basic hydrazide element of
amidine D-16 and the flattened conformation of hydrazide D-63.
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Glucono-iminosugar D-17 with a hydrazide imide moiety has previously
been prepared in our group and evaluated as glycosidase inhibitors
(Figure 19).* Hydrazide imide D-17 displayed a relatively broad
inhibitory profile, with inhibition activity in the micromolar range
against a-glucosidase, B-glucosidase, and a-mannosidase. Following up
on this, we considered compounds of type D-64, which includes the
inhibitory motifs found in compounds D-17 and D-16, viz. the basic
nitrogen exocyclic nitrogen and the basic amidine moiety, respectively,
to be a highly interesting type of compound to investigate as a
glycosidase inhibitor. Also, we expected that the combination of the
basic hydrazide element of D-16 and the flatten conformation of D-63
would provide interesting glycosidase inhibition.

4.1 Results and Discussion

4.1.1 Strategy with an N-Protecting Group

As presented in chapter 3, treatment of hydrazide D-44 with TFA
facilitated cyclization to the corresponding pyrrolidine containing a
hydrazide imide moiety (Scheme 18). By attaching an acid stable
protecting group to the sp® hydrazide nitrogen, we hypothesized that
treatment with TFA would provide intermediate D-65 which would
spontaneously cyclize to the six-membered ring D-66.
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QBn NHBOC 1) protecting

group (PG
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D-44

Chapter 3 \TFA

©
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\CZ@NHZ

BnO OBn
D-46

Scheme 18. First strategy for preparation of piperidazine D-66 from hydrazide D-44, via
intermediate D-65: attaching a protection group to the sp® nitrogen in compound D-44.

Hydrazide D-44 was therefore converted to N-benzyl hydrazide D-67 in
a reductive amination reaction with benzaldehyde, employing sodium
triacetoxyborohydride (Na(OAc);BH) as the reducing agent (Scheme
19). The benzyl group was chosen as protecting group because the N-
benzyl and O-benzyl groups presumably could be removed from
piperidazine D-66 simultaneously. Treatment of hydrazide D-67 with
TFA for 3 hours effectively removed the Boc group, but piperidazine D-
66 was not formed. Instead, hydrazide imide D-46 was obtained in 53%
yield, in which the N-benzyl group had also been removed.

OBn l}lHBoc PhCHO, AcOH OBn l}lHBoc NH Cle
NH Na(OAc3)BH, DCE NBn  DCM:TFA (5:1) BnO N &
rt, 20 h, 73% rt, 3 h, 54% x==NH,
- - = - N —————
BnO' CN BnO' ¢
OBn OBn BnO OBn
D-44 D-67 D-46

Scheme 19. Benzylation of hydrazide D-44 followed by acid promoted Boc removal and
concomitant cyclization to pyrrolidine D-46.
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A mechanism for formation of hydrazide imide D-46 from N-benzyl
hydrazide D-67 was further proposed (Scheme 20). The Boc group was
probably first removed by TFA to provide the corresponding hydrazine
D-68. Nucleophilic attack by the tertiary hydrazine nitrogen onto the
nitrile moiety then most likely formed hydrazide imide D-69 with the
benzyl group still attached to the endocyclic quaternary nitrogen. The N-
benzyl group was presumably removed from hydrazide imide D-69 by
trifluoroacetate present in the reaction mixture. This resulted in the
formation of hydrazide imide D-46 and benzyl trifluoroacetate.

O
2 O
PR CFs)J\Oe Ph
OBn NHBoc  cF;” “OH OBn NH, [
N__Ph N__P BnO = ¢y NH,
\/N K‘\/Ng) . g NH
- = - Z a4 H
BnO' 2 0 BnO'
OBn )J\ o OBn BnO OBn
CFy”~ O
D-67 D-68 D-69
O
+ +C02
(0]
PR HOJ\CF3
CF;~ "OBn
X
S
Bno NH2 07 “cr,
Nor=NH,
BnO  OBn
D-46

Scheme 20. Proposed mechanism for debenzylation during TFA promoted cyclization.

In an attempt to prevent cyclization to the five-membered ring by
converting the sp® nitrogen in hydrazide D-44 to a less nucleophilic sp?
hybridized nitrogen, the protecting group was changed from benzyl to
acetyl. The Bols group had previously used the Boc/Acetyl combination
of protecting groups for the synthesis of azafagomine D-70 from
hydrazide D-71, via the N-Boc-N-Acetyl hydrazine D-72 (Scheme 21a).8’
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In the absence of protecting groups, Bols and co-workers obtained the
undesired pyrrolidine D-73 from dimesylate D-74. Hydrazide D-44 was
thus treated with acetic anhydride and pyridine to obtain the
corresponding N-acetyl hydrazide D-75 (Scheme 21b). The NMR
spectrum of compound D-75 clearly showed the presence of both the Boc
and the acetyl group. The 'H-'H COSY NMR correlations observed
between H4 and the proton on the adjacent amine, however, indicated
that the Boc and acetyl groups were both attached to the same nitrogen.
Indeed, treatment of N-acetyl hydrazide D-75 with TFA afforded
pyrrolidine D-76 in 85% yield.

a) Bols and co-workers®”

oBn OH 1) Ac,0, MeOH 0Bn 1) TFA OBn H
i, 18 h OMs i, 1h N NAG
Bno™ N,NHBoc 2) MsCl, pyridine  gno” N,NHBoc 2) NOz'Me 8o
L ]
D71 92% 072 75% D-70
OBn
OMs NH,NH,+H,0 g0 NH:
100°C, 18 h N
BnO" OMs 59% )
OBn BnO OBn
D-74 D-73
b) This work
OBn f\llHBoc Bho  NHAc
NH  Ac,0, pyridine TFA, DCM N__NH
W\ _CN r,20h,75% i, 3 h, 85%
Bno B0  'OBn
OBn OBn
D-44 D-75 D-76
'H-"H cosy

Scheme 21. a) Synthesis of O-benzyl-N-acetyl azafagomine D-70 from hydrazide D-71 conducted
by the Bols group.?” b) Acetylation of hydrazide D-44 followed by TFA promoted Boc removal
and concomitant cyclization to pyrrolidine D-76.
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4.1.2 Attempted Formation of a Thermodynamic
Product

In Bols and co-workers’ preparation of O-benzyl azafagomine D-70
removal of the Boc group from mesylate D-72 did not facilitate
spontaneous formation of the corresponding six-membered ring D-70
(Scheme 21a).}” Instead, cyclization was promoted by treating the N-
acetyl hydrazine intermediate with Hiinigs base (EtNiPr;) in
nitromethane (NO;Me) at 60 °C for 18 hours. Contrary to this,
cyclization of hydrazide D-44 to the pyrrolidines, described in chapter 3,
occurred spontaneously upon removal of the Boc group, at room
temperature. As presented in Scheme 21a, Bols and coworkers also
obtained a five-membered ring (D-73) by treatment of dimesylate D-74
with hydrazine hydrate.” With this information at hand, we
hypothesized that the five-membered rings, such as D-46, were kinetic
products, and that its constitutional isomer, namely the six-membered
ring D-77, could be a thermodynamic product (Scheme 22).

© OBn NHBoc OBn
BnO NHZ Cl |

H
N.& NH, kinetic NH thermodynamic N \H o
e ST Loen 7T ST - @ Cl
’ BnO" ’ BnO" NH,
BnO OBn OBn OBn
D-46 D-44 D-77

Scheme 22. Proposed hypothesis: the six-membered ring D-77 was a thermodynamic cyclization
product and the five-membered ring D-46 was a kinetic cyclization product.

Thermal Boc-deprotection was thus attempted by refluxing hydrazides
D-44 and D-67 in dichlorobenzene for 24 hours (Scheme 23). However,
neither piperidazines D-77 nor D-78 could be obtained from the complex
mixture of unidentified products formed in the reaction.
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OBn '}'HBOC 1,2-dichlorobenzene OBn

R
NR
180 °C (reflux), 24 h N o
L_CN , @ ¢
BnO™ BnO" NH

OBn OBn
D-44R=H D-77R=H
D-67 R =Bn D-78 R=Bn

Scheme 23. Attempted thermal deprotection of the Boc-group in hydrazides D-44 and D-67 to
promote cyclization to the proposed thermodynamic products D-77 and D-78.

We next postulated that the six-membered ring D-64 could be obtained
by recyclization of arabino-pyrrolidine D-47 under thermodynamic
conditions. This could be executed by applying heat to imidate
intermediate D-79, formed from acid catalyzed ring opening of hydrazide
imide D-47 with methanol (Scheme 24).

HO OH
o H
NH; cI N~-NH
HQ @ HCl N A NN o
~=NH —o . @ Cl
MeOH HO' © o ®
A o “OMe
HO  ©OH H OH
D-47 D-79 D-64

Scheme 24. Mechanistic scheme for a proposed recyclization reaction from pyrrolidine D-47 to
piperidazine D-64.

Hydrazide imide D-47 was thus dissolved in methanolic HCl and
subjected to conventional heating of the solution in a sealed tube (Table
1). The reaction was followed by 'H NMR analysis of the crude mixture,
which turned black over the course of the reaction. Conversion of starting
material D-47 was not observed upon heating at 70 °C or 100 °C for 17
hours. However, after running the reaction at 200 °C for 4.5 hours, crude
NMR analysis showed the presence of a new product (D-80) in approx.
1:1 mixture with the starting material D-47. Full consummation of the
starting material was observed upon turning to microwave irradiation of
the reaction, at 150 °C for 90 minutes (Figure 20).
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Table 1. Conversion of hydrazide imide D-47 to hydrazide amide D-80. Reaction conditions:
Compound D-47 (8mg), MeOH (1 mL), 0.05 M HCI (AcCl + MeOH)

Entry Method Time Temp Result?
1 Sealed tube 17h 70 °C D-47 (no rxn)
2 Sealed tube 17h 100 °C D-47 (no rxn)
3 Sealed tube 45h 200 °C D-47: D-80~1:1
4 Microwave 15 min 100 °C D-47 (no rxn)
5 Microwave 15 min 150 °C D-47: D-80 ~4:1
6 Microwave 90 min 150 °C D-80°

2Based on '"H NMR integration of the crude reaction mixture. "No observed starting material.

H20

3 4 MeOH

5’a 5’b 5
Purified product HO
3

HO 4 OH
D-80
J34=Jag=7.1Hz

0.05 M HCI, MeOH
Microwave: 150 °C
90 min, 60%

e
Ho NHsCl

de@NHz

HO“ 'OH
D-47
Js4=Jss=7.0Hz

5.0 4.5 4.0 3.5 [ppm]

Figure 20. Stacked section of the '"H NMR spectra that display the conversion of hydrazide
imide D-47 to hydrazide amide D-80.
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The isolated product from the attempted recyclization reaction was not
identified as piperidazine D-64. Instead, the presence of a molecular ion
at m/z 163.0721 in the HRMS spectrum, proved consistent with the
molecular formula of hydrolysis product D-80, viz. CsHi1O4Na.
Moreover, the J3,4 and Ja,s coupling constants extrapolated from the 'H
NMR spectrum were almost equal to those of pyrrolidine D-47, which
indicated that the reaction product was the five-membered ring hydrazide
amide D-80. To confirm that product D-80 in fact was a five-membered
ring and not a six-membered ring, N-ethyl hydrazide imide D-48 was
subjected to microwave irradiation under similar reaction conditions as
for the conversion of compound D-47 to amide D-80 (Scheme 25a). After
4 hours N-ethyl hydrazide amide D-81 and the corresponding methylated
compound D-82, were obtained. A 'H-'*C HMBC correlation between
the ethyl protons and the carbonyl carbon (C2) in compounds D-81 and
D-82 should have been evident in the six-membered ring D-83. The
absence of said correlation confirmed that both products were five-
membered rings. Furthermore, the '"H-'3C HMBC correlation observed
between HS and C2 in compound D-82 supported that the six-membered
ring D-83 had not been formed.

Not formed
~ J\ . i

OH
a) po NHEtCI® o INTH o NTH P M |
N.@ NH, 0.05M HCI, MeOH N2 g s N2 | ‘NTH
e + . Ho < ;
R Microwave: 150 °C, 4 h A H H ) H  1HO No |
HO OH HO H OH HO H OH | OH l
0-48 D-81 D-82 : !
[ D83 ______ ;
55% 23%
C]
b) HO NH, ClI NHZ

HO
\, N@pp, 005MHCLMeOH | N

I, (0]
Microwave: 150 °C Sj

HO "/OH 90 min, 72% HO OH
L-47 L-80

Scheme 25. Treatment with methanolic HCI and subsequent formation of a) amides D-81 and D-
82 from hydrazide imide D-48, b) hydrazide amide L-80 from hydrazide imide L-47.

54



Towards the Glucono-Hydrazide Imide

In any case, the hydrolysis product D-80 was an interesting analogue of
the arabino-hydrazide imide D-47 (presented in chapter 3) for the
glycosidase inhibition assay. To complete the series, the mirror image of
pyrrolidine D-80, namely L-80, was prepared from the L-arabino
hydrazide imide L-47 (Scheme 25b). Microwave irradiation of
compound L-47 in methanolic HCI for 90 minutes provided hydrolysis
product L-80 in 72% yield.

4.1.3 Strategy via Nitrile Activation

In this project intramolecular nucleophilic attack on the nitrile group by
the hydrazine moiety in compound D-44 and its derivatives, have
provided five-membered rings, such as pyrrolidine D-46, via
intermediate D-84 (Scheme 26a). We further suggested that cyclization
to the six-membered ring D-77, could be achieved by intramolecular
nucleophilic substitution of a leaving group by a preformed amidrazone
moiety (Scheme 26b). The amidrazone intermediate L-85 could
presumably be formed by treatment of nitrile L-87 with a hydrazine
species.!?” A mesylate was chosen as the leaving group, instead of the
more reactive triflate, to avoid an intermolecular substitution of the
leaving group by the hydrazine species.
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Scheme 26. a) Ring closing of hydrazide D-44 provided pyrrolidine D-46. b) Proposed formation
of the six-membered ring D-77 upon treatment of mesylate L-87 with hydrazine.

Nitrile L-33 was therefore converted to the corresponding mesylate L-87
by treatment with mesyl chloride (MsCl) and triethylamine (Et:N) in
dichloromethane (DCM) (Scheme 27). As predicted, substitution of the
mesyl group was not observed upon treatment of nitrile L-87 with
hydrazine, methyl hydrazine or Boc-protected hydrazine (terz-butyl
carbazate). However, TLC analysis showed no conversion of the nitrile
starting material L-87 in any of the attempted reaction procedures
presented in Table 2. Amidrazones L-88-L-90 were thus not obtained
under these reaction conditions.
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1
1
| Methylhydrazine: R' = Me, R? = H !
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1 fert-butyl carbazate: R' = H, R? = Boc !

OBn OBn H BnO
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Scheme 27. Treatment of mesylate L-87 with different hydrazines did not provide the desired
hydrazide imides L-88- L-90.

Table 2. Reaction conditions for attempted amidrazone formation (Scheme 27)

Entry Nucleophile Solvent Promoter Temperature Time

1 NH,NHBoc THF - rt 20 h
2 NH,NHBoc EtOH CuCl rt 20 h
3 NH.NH,  EtOH CuCl rt 20 h
4 NH.NH,  EtOH - rt 20 h
5 NH2NH; THF AcOH rt 20 h
6 NH>NH, THF TFA rt 20 h
7 NH>NH, THF TFA 100 °C (MW) 15 min
8 NH.NH,  EtOH  TFA + rt 20 h
CuCl
9  NH:NHMe?® MeCN - rt 20 h
10  NH:NHMe® MeCN - rt 20 h
11 NHNHMe® MeCN - 100 °C (MW) 15 min
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12 NH:NHMe"
13 NH:NHMe"
14  NH,NHMe®
15  NH,NHMe®
16  NH,NHMe®
17 NH,NHMe"

18  NHNHMe

MeCN

MeCN

MeCN

MeCN

MeCN

MeCN

MeCN

TFA

TFA

AcOH

AcOH

CuCl

CuCl

100 °C (MW)
It

100 °C (MW)
rt

100 °C (MW)
rt

100 °C (MW)

15 min
20h
15 min
20 h
15 min
20h

15 min

35 equiv. °10 equiv.

Since the reactivity of nitrile L-87 did not seem sufficient for a direct
conversion to the corresponding hydrazide imide we wanted to transform
the nitrile L-87 to the corresponding imidate, viz. Pinner salt L-91
(Scheme 28). As shown in Scheme 28 compound L-91 was not formed
upon treatment of nitrile L-87 with methanolic HCI. No conversion of
starting material was observed at room temperature of after subjecting
the methanolic solution to microwave irradiation at 100 °C. After
running the reaction for 15 minutes at 120 °C NMR analysis of the crude
product indicated no conversion of the nitrile moiety, but substantial
deprotection of benzyl groups.

n
(0]
e
OBn

L-87

OB
l,
BnO™

Ms

methanolic HCI

1)1, 20 h

2) MW: 100 °C, 15 min
3) MW: 120 °C, 15 min

\, OMs e
" ®NH,CI
BnO" OMe

OBn
L-91

Scheme 28. Attempts to form the Pinner salt L-91 from nitrile L-87 was unsuccessful.

Instead of using acidic conditions, nitrile L-87 was treated with sodium
ethoxide in ethanol to form imidate L-92 (Scheme 29). However, imidate
L-92 could not be isolated due to decomposition of the compound during

58



Towards the Glucono-Hydrazide Imide

evaporation of the reaction solvent. Before removing the ethanol, the
reaction solution was therefore added ethanolic HCl. The resulting
Pinner salt L-91, identified by low resolution mass spectrometry
(LRMS), was then treated with Boc-protected hydrazine that had been
pre-treated with 4 A molecular sieves in THF for 24 hours. Amidrazone
L-90 was finally afforded from nitrile L-87, upon treatment with 0.05 M
HCIl in methanol which presumably provided the corresponding HCI salt.
Unsurprisingly, the amidrazone L-90 a-carbon had epimerized during the
reaction, and the product constituted a mixture of L-xylono-amidrazone
L-90 and the L-lyxono-amidrazone L-lyx0-90. Most likely, this was
caused by sodium ethoxide as seen in chapter 3.1.4 for the preparation
of amide oxime D-54.

Cl)Bn BnO BnO
%, /OMS 1) NaOEt v Y0 | 21 MHe b, M P
o~ N EOR BnO" ort| EOH M gioe OEt
OBn ' OBn OBn
L-87 L-92 L-91
N. 4) 0.05 M HCI
yHN" Boc | om, 0o¢
4AMS THF | o
rt, 45 min min
BnO
\,, OMs
" "NH, HCI
BnO™ o \NJNHBOC
OBn

L-90 + L-fyxo-90
30% from L-87

Scheme 29. Formation of the pinner salt L-91 by treatment of the nitrile L-87 with NaOEt
followed by and acid quench. The pinner salt was treated with t-butyl carbazate to provide
amidrazone L-90.

To avoid epimerization the next approach was to obtain amidrazone L-
90 via thioamide L-93 (Scheme 30). Furanose L-36 was first treated with
iodine and aqueous ammonia to afford amide L-94, as previously
reported by Wang et al.'* Product 1L-94 was then converted to the
corresponding mesylate L-95, which was further subjected to
Lawesson’s reagent to afford thioamide L-93. TLC analysis showed no
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conversion of compound L-93 upon treatment with Boc protected
hydrazine or with hydrazine. Thioamide L-93 was therefore converted to
the more reactive thioimidate L-96, which was treated with Boc-
protected hydrazine to afford the amidrazone L-90. During purification
of compound L-90 by silica gel column chromatography, TLC analysis
indicated formation of a new product 97. Compounds L-90 and 97 were
isolated separately, but further TLC analysis of the purified amidrazone
L-90 indicated that the compound L-90 was converted to compound 97
on the benchtop.

BnO QBn oy DMsCLEGN QBn oMs
V. O OH 1) 5, 25% ag. NH; o DCM, 0 °C o)
Q THE 1, 16h  Bno" Nh, 20Min 82%  gro NH
BnO OBn BnO 2 BnO 2
L-36 L-94 L-95

Lawesson's reagent
toluene, 65 °C, 30 min
84%

OBn OBn
‘//, OMs _NHR H,NNHR ‘//,, OMs
"f S
BhO" N, THR20h goo N,
BnO BnO
L-88 R = Boc L-93
L-90 R=H
l 1) Mel, THF
rt, 18 h
(l)Bn (l)Bn
MeOD "'-@,ENHBOC 2) H,NNHBoc 'wi/""i/
- I D —— -HI
NMR tube THF, 1t, 17 h
imin-19h B0 B NH, BnO and NH
"2 L 90
L-96

Scheme 30. Asymmetric synthesis of amidrazone L-90 from tribenzylated L-xylose L-36.
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Subsequent NMR analysis in deuterated methanol showed that complete
transformation of amidrazone L-90 to compound 97 had occurred after
19 hours (Figure 21). LRMS analysis indicated that compound 97 was a
hydrolysis product, in which an NH group had been replaced by and
oxygen. However, the composition of the suggested hydrolysis product
97 was unclear.

OBn
L, _oMs_NHBoc (ocz)
I‘f MeOD
BnO"" NH,
BnO e
L-xZ OMs
(L-xz)
t=19h

t=190 min i I |

~

t=130 min

t =45 min { A] | . | JJL
N T |

8 6 4 2 [Ppm]

Figure 21. Stacked '"H NMR spectra showing the conversion of amidrazone L-90 in MeOD, in
the NMR tube to an unidentified product 97.

As presented in Scheme 29, amidrazone L-90 + L-lyx0-90 was treated
with 0.05 M HCl before purification. Conversion to a corresponding salt
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was evidently a good way to avoid hydrolysis of amidrazone L-90 + L-
lyx0-90, as described by Ganem and co-workers for the preparation of D-
glucono-amidrazones (even though these were not Boc protected).®®
Before repeating the synthesis of L-90 to provide the unhydrolyzed
product, we wanted to verify that the six-membered ring could be
obtained from cyclization of amidrazone L-90. The unhydrolyzed
amidrazone L-90 + L-/yx0-90 in hand was thus treated with TFA for Boc
removal, which gave the intermediate L-88, according to TLC and
LRMS analysis (Scheme 31). To convert amidrazone L-88 to the
corresponding six-membered cyclization product, intermediate L-88 was
treated with Hiinig’s base in nitromethane at 60 °C, as conducted by the
Bols group for formation of azafagomine D-70 (Scheme 21a).%7 After 1
hour TLC analysis indicated that the cyclization reaction was complete.
However, NMR analysis of the crude showed that the undesired five-
membered cyclization products L-46 + L-ribo-46 had been formed.
Hiinig’s base was omitted in a second attempt at cyclization of the
amidrazone TFA salt L-88 in nitromethane at elevated temperatures.
When subjected to microwave irradiation, no reaction could be observed
at lower temperatures than 90 °C. After 31 hours, the reaction was
complete, as indicated by TLC analysis. However, once again, NMR
analysis of the crude showed that the cyclization product was the
undesired five membered ring L-46 + L-ribo-46.

BnO BnO
\, OMs \, _OMs 4 Bno M
(" "NH, HCl  TFA DCM (" NH, TFA Et,N/Pr N___NH
o™ Ny Sy NHBoc it 2h o™ > SneN2 | NOoMe A
; <
Een Egn 60°C, 1h BnO  OBn
L-90 + L-/yx0-90 L-88 L-46 + L-ribo-46

\ NO,Me, MW: 90 °C, 31 h 4

Scheme 31. Cyclization of L-90/L-/yx0-90.
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4.1.4 Strategy via the Hydrazide Amide

In our next strategy towards the desired six-membered ring, the imide
nitrogen in compound L-88 was to be replaced with an oxygen to form
compound L-98 (Scheme 32). Removal of the N-Boc group followed by
a cyclization reaction would presumably provide piperidazine D-99. The
hydrazide amide moiety could then be converted to the corresponding
hydrazide thioamide, which could further be treated with an amine
source such as ammonia or benzylamine to afford hydrazide imide D-77
or D-100, respectively. Removal of benzyl groups would finally afford
the desired hydrazide imide D-64.

(l)Bn OBn H OBn H OH H
OMs NH N-NH N-NH
BnO" n-NHBoc BnO o} BnO" NR HO NH
Bno H OBn OBn
1-98 D-99 D-77R=H D-64
D-100 R = Bn

Scheme 32. Strategy for formation of hydrazide imide D-64 via hydrazide amide D-99.

Preparation of hydrazide L-98 commenced with oxidation of xylose L-36
with molecular iodine and potassium carbonate (Scheme 33).'*! The
resulting lactone L-38 was further converted to hydrazide L-101 by ring
opening with hydrazine.'?® Selective N-Boc protection further provided
compound L-102. To avoid the observed spontaneous lactonization of
hydrazide L-102 to lactone L-38 occurring at room temperature,
compound L-102 was stored at -80 °C (Figure 22). Similar lactonization
was also experienced by Meng and Hesse.!?® The leaving group was then
installed by O-mesylation with 1 equiv. of mesyl chloride. The desired
O-mesylate L-98 was isolated in 37% yield from the reaction mixture.
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The low yield was caused by formation of substantial amount of di-N,O-

mesylate L-103.

HoNNH,+HCI (6 equiv.)

\ EtsN (4 equiv.)

THF, rt, 5h
BnO BnO ?Bn
\"--Q«-OH I, KoCO3, t-BUOH \'n(ifo HoNNH, OHO
70 °C, 2h - 35°C, 19 h THF, 1t, 45 h )
BnO OBn 87% BnO OBn 59% BnO N-NH2
o BnO H
L-36 L-38 L-101
%
> Boc,0, MeOH
‘9’7@0 sat ag. NaHCOg3
RN it, 16 h, 91%
4
(l)Bn (|)Bn (|)Bn
. ~OMS . ~OMS MsCl (1 equiv) Mg
. Boc + _ +1-102 10% ,
BnO' NNy  BnO n-NHBoc Et;N,DCM  BnO" n-NHBoc
Bno H BnO H 0 °C, 20 min BnO H
L-103 10% L-98 37% L-102

+ mixture of L-98 and L-103

Scheme 33. Synthesis of hydrazide L-98 via ring opening of lactone L-38 with hydrazine.
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BnO
\

._(i\(O
BnO  OBn
W Lll JJUUL -
11

OBn
L, OH
BnO N/NHBOC
B0 L-9|t;| MM JL
[ | T T 7 | T T 7 | T T 7 | T
5.0 4.5 4.0 3.5 [ppm]

Figure 22. Stacked section of the "TH NMR spectra showing lactonization of hydrazide 1.-98.

Mesylate L-98 was further treated with TFA to remove the Boc group
(Scheme 34). The presence of a molecular ion at m/z 529 in the LRMS
spectrum, proved consistent with the molecular formula of hydrazide L-
104, viz. Cy7H3:N207S. Intermediate 1-104 was then treated with
triethylamine in nitromethane. After stirring the reaction at 60 °C for 28
h, TLC analysis indicated full conversion of starting material L-104.
However, several reaction products had been formed of which the major
product (105) was afforded in approx. 40-45% yield. NMR analysis of
compound 105 showed the presence of 18 aromatic carbons, 7 aliphatic
carbons, one carbonyl carbon, two nitrogen, and no mesyl group, which
could have been consistent with compound D-99. However, in the HRMS
spectrum of compound 105 a molecular ion was observed at m/z
441.2345, which did not correspond with the molecular formula of
hydrazide imide D-99. To clarify the structure of compound 105,
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attempts to form crystals for x-ray analysis is in progress at the time of
the thesis submission.

OBn OBn OBn |,
L, oms TFQ':?EM L. OMs Et;N, NO,Me N
Bno\\'R/U\N,NHBoc BnO“'Q/‘]\N’NHZ W BnO™ °
BnO H Bn0o H OBn
.98 1-104 D-99
EtsN, NO,Me

60 °C, 28 h, 40-45%

105

Scheme 34. Attempted formation of hydrazide amide L-99.

4.2 Conclusion

The attempted strategies towards the glucono-hydrazide imide target
compound D-64 were described in this chapter (Scheme 35). Cyclization
of both hydrazide D-67 and amidrazone L-90 afforded pyrrolidine D-47
instead of the desired piperidazine D-77. Moreover, a six-membered
cyclization product was not obtained from the attempted ring closing of
hydrazide L-98. Efforts to transform pyrrolidine D-47 to target
compound D-64 in thermodynamic reaction conditions, resulted in
formation of hydrazide amide D-80. Compound D-80 was an interesting
analogue to the biologically active iminosugar D-47, and the L-antipode,
viz. compound L-80, was thus prepared. Hydrazide amides D-80 and L-
80 were included in the glycosidase inhibition screening described in
chapter 5.
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BnO BnO
\,  OMs \, OMs
0 NH,
s
BnO" H NH; BnO" N N2
OBn OBn
L-98 L-90
EtsN Hunig's base
Target compound
1
€]
E HO NHZ Cl HO NHZ
' N‘@'NHZ A N _0
:
1 N \C
! HO  ©OH HO  ©OH
1
D-47 L-47 D-80
X
Ho  NH2
L. N_o
OBn l}lHBoc 5_7/
NBn HO  OH
- CN L-80
BnO'
OBn J
D-67

Glycosidase inhibition screening
Chapter 5

Scheme 35.The attempted strategies towards hydrazide imide D-64 described in this chapter.

67



Biological Evaluation of the Pyrrolidine Iminosugars

5 Biological Evaluation of the Pyrrolidine
Iminosugars

The synthetic iminosugars presented in chapters 3 and 4 were screened
by Dr. Oscar L. Lopéz at the Universidad de Sevilla, Spain, for their
glycosidase inhibition activity against a line of commercially available
glycosidases including o-glucosidase (Saccharomyces cerevisiae), B-
glucosidase (almonds), a-mannosidase (jack beans), P-mannosidase
(Helix pomatia), a-galactosidase (green coffee beans), B-galactosidase
(Escherichia coli) and PB-galactosidase (Aspergillus oryzae).’ A
selection of the results from the screening are presented in Table 3. At
the time for submission of this thesis, only the biological data for
compounds D-47, D-48 and D-80 were available to us (Table 3, entry 1-
3).

The inhibition data showed that hydrazide imide D-47 was a potent
inhibitor of a-mannosidase and a-glucosidase, with a 22-fold selectivity
towards o-mannosidase. Though, the corresponding N-ethyl hydrazide
imide D-48 was a 6-fold weaker a-mannosidase inhibitor than hydrazide
imide D-47, compound D-48 selectively inhibited a-mannosidase over a-
glucosidase with a selectivity index of >400. In contrast to the selective
inhibition displayed by the charged hydrazide imides D-47 and D-48,
hydrazide amide D-80 was not active against any of the tested
glycosidases.

D-arabino-diazoles D-30 and D-31, with a rigid pyrrolidine
conformation, also display selective a-mannosidase inhibition (Table 3,
entries 4 and 5). Still, compound D-48, with a positively charged
hydrazide imide moiety was more potent a-mannosidase inhibitor than
diazoles D-30 and D-31, by a factor of 26 and 4, respectively. Moreover,
in contrast to the natural pyrrolidine-D-iminosugars DAB (D-8) and
DMDP (D-9) (Table 3, entries 6 and 7) hydrazide imides D-47 and D-48
showed no inhibition of the B-glycosidases.
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Table 3. Concentration of our synthetic D-arabino-iminosugars giving inhibition of various
glycosidases compared to natural D-pyrrolidine iminosugars and synthetic D-arabino-diazoles.

Entry  Compound o-gluc’ase  PB-gluc’ase o-manno’ase [p-galac’ase
1 Ho  NH; c® /5.0 NI 0.23 NI
NXZZNH
\ (S.cerevisiae) (almonds)  (jack beans) (E. coli)
HO  OH
D-47 (A. oryzae)
2 HO I}IHEtCIe > NI 14 NI
NE NH,
\ (S.cerevisiae) (almonds)  (jack beans) (E. coli)
HO  OH
D-48 (A. oryzae)
3 Ho  NH2 > NI NI NI
N\=o
K(_Z/ (S.cerevisiae) (almonds)  (jack beans) (E. coli)
HO  ©OH
0-80 (A. oryzae)
42 HO [/ 160 NI 36 NI
N__N
I (yeast) (almond) (jack beans) (E. coli)
D-30
5b Ho /=N NI NI /5 NI
N~
(yeast) (almond) (jack beans) (E. coli)
HO ©
D-31
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HO OH d ¢ ¢ ¢
TN )
v Yo (yeast) (almonds)  (jack beans) (b.ovine
DMDP liver)
(0-9) c c
(rice) (bovine
liver)
7 HO \\& e 35 g € NI e
v on (yeast) (almonds)  (jack beans) (A. niger)
DAB c
(p-8)
(rice)

/Ki (uM), NI = No inhibition (at >100 puM concentration), ®ref.'?, bref.!?,
°ref.” dref. 103, eref.103, fref,102, gref 107,

The similarity between the biologically relevant mammalian o-
mannosidases and the commercially available Jack bean a-mannosidase
makes the latter a useful model enzyme for design of inhibitors.!?
Human (golgi/lysosomal) a-mannosidases plays an important role in N-
glycan catabolism of glycopeptides, and have been a target of interest in
the development of pharmacologically relevant compounds, such as
anticancer agents,'** and antiviral agents.'** Compounds that selectively
inhibit Jack bean a-mannosidase, such as hydrazide imides D-47 and D-
48 may thus be valuable lead compounds in the search for new and
improved pharmaceuticals.
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6 Towards the Martinella Alkaloids

The alkaloids martinelline (106) and martinellic acid (107) (Figure 23)
were first isolated in 1995 from the roots of the Peruvian plant Martinella
iquitosensis, by Witherup and co-workers at the Merck laboratories.'*
In 2016 the alkaloids were also identified in several other natural sources,
such as the leaves of the Nigerian plant Emilia coccinea (Sims) G
Dons,!# skin from the Australian cane toad Bufo marinus,'*’” and in the
Australian plant Elephantopus scaber.'*® Extracts from both the
martinella plants and the emilia plants have been used for treating eye
infections.!*13% Witherup and co-workers therefore investigated the
toxicity as well as the antimicrobial and anti-inflammatory activities of
the isolated alkaloids. Although martinellic acid (107) did not display
any significant biological activity, Witherup and co-workers found that
martinelline (106) possessed moderate antimicrobial activity towards E.
coli and B. subtilis.'* Furthermore, martinelline (106) inhibited several
G-protein coupled receptor systems, such as the bradykinin, adrenergic,
muscarinic and histaminergic receptors, which could substantiate the
inflammatory effect. Along with the low toxicity displayed by
martinelline (106), Witherup and co-workers concluded that these effects
were consistent with the properties needed for the treatment of eye
infections.

H
Martinelline (106), R = %YVNTNHZ
NH

Martinellic acid (107), R = H

Figure 23. Martinelline (106) and Martinellic acid (107)
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Martinelline (106) was the first naturally occurring non-peptidic
bradykinin antagonist to be isolated from nature. In addition to their
biological properties, the interesting structure of the alkaloids has
inspired many chemists to take on the endeavours of synthesizing these
natural products. The compounds contain a tricyclic core structure with
three consecutive stereocenters. In the structural elucidation of the
isolated martinella alkaloids, Witherup and co-workers, found that the
proton H4 (Figure 23) was in trans position to H3a. Moreover, they
identified a cis-relationship between protons H3a and H9b. Comparison
of the measured optical rotation values between the isolated alkaloids,'*
and the corresponding synthetic enantiopure compounds,'*! suggests that
the isolated alkaloids in the Merck laboratory were comprised of an
epimeric mixture of the two possible stereoisomers. All synthetic
preparations of the martinella alkaloids and its partially reduced pyrrolo-
[3,2-c]-quinoline core structure, since its discovery in 1995, have been
summed up in three reviews.!>>!>* The predominant syntheses of the
natural products and their tricyclic core structure, are presented in the
following chapter.

6.1 Previous Synthetic Preparations of the
Martinella Alkaloids

Martinelline (106) and martinellic acid (107) have been synthetically
prepared in a variety of approaches. The common element in all the
retrosynthetic strategies, has been a disconnection between the triamine
108 and the galegine side chains 109 (Scheme 36). Galegine (109) was
identified as a toxic and antidiabetic component from Galega officinalis
(Goat’s Rue), !> and have also been isolated from a handful of natural
sources, such as Verbesina encelioiodes (Asteraceae), as and Pterogyne

nitens. %17
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The assembly of the triamine 108 was presented by Ma and coworkers
in the first reported total synthesis of martinellic acid (107).!*® The
structure has since been referred to as Ma’s intermediate (108), and has
been a key target compound in a number of total and formal total
syntheses of martinelline (106) and martinellic acid (107).'%1:15%-16% This
section will briefly discuss methods for attachment of the galegine (109)
side chains to the tricyclic core structure (108) to form the martinella
alkaloids, followed by a more elaborate presentation of the main types
of approaches towards Ma’s intermediate (108), including its tricyclic
scaffold.

I
g
5=
4/%
o
=
}ZI
2=
ZT
4/2
T
"z
zT
4/2

Martinelline (106) galegine (109)

Scheme 36. Typical retrosynthetic chart for the endgame to martinelline (106) by disconnecting
galegine (109) sidechains from the tricyclic scaffold 108.

6.1.1 Guanidinylation of Ma’s Intermediate (108)

In June 2001, Ma and co-workers presented the synthesis of the key
intermediate 108 (see chapter 6.1.2) and the conversion of the triamine
108 to martinellic acid (107) (Scheme 37a). The said conversion
commenced with guanidinylation!” of triamine 108 with S-
methylthioisourea 110 in the presence of triethylamine, promoted by
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silver nitrate, to provide the corresponding bis-guanidine 111. The TFA
salt of martinellic acid (107) was then obtain from the base catalyzed
hydrolysis of the methyl ester moiety in compound 111, followed by
TFA mediated Boc deprotection. A more in-depth model study of the
guanidinylation reaction was presented by Ma and co-workers in
2003.'"! Their silver nitrate promoted guanidinylation method was also
employed by Ikeda et al. in 2007 and by Davies et al. in 2013 to finalize
the syntheses of martinellic acid (107) from Ma’s intermediate
(108).!51:160

An alternative approach for the formation of martinellic acid (107) from
Ma’s intermediate (108) was presented by Snider ef al. in November
2001 (Scheme 37b).!%¢172 They converted the triamine 108 to the
corresponding bis-cyanamide 112 by reaction with sodium bicarbonate
and cyanogen bromide. The bis-cyanamide 112 was then treated with
amine 113 in hexafluoro-2-propanol at 120 °C to afford the
corresponding bis-guanidine. Final base catalyzed hydrolysis of the
methyl ester moiety provided martinellic acid (107) in 62% yield from
Ma’s intermediate (108).
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a) H / B
MeS N /&\ . pBee

HN g V\(
MeO,C *xHCI NBoc H N
10 MeO,C
v~ NH2 - AgNO,, EtN bR
N gNU3, El3 N.__N
H MeCN/MeOH (2:1) N NN V\(

108+xHCI rt, over night, 65% NBoc
Ma's intermediate "
1) ag. NaOH/MeOH, reflux, 10 h
2) TFA/anisole, DCM, rt, 14 h
91%

Martinellic acid

(107-xTFA) |

b) 108+xHClI
Ma's intermediate

1) CNBr, NaHCO3
MeOH, 0°C, 1 h

HoN
N 2 \/\(
S

N\ 13

N
MeO,C 2) hexiﬂuoro—Z—prOpanol ____________ i
H 120°C, 32h ' Martinellic acid !
NSNS 3)MeOHI0.15 Mag. NaoH (4:1) | (107)

H N reflux, 14 h, 62% (from 108) 7777

Scheme 37. a) Ma and coworkers’ coupling of galegine analogue 110 and Ma’s intermediate 108
to form the guanylated product 111. Subsequent base catalyzed hydrolysis of the methyl ester
followed by TFA mediated deprotection of Boc groups provided martinellic acid (107).°% b)
Formation of martinellic acid (107) from Ma’s intermediate as performed by Snider, Ahn and
O’Hare, 166172

In July 2002, Batey and Powell reported the first total synthesis of
martinelline (106) (Scheme 38).'%° Due to encountered difficulties with
preparing the bis-guanidine 111 in one step from triamine 108, the
guanidinylation protocol was reported by Batey and Powell as a two-step
procedure, as presented in Scheme 38. A mercury chloride promoted
coupling between the pyrrolidine amine in the di-Troc protected
compound 114 and S-methylthioisourea 110, provided guanidine 115.
The Troc groups were further removed by zinc dust in a pH 4 buffer
before a second guanidinylation reaction was carried out, this time with
the S-methylthioisourea 116 as the electrophile, to afford bis-guanidine
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117. To finally attach the third galegine (109) side chain to compound
117, Batey and Powell first performed a base catalyzed hydrolysis of the
methyl ester moiety in compound 117. The resulting carboxylic acid was
then coupled with hydroxygalegine 118, mediated by the phosphoric
acid coupling agent BOP-CI. The TFA salt of martinelline (106) was then
obtained after a final TFA promoted deprotection of the Boc groups. In
October 2002 Ma and co-workers also presented a total synthesis of
martinelline (106) in which they used the carbodiimide EDCI to promote
the final coupling of hydroxygalegine 118 to the bis-guanidine
compound 117.168

/4\4 NBoc
HN H/(N
110, HgCl,, Et;N
MeOC DI, 4, 90% MeozC\©\/9
N ., ~~_-NHTroc N “,, ~~_-NHTroc
Troc Troc
114 115
1) Zn dust, THF/1.0 M aq buffer
pH 4 (20:1), 1t, 2 h
2) 116 (2.0 equiv), MeCN
75 °C, 16 h, 63%
1) MeOH, 0.2 M aq. NaOH (3:1) /Q/\ NBoc
85 °C, 16 h, 90% N/Z<
2) 118, BOP-CI, EtN(i-Pr),, DCM MeO.C H N
0, €0y
Martinelline n 4h. 78% H Boc
(107-xTFA)  3) TFA, DCM, 1, 16 h, 69% N "'z/\/NTNvY
H NBoc
777777777777777777777777777777777777777777777777777777777777777777777777777777777 117
BocHN N MeS ﬁ
NBoc NBoc 110 R=H
118 116 R = Boc

Scheme 38. Batey and Powell’s two step coupling of galegine electrophile analogues 110 and
116 to the triamine scaffolds 114 and 115, respectively. The final coupling between
hydroxygalegine 118 and methyl ester 117 followed by TFA mediated deprotection of Boc
groups, provided martinelline (106).'6
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6.1.2 Assembly of the Tricyclic Core Structure

As presented in Scheme 36, the martinella alkaloids are composed of a
core structure flanked by the galegine (109) side chains. The core
structure consists of a hexahydropyrrolo-[3,2-c]-quinoline (Figure 24a)
and is referred to in this thesis as “the martinella scaffold”. This scaffold
is a partially reduced derivative of the fused ring system pyrrolo-[3,2-
c]quinoline (Figure 24b), and thus named thereafter.!”> The three
stereocenters (C9b, C3a, and C4, Figure 24a) give rise to eight possible
stereoisomers of the martinella scaffold. However, in the isolated natural
products the protons at C9b and C3a are in cis position to one another,
leaving four possible stereoisomers.

1
a) HN b) HN—
9% 2/ ¢
3a INE
., P
N74"R N7a
H

hexahydropyrrolo-[3,2-c]-quinoline pyrrolo-[3,2-c]-quinoline
"the martinella scaffold"

Figure 24. a) The hexahydropyrrolo-[3,2-c]-quinoline core structure found in the martinella
alkaloids, referred to in this thesis as “the martinella scaffold”, including numbering of the
stereocenters. b) The pyrrolo-[3,2-c]-quinoline structure with numbering for the nomenclature of
fused ring systems.!”3

Hetero Diels-Alder strategy

Batey et al. first assembled the hexahydropyrrolo[3,2-c]quinoline
structure 119 in a three component reaction initiated by the condensation
of aniline (120) and benzaldehyde (121) (Scheme 39a).!7* The resulting
imine functioned as the diene in an aza Diels-Alder (DA) reaction with
enamine 122, catalyzed by the lanthanide triflate, Dy(OTf);. The DA
product 119 was provided from this reaction in an approx. 1:1 mixture
of diastereomers (endo-119 and exo-119). Batey et al. further discovered
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that in the absence of benzaldehyde (121), the aniline 120 coupled with
two equivalents of the enamine 122 (Scheme 39b). They hypothesized
that formation of a diene occurred by condensation of aniline 123 with
the in situ hydrolyzed product of enamine 124. The tricyclic product 125
was then obtained from an aza DA reaction between the resulting diene
and a second equivalent of the enamine 122.

The two-component Dy(OT¥); catalyzed reaction favoured formation of
the endo-product (endo-119). In 2002 Batey and Powell presented a
further study of the diastereoselective outcome of this two-component
reaction by testing out different protic acids as reaction catalysts.'®®
They found that in the presence of camphor sulfonic acid (CSA), the DA
product 125 was obtained in 89:11 (exo/endo) diastereomeric ratio. The
exo-product (exo-125) was further transformed into martinelline (106),
as described in chapter 6.1.1 (Scheme 38). Though normally and
specifically associated with products from the DA reactions, the
endo/exo terminology has since Batey and Powell’s work been widely
used to describe the stereochemical relationship between the C4
sidechain and the ring juncture at C3a and C9b of the martinella scaffold
(Scheme 39). The endo/exo terminology will therefore also be used
further on in this thesis.
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Scheme 39. Assembly of the tricyclic scaffold (125) by Batey and co-workers in a hetero Diels-
Alder reaction. dr = diastereomeric ratio (endo/exo or exo/endo).

The hetero DA approach was also used by Ma and co-workers in their
synthesis of martinelline (106).'®® An endo/exo mixture of the tricyclic
core structure 126 was assembled in a three component aza DA reaction
between compounds 122, 123, and 127, catalyzed by squaric acid
(Scheme 40). Reduction of the ethyl ester moiety in compound 126
provided the corresponding alcohol 128 with an endo-configuration. The
quinoline nitrogen was then acetylated, and the resulting N-acetylated
alcohol 129 was subjected to Swern oxidation to form intermediate 130,
followed by a Wittig reaction to yield the corresponding allyl ester 131.
The ethyl ester 131 was isolated as the exo-diastereomer in 85% yield,
which indicated that the endo-aldehyde intermediate endo-130 had been
isomerized to its thermodynamically more stable isomer exo-130 under
the Swern oxidation conditions. In this approach, the stereochemistry in
the DA product 126 could thus be considered irrelevant.
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H 5 mol% squaric acid
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Cbz_ Cbz
N N
2) PhyP=CHCOLEt* pMe0.C
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Scheme 40. Synthesis of the martinella scaffold in Ma and coworkers’ synthesis of martinelline
(106) employing a hetero Diels-Alder approach.!®® *Specific reactions conditions were not
provided by the authors.

An additional number of publications have explored various conditions
for the formation of the martinella core structure as a DA product with
high diastereoselectivity.!”>1%® However, the first report of an
asymmetric hetero DA approach to the martinella core structure was
presented by the Jacobsen group.!®! They used a chiral urea-based
catalyst (R)-132 in the hetero DA reaction between imine 133 and
pyrrolidine 122 to obtain the tricyclic endo-scaffold 134 with a high
enantiomeric ratio (er) (Scheme 41). The opposite enantiomer of the
endo-compound 134 could be obtained by using the (5)-132 catalyst. The
corresponding more stable exo-isomer exo-134 was formed upon
racemization of the a-amino ester moiety in the endo-compound 134
with sodium methoxide. The four resulting enantiomers formed in the
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urea catalyzed hetero DA reaction and the subsequent base promoted
racemization reaction were further elaborated to a 2328-membered
library used in a Stereo/Structure-Activity-Relationship (SSAR)
study.'$?

Cbz

b Cbz,
N N
N/)\C%Et (R)-132, p-TsOH N /CO4Et

toluene, 5 A MS
133 -60 °C, 2 h, 65% endo-134
88:12 er
NaOMe, MeOH
50°C, 5 h, 70%

0 i Cbz

his Q Ny

CF3 N~ N : Br
: N~ YCO,Et
H H

T
(R)-132 t-Bu
exo-134

Scheme 41. Scaffold synthesis by Jacobsen, Marcaurelle and co-workers for the assembly of a
2328-membered library used in a Stereo/Structure-Activity-Relationship (SSAR) study.!8!:182

Via an Imine at C9b

Another approach to martinellic acid (107), via an azomethine ylide
intermediate 135 (Scheme 42), was presented by Snider et al. in 2001.
The intermediate precursor, aldehyde 136, was obtained from oxidation
of the corresponding alcohol 137, which was assembled in a reaction
sequence including addition of Danishefsky’s vinylcyclopropane 138!%3
to aniline 139 followed by cyclization to the corresponding pyrrolidinone
by the loss of acetone and a final decarboxylation. Condensation of the
aldehyde 136 with N-benzyl glycine (140) provided, upon
decarboxylation, the azomethine ylide intermediate 135, that
instantaneously cyclized to the corresponding pyrrolidine 141.
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Reduction of the pyrrolidinone amide moiety in the major exo-
diastereomer exo-141 provided the tricyclic structure 142, that was
further used in the synthesis of martinellic acid

OH (0] toluene
Br. 0 Y reﬂux 24 h \©\)
L, - X
2°/
NH, o ° /g
6]
139 138 137 o

MnO,, DCM

879
% 25°C,12h

Bn_ o-COaH
Bn. ‘ﬁ H2

N
Br- NHBn
+ endo-141 \©\)
3%) <
N // (3%) toluene
reflux, 15 h
Y a 136 —

135 O

reflux, 8 days, 91%

N
Br
6 steps
\@9 160/p Ma's intermediate L‘iﬁ‘*- martinellic acid
N““SoH T (108) 62% (107)

(see Scheme 37b)

‘ LiBH,, THF, MeOH

Scheme 42. Assembly of the martinella scaffold via azomethine ylide 135, by Snider et al.'%

An asymmetric version of Snider’s azomethine ylide-approach to
martinellic acid (106) was presented by Badarinarayana and Lovely in
2007 (Scheme 43).!3% The aldehyde precursor 143 of the azomethine
ylide intermediate originated from the coupling reaction between
bromoaryl 144 and the chiral pyrrolidinone 145 and consequent
formation of compound 146. The cyclized product 147 was further
converted to martinellic acid ((-)-106) in 11 steps.
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OTBS
Pd,dbag, xantphos  O,N COzMeJOTBS

O,5N CO,Me B Cs,COg3, dioxane \©i S
\©: HN/> 61% N
Br )“ ° y‘\>
(6] (0]

144 145 146

BnHN/ \002
1"
martinellic acid &
(()-107) 7% . EtN, toluene

reflux, 65%

5 steps
39%

143

Scheme 43. Badarinarayana and Lovely’s enantioselective synthesis of martinellic acid via the
azomethine ylide obtained from the chiral amide 145 and bromide 144.1%4

The Naito group presented a radical cascade sequence for the cyclization
of compound 148 (Scheme 44), comprised of a similar structure to the
azomethine ylide precursors 136 and 143 (Schemes 42 and 43). The
aldoxime ether 148 originated from the coupling product 149 generated
from the cross coupling of bromoaryl 150 and the chiral pyrrolidinone
151. The Naito group originally ran the RACE (radical addition-
cyclization-elimination) reaction with Bu3SnH as radical initiator but
found that higher yield of the desired diastereomer 152 could be obtained
with Sml; as presented in Scheme 44.
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NOBn
NOBn CO,Et MeO,C !

MeO,C Pd,dbag, xantphos COLEt
+ Pdydbay, xantphos
" Cs,COg, dioxane N—
Br

100 °C, 98%

150 O 151 149 O
3 steps
82%
o)
B NOBn CO,Et
BuzSnH, AIBN, benzene 1.4 o \ _
MeO,C reflux, 4.5 h, 29% 2
N or N
)\/ Sml,, THF, +-BuOH
See 0°C,3h, 41% 148 ¢
8 steps
21%

martinellic acid
((-)-107)

Scheme 44. RACE chemistry for the asymmetric assembly of the martinella scaffold by the Naito
group. 85186

In 2007 the Iwabuchi group presented the synthesis of all four
stereoisomers of the martinella alkaloids (-)-106, (+)-106, (-)-107, and
(+)-107. Assembly of the tricyclic scaffold 153 was obtained in a tandem
Mukaiyama-Mannich reaction sequence from imino-alkene 154
(Scheme 45). The imine 154 was the condensation product from
benzaldehyde 155 and the chiral amine 156. The [4+2] cycloaddition
provided a separable mixture of diastereomers 153 and ent-153, each of
which were further elaborated to martinelline ((-)-1 and (+)-1) and
martinellic acid ((-)-2 and (+)-2). Diastereoselective installation of the
side chain at C-4 was obtained by addition of the allyltributyltin to the in
situ generated acyliminium ion, formed from treatment with BF3-OEt,.
Hydroboration-oxidation of the resulting alkene provided the terminal
hydroxyl group to the side chain, which was finally benzylated to form
the martinella scaffold 157.
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TBDPSO
TBDPSO
9 LiBF4, 4 AMS, b ’\/l
] iBF 4, . benzene p1.0.c
MEOZC\Q\) . TN reflux, 8, 88% 2 |
NHBoc | NH "OTBS
155 156 OTBS 154 Boc

BF;-OEty, 4 A MS
DCM, -40-0°C, 3 h
38%
1) Boc,0, NaHMDS, THF
0°C-rt, 1.5 h, 94% TBDPSQ
2) \/\SnBua
BF5-OEty, DCM, -40-0°C, 1h peo.c

HN

3) 9-BBN, THF, 0°C, 3 h

then 1 M NaOH, MeOH N° "OTBS
30% aq Hy0,, 0 °C, 30 min, 81% Boc
4) BnBr, NaH, cat. TBAI, THF 1503
45°C, 15 h, 71% (38%)
8 steps +
0,
2% TBDPSO
Ma's intermediate ((-)-108) H[_\l
Batey's MeO,C S
Ma's procedure 65 \©\/j\
procedure 58 N~ >OTBS
|
(-)-Martinelline ((-)-106) Boc
(-)-Martinellic acid ((-)-107) ont-153
(9%)
Equivalent
to route from 153

(+)-Martinelline ((+)-106)
(+)-Martinellic acid ((+)-107)

Scheme 45. Synthesis of the martinella enantiomers (-)-106, (+)-106, (-)-107, and (+)-107

presented by the Iwabuchi group.!>!

Initial Installation of the C4 Stereochemistry

The first asymmetric synthesis of martinellic acid ((-)-107) was reported
by Ma and co-workers (Scheme 46).!°® Their synthetic pathway
commenced from the chiral B-amino ester 158 which was synthesized
from 1,4-butandiol by following a procedure developed by Davies and
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co-workers.'®” Methyl ester 159 was obtained from esterification of the
corresponding acid, which was the coupling product of 1,4-
diiodobenzene and P-aminoester 158. The methyl ester 159 was
converted to ketone 160 in 8§ steps, including protection, deprotection
and reprotection of amino- and hydroxyl groups, intramolecular
acylation, and conversion of the iodo moiety to a methylester group by
carbonylation. Stereoselective alkylation of the a carbon in ketone 160
by bromoethyltriflate, followed by azidation and azide reduction
provided the condensation product 161. Imine reduction of compound
161 with sodium borohydride followed by N-protection provided the
tricyclic scaffold 162 and its 9b-epimer. Compound 162 was further
transformed to Ma’s intermediate ((-)-108*HCI) in 5 steps. The
conversion from Ma’s intermediate ((-)-108) to martinellic acid ((-)-107)
has been presented in Scheme 37a.

1) 1,4-diiodobenzene
Cul, K,CO3, DMF

CO,Me H,0, 100 °C, 2 days I\©\ J/COZMe
H N\“(/VOH 2) SOCl,, MeOH N~ O
159 M

2
158 0 °C - rt, over night
72% (over 2 steps)

8 steps
41%
N 1) LIHMDS, THF o
Me0,C I 78°C--40°C Meo,c
BrCH,CH,OTf, 1 h
” OTBDMS ~—————— _
N i 2) NaN;, DMF, rt, 10 h N~ -OTBDMS
3) PhyP, H,0, THF, rt H
161 14 h, 48% 160

1) NaBH,, MeOH, =40 °C - rt, 1.5 h
2) (CF4C0),0, DMAP, Et;N, DCM, 1t, 2 h

CF,0C,

N
9b
MeO,C 5 steps 3 steps
589 59% - .
N~ _~_OTBDMS % Ma's intermediate 2 Martinellic acid

' (()-108+xHCIl) ~ Scheme  ((-)-107-xTFA)
162 COCFs , gp.epimer-162

37a
1% 25%

Scheme 46. Synthesis of (-)-martinellic acid ((-)-107) by Ma and co-workers.!*®
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Another approach to the martinella scaffold that commenced with
installation of the C-4 stereocenter was reported by the Hamada group
(Scheme 47).192 They obtained the chiral quinoline 163 from an
asymmetric Michael Aldol reaction between benzaldehyde 164 and
alkenal 165, catalyzed by organocatalyst 166. With the C4
stereochemistry in place, the allyl aldehyde 163 was reduced to the
corresponding allylic alcohol which was further treated with m-CPBA to
form epoxide 167. Iodination of alcohol 167 followed by reductive
cleavage, provided the allylic alcohol, that was finally oxidized to the
unsaturated ketone 168. Hydrocyanation of the alkene moiety in
compound 168 provided nitrile 169. After elaborating the nitrile product
169 to Ma’s intermediate 108, the Hamada group realized that alkyl side
chains in compound 169 held a cis relationship. The cis compound 169
proved to be stable under basic conditions and the attempted base-
promoted racemization failed. The N-tosyl group was suspected to
stabilize the cis conformer 169, and N-deprotection successfully
provided nitrile 170 as a mixture of diastereomers. The more stable trans
conformer of Ma’s intermediate ((-)-108*HCI) was finally obtained from
the diastereomers 170 by reduction of the nitrile moiety, reduction of the
resulting condensation product followed by immediate Boc protection of
the triamine. Boc groups were finally removed in methanolic
hydrochloric acid which simultaneously formed the HCI salt of Ma’s
intermediate ((-)-108<HCI).

87



Towards the Martinella Alkaloids

Ph
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R
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1.5h, 40% 170 R=H 4) Methanolic HCI (2 M)
57:43 dr -15°Ctort, 14 h, 71%

Scheme 47. Synthesis of Ma’s intermediate ((-)-108) by Hamada and co-workers.!6?

Pappoppula and Apponick installed the C4 stereochemistry in a copper-
catalyzed alkynylation reaction with alkyne 171 using (R)-StackPhos
(Scheme 48).'®® The aromatic enol 172, obtained from treatment of
quinolone 173 with Alloc chloride, was in this key step, stereoselectively
converted to alkyne 174. The trans-diastereomer 175 was further
provided by decarboxylative a-allylation of the allyl carbonate 174. The
alkene moiety in compound 175 was subjected to ozonolysis followed
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by a double reductive amination to provide the tricyclic scaffold 176.
Reduction of the sidechain alkyne in compound 176 gave compound
177, which was further converted to martinellic acid ((-)-107) in 4 steps.

o
S
Q  Anloc)c oo
Etozcm ohe EWm
18 h, 63% P
N
H N
173 172
\ (R)-StackPhos, CuBr
EtOC(0)C, DIPEA
B ~cbz | DCM, -30 °C, 90 h
171 73%, 91% ee
X
o)
0o o/\/

Et0,C 3~  Pd(PPhy), THF
' Et0,C
it, 3 h, 80% 2 \@\)j
“t, B — 4
NN N
CO,Et |

N
d.r> 25:1 Bn” “Cbz

1) O, DCM, -78 °C, 10 min.
Me,S, -78 °C - it
18 h, 66%

2) BnNH,+HCI, NaBH;CN
MeOH, rt, 18 h, 72%

Pd(OH),, EtOAc HN
H, (50 psi), MeOH EtO,C
rt, 18 h, 82%
- NH
l}l 1, NF2
477 CO2Et
Bn”~ “Cbz
4 steps
30%
(-)-2°XTFA

Scheme 48. Synthesis of martinellic acid ((-)-2) by Pappoppula and Aponick.'88

The method for preparation of chiral amines developed by Davies et
al.,'®” was first used by Ma et al. to synthesize martinellic acid ((-)-107)
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in 2001."%® Davies and his group later developed their own synthetic
route to martinellic acid ((-)-107) from the chiral building block 178
(Scheme 49). Conjugate addition of the lithium amide 178 to the
cinnamic ester 179 followed by alkylation with methyl bromoacetate
provided the chiral compound 180. Deprotection of allyl groups
followed by a benzoic acid promoted double-cyclization and Boc
protection gave the tricyclic compound 181. With the C9b and C3a
stereochemistry in place, the C4 carbonyl group was reduced to its
corresponding hemiaminal and treated with phosphorane 182. The
resulting olefin instantly cyclized to the trans diastereomer 183 in an
intramolecular aza Michael addition reaction. The tricyclic structure 183
was further converted to Ma’s intermediate ((-)-108) in 8 steps, and
finally to martinellic acid ((-)-107).

P/'\N/\/
Li 178 PMP
B
Br: Xx-CO,Bu 1) THF, -78°C, 2 h r\©\/k(\COZMe
2)LDA, THF, -78°C, 1 h N CO,tBu
NAllyl,
then MeO,CCH,Br Allyly
179 -78°C-rt,16 h 180

81%

PM J\N/\/

1) Pd(PPh3)4, DMBA | 3) Boc,O
DCM, 35°C, 16 h DMAP, DCM

2) PhCO,H, PhMe 35°C, 16 h
reflux, 16 h 49%

0 ,( o)
PMP’( 1) LiAI(Ot-Bu)3H, THF PMP N
0°C,1h

Br: Br:

2) PhMe, 80°C, 72 h

N -, ~-CO,Me N 75% N0
Boc | P Boc

ZaN
183 N Ph CO;Me 181
2

182
8 steps
22%
3 steps

0,
Ma's intermediate 2% Martinellic acid
((-)-108+xHCI) ((-)-107-TFA)

Scheme 49. Synthesis of Martinellic acid ((-)-107) by Davies et al.!3%160
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Our group has previously explored the use of Sharpless dihydroxylation
for installing the stereochemistry of the tricyclic structure 184 (Scheme
50).'% Quinolone 185 was first obtained in 8 steps from commercially
available aniline 186. Base catalyzed enolization of quinolone 185
followed by triflation of the corresponding enol then provided enol
triflate 187. This was followed by a Suzuki—Miyaura cross-coupling of
triflate 187 with boron 188, which was formed from hydroboration of N-
Cbz protected allylamine 189. Diol 190 was then enantioselectively
obtained from the Sharpless asymmetric dihydroxylation of quinoline
191. The tricyclic structure 192 was afforded from acid catalyzed
acetylation of diol 190 followed by an intramolecular substitution
reaction. The ester moiety in compound 192 was reduced to the
corresponding hydroxyl group, which then, upon treatment with mesyl
chloride, was dehydrated via elimination of the mesylate to afford alkene
193. The target compound 184 was finally obtained from hydrogenation
of alkene 193 over Pd/C followed by acid mediated removal of the N-
protecting groups. The tricyclic structure 184 was obtained in 75% ee,
which was identified by HPLC analysis of the N-Cbz protected
derivative 194.
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o) e
189
NH,

186 1) 9-BBN, THF
i, 3h
\ 8 steps
49% CbzHN
1) LHMDS, THF (B>""NHebz
O -78°C, 15 min o OTF 188 N
N 2) Ph(CF3S0,),N N 2) PdCl,(dppf), AsPhg N
Ac -78°C - rt Ac CsCOg, H,O, DMF Ac
185 over night, 71% 187 rt, 4 h, 83% 191
CbzN 1) Ac,0, TsOH K20s0,(OH),, (DHQ),PHAL
DCE. 0°C -1t 5 h MeSO,NH,, K3Fe(CN)g
"""OAC ! !
N 2) EtsN, 0 °C, 15 min. K,CO3, t-BUOH/H,0 (1/1)
Ac 96% 0°C, 22 h, 64%
192
1) NaBH,, EtOH/THF (1/1)
0°C-rt,9h, 92%
2) MsCl, DIPEA, THF
0°C (2h)-rt(3d),51%
CbzN 1) Pd/C, H, (1 atm) HN CbzCl CbzN
VZ toluene, rt, 2 d, 80% NaHCOj (sat. aq.)
N 2) HCI (8 M), EtOH N THF, 1t, 3 h, 95% N
Ac 88 °C, 24 h, 83% H Cbz
193 184 194
75% ee

Scheme 50. Our in-house assembly of the partially reduced pyrroloquinoline 184.'%
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6.1.3 Objectives

As described in our review paper,'>* the hexahydropyrrolo[3,2-
c]quinoline core structure found in the martinella alkaloids is a valuable
scaffold for preparation of biologically active molecules. For instance,
the library compiled by Marcaurelle and coworkers (Scheme 41),'3?
which was assembled around the hexahydropyrrolo[3,2-c]quinoline
scaffold, has been included in several biological studies for the
identification of biologically active compounds, such as
pyrroloquinolines 195 and 196 (Figure 25).!%%1°!

BRDO0761 (195) 196
Inhibitor of glutamate racemase Inhibitor of aminotransferase BioA
in C. difficile in M. tuberculosis

Figure 25. Biologically active compounds assembled around the hexahydropyrrolo-[3,2-c]-
quinoline scaffold.

In this project we wanted to develop an approach for the asymmetric
synthesis of martinelline and martinellic acid from commercially
available non-chiral building blocks. The purpose of the synthesis was
1) assaying the biological profile of the prepared martinella enantiomers
and 2) preparation of analogues to the martinella alkaloids by attaching
different side chains to the pyrroloquinoline scaffold. The biological
testing, presented in Table 4, was to be conducted by internal and
external collaborators.
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Table 4. Planned external assays for screening the of the martinella natural products and
analogues.

Assay category Assay name/target Type

Anti-microbial® Growth inhibition curves (E. Cellular
coli, S. aureus, C. glutamicum,
P. aureginosa, L. anguillarum)

Antifungal test (B. cinerea, S. Cellular
cervisiae, C. albicans)

Mechanisms Cell viability assay (E. coli and Cellular
of action gram-positive bacteria)
-anti bacterial® Membrane integrity assay Cellular

—test of membrane disruptive
capacity

Replication inhibition Cellular
Protein expression inhibition  Cellular

Mechanism of action Chitin binding Biochemical
-anti fungal®

d

Anti-cancer®® A range of targets are available Cellular

Immunomodulatory® Human TNF-a, IL-1b Cellular

(ELISA), interleukins
Antioxidants® FRAP Biochemical
ORAC Biochemical

Cellular anti-oxidant activity ~ Cellular
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Malaria® Confocal imaging assay Parasite
growth

Trypsanosomes Whole organism HTS Whole-

(brucei and cruzi)® organism

Tests conducted at *University of Tromse (UiT), ®Marbio-UiT, °Griffith
University, Australia, and “University of Stavanger.

6.2 Results and Discussion

6.2.1 Initial Retrosynthetic Plan

Our synthetic plan for the formation of martinelline ((-)-106 and (+)-106)
and martinellic acid ((-)-107 and (+)-107), presented in Scheme 51,
included asymmetric assembly of the tricyclic structure 197 and further
elaboration to Ma’s intermediate (108). The triamine 108 could then be
converted to the natural products using the series of steps developed by
Ma et al. to form martinellic acid (106) and by Batey and Powell to form
martinelline (107). The idea behind the stepwise build-up of the
martinella alkaloids rather than a one-pot approach, was to enable the
mid- and late-stage synthesis of a variety of analogues.
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Batey's Q HN Ma's
protocol  \e0 protocol
Martinelline —— ———— Martinellic acid
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(106) N (107)
108 H
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2) azide reduction
3) Boc deprotection
BocN 1) hydroboration-oxidation
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N v~ N
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) N-acyliminiumion
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¢ P 3) desilylation T rvs
4) oxidation 205
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“ T RCM 1) Boc protection
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BooN” > 2) oxidation HN N
3) methylenation OH epoxide aminolysis
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NO, 'OTBS NO, "OH H
203 202
o
Sharpless ~0
Qf\)konne ©\/v OH  epoxidation ©\/\'/\OH {
- > — +
N02 — N02 = N02 H2N
200 198 199 201

Scheme 51. Our retrosynthetic strategy towards Ma's intermediate (108) from 2-nitrocinnamic
ester 200.

The key reaction planned for installation of the stereochemistry was the
Sharpless asymmetric epoxidation of the 2-nitrocinnamyl alcohol (198)
to the corresponding epoxide 199.'? The allylic alcohol 198 could be
obtained from the selective reduction of the allylic methyl ester 200
which was readily available from our in-house storage, prepared from
commercially available 2-nitro benzaldehyde. In the asymmetric
Sharpless epoxidation both epoxide enantiomers (-)-199 and (+)-199
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could be obtained by employing the two dialkyl tartrate ligand
enantiomers (Scheme 52). The Sharpless asymmetric epoxidation of
cinnamyl alcohols normally provides epoxides in high enantiomeric

excess. 93194
(0]
Ti(iPrO
(S,9)-(-)-dialkyl tartrate 'I('BTP)A’ @\/QAOH
10 NO,
Rt RN N (+)-199
. NO,

6 0
H O H . N
Ti(iPrO
(RR)-(+)dialkyl tartrate —cr 4, OH
TBHP NO

2
(-)-199

Scheme 52. Sharpless asymmetric epoxidation of 2-nitro cinnamyl alcohol 198.

With the chiral epoxide 199 in hand, the next step would be to conduct
an aminolysis of the epoxide 199 using allylamine (201) to form amino
diol 202 (Scheme 51). Boc protection of the amine and selective silyl
protection of the primary hydroxyl group followed by oxidation of the
secondary hydroxyl group and final methylenation of the resulting
ketone would provide the dialkene 203. A ring closing metathesis (RCM)
reaction with Grubbs catalyst would presumably generate the pyrrolidine
ring fragment of the tricyclic structure and provide us with compound
204195196

We further envisioned that a standard hydrogenation reaction would
reduce the pyrrolidine alkene and the nitro group to the corresponding 2-
pyrrolidinyl aniline, in one-pot. Upon Boc protection of the aniline, we
anticipated that removal of the silyl group and oxidation of the resultant
alcohol to the corresponding aldehyde would facilitate spontaneous
cyclization to the hemiaminal 197. Diastereoselective alkylation at the
C4 carbon with allyl trimethylsilane (205) would likely provide us with
compound 206. This nucleophilic addition reaction, via an N-
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acyliminium intermediate, has previously been performed by Shaw and

co-workers on similar compounds. '’

The planned endgame to Ma’s intermediate (108) included a
hydroboration-oxidation sequence of the alkene functionality in
compound 206 followed by installation of an azide. Bromination of the
aniline in para position was expected to provide us with bromo-
compound 207, which upon carbonylation would form the corresponding
ester. Finally, reduction of the azide to the corresponding amine and
deprotection of Boc groups would provide us with Ma’s intermediate
(108).

6.2.2 Attempted Synthesis from 2-Nitrocinnamic Ester

Nitro-cinnamic ester 200 was converted to the corresponding cinnamyl
alcohol 198 in a DIBAL reduction reaction (Scheme 53). The cinnamyl
alcohol 198 was treated with m-CPBA to provide epoxide 199 in an
epimeric mixture as a reference for the stereochemistry of the Sharpless
epoxidation product (-)-199. Though the epoxidation reaction with m-
CPBA proceeded smoothly, the Sharpless epoxidation of the nitro-
cinnamyl alcohol 198 progressed very slowly. After 6 days reaction time
TLC analysis indicated that the mixture contained mostly unreacted
starting material. Purification of the reaction mixture by flash column
chromatography provided epoxide (-)-199 in 16% isolated yield. The
optical rotation value of epoxide (-)-199 a, = -86.6 verified the absolute
configuration of compound (-)-199, when compared to the literature
value for the opposite enantiomer (+)-199 ap = +122.64."% Epoxide 199
was further treated with allylamine in the presence of titanium (IV)
tetraisopropoxide (Ti(OiPr)s). However, no conversion of the starting
material 199 to amino diol 202 was observed. Efforts to open the epoxide
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ring with allylamine in a BuLi promoted reaction was also unsuccessful.
As was the attempted formation of aminoalcohol 208 by ring opening of
the silyl-protected epoxide 209.

(0]

X
©\/\)k0Me H2N\/\ HN/\/
NO, 201 ©\/‘\/\OH
) B
00 BuLi, THF NGoH

919, | DIBAL, DCM 78°C -1, 20 h 202
-78 °C, 30 min. _
- H,N HN
“ (+)-DET, Ti(O'Pr), .0 NN
WOH TBHP, DCM, 3A MS WOH 201 - OH
E— —_— Z
NO, -20°C, 6 days NO, Ti(O'Pr),, DCM NGy
16%
198 ° ()-199 50°C, 24 h 202
o.| m-CPBA, DCM
2/‘ 16 h H,N —
N
e TBDPSCI 2 \oj\ HN
~oH Imidazole oTBDPS — “ . ~ >OTBDPS
NO DMF, it Ti(O'Pr),, DCM OH
2 2h, 95% 50 °C, 24 h NO,
199 208
HaN HN
201 -~ “OTBDPS
LiCIO, Nt
120°C, 22 h
208

Scheme 53. Epoxidation of nitrocinnamyl alcohol 198 and failed attempts to open the epoxide
via aminolysis.

Since the Sharpless epoxidation gave disappointing results and the
attempted insertion of allylamine was unsuccessful, we turned to the
Sharpless asymmetric dihydroxylation reaction. We envisioned that the
diol formed from the dihydroxylation reaction could be converted to the
corresponding amino alcohol in a Mitsunobu substitution reaction that
would simultaneously reverse the stereochemistry at the benzylic
position.
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With this strategy inn mind, cinnamyl alcohol 198 was first converted to
acetate 210 by treatment with acetic anhydride in pyridine (Scheme 54).
The vicinal diol (+)-211 was obtained from alkene 210 in 60% yield in
the Sharpless asymmetric dihydroxylation reaction. Treatment of alkene
210 with osmium tetroxide in the presence of N-methyl morpholine N-
oxide (NMO) provided an epimeric mixture of the cis vicinal diol 211.
This was used as a stereochemical reference to the Sharpless diol (+)-
211. Compound (+)-211 was then treated with triphenylphosphine,
diisopropyl azodicarboxylate (DIAD), and an allylamine species (212 or
213) in an attempted formation of the amino alcohol 214. However, no
conversion of the starting material (+)-211 was observed from the
Mitsunobu reaction.

NMO, 0sO,

"o Ac0, DMAP, OAc acetone HZO
pyndme rt, 16 h.
NO, T oo 6%
198 210 211

epimeric mixture
(DHQ),PHAL, K,CO3 P

MeSO,NH,, K,0s0,(0H),
+BUOH:H,0 (1:1), 0°C, 24 h.

N/\/ 60%
212R Boc OH
(j'\A 213R Ms : oA
PPh3 DIAD, THF No‘g”
t, 20 h,

(+)-21

Scheme 54. Dihydroxylation of cinnamyl acetate 210 and failed attempt of a Mitsunobu
substitution reaction with protected allylamine.

At this point we suspected that the low conversion from 2-nitrocinnamyl
alcohol 198 to the corresponding Sharpless epoxide 199 along with the
failed attempts to insert allylamine was caused by inductive effects from
the electron withdrawing nitro group in ortho position. The
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retrosynthetic strategy towards the martinella alkaloids was therefore
revised.

6.2.3 Revised Retrosynthetic Strategy

Since we assumed that the nitro group in the cinnamyl compounds was
causing trouble, we decided to start the synthesis from commercially
available (E£)-2-bromo-cinnamic acid (215) (Scheme 55). Identical to the
initial synthetic plan, the stereochemistry was to be installed with the
Sharpless asymmetric epoxidation of cinnamyl alcohol 216 followed by
aminolysis of the resulting epoxide 217 and formation of amino diol 218.
As before N- and O-protection followed by oxidation of the free
secondary hydroxyl group and methylenation of the resulting ketone
would provide a dialkene 219. After the RCM reaction, we planned to
install the aniline amine by a Buchwald-Hartwig amination to form
compound 220 from the corresponding bromo compound. We still
presumed that hydrogenation of the alkene moiety in compound 220
followed by N-Boc protection, removal of the silyl group and oxidation
of the resulting free hydroxyl group would provide hemiaminal 221. The
remaining planned pathway towards martinelline (106) and martinellic
acid (107) was kept as described in Scheme 51.
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1) hydrogenation

BocN
oc P 2) Boc protection Bocl
3) desilylation Scheme 52 See
e cheme
_4)oxidation ——— 106 + 107

NH,"OTBS

Boc
220 221

1) Buchwald-Hartwig

2) RCM
1) Boc protection
2) silylation A

=
BocN”~ 3) oxidation ] ) )

4) methylenation ©\/'\[ H epoxide aminolysis {
_

Br “OTBS OH H,N

201

Sharpless 0
©\/\/\OH epoxidation ©\/\/\
Br
(E)-2-bromocinnamic acid

(215)

Scheme 55. Revised synthetic strategy towards the Martinella alkaloids, starting from 2-
bromocinnamic acid (215).

6.2.4 Attempted Synthesis from 2-Bromo Cinnamic
acid

Esterification of 2-bromocinnamic acid (215) to methyl ester 222
followed by DIBAL reduction to cinnamyl alcohol 216 proceeded
uneventfully (Scheme 56). The cinnamyl alcohol 216 was then subjected
to the standard Sharpless asymmetric epoxidation reaction conditions,
and the epoxide (+)-217 could fortunately be isolated in 92% yield. The
optical rotation values of Sharpless product (+)-217 was ap =+17.3. The
cinnamyl alcohol was also treated with m-CPBA to form epoxide 217 as
aracemic reference. Regioselective aminolysis of epoxide 217, mediated
by Ti(iOPr)4, provided the amino diol 218 in excellent yield.
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o) o)
« Mel, K,CO4
©\/\)%H DMF, t, 3 h. WOMe
Br 88% Br
222

(E)-2-bromocinnamic acid

(215)
DIBAL, toluene 89%
-78 °C, 30 min.
(+)-DET (30 mol%)
0 m-CPBA Ti(O'Pr)4 (20 mol%) .0
@\/&AOH DCM, rt, 6 h @\/\AOH TBHP, DCM, 3 AMS @(\f/\(m
Br 97% Br -25°C, 13 h, 92% Br
217 216 (+)-217
HNNF Ti('OPr),, DCM
2% 201 | 55°C, 17 h. 97%
HN/\/
~" “OH
OH
Br
218

Scheme 56. Formation of epoxide 217 from (E)-2-bromocinnamic acid followed by titanium
isopropoxide mediate regioselective aminolysis to form amino diol 218.

To determine the enantiomeric excess (ee) of compound (+)-217
generated by the Sharpless asymmetric epoxidation, epoxide (+)-217
was converted to the corresponding Mosher ester (+)-223 (Scheme
57).19%20% Compound 223 was formed from epoxide 217 as a racemic
reference. '"H NMR analysis of the esters (+)-223 and 223 displayed the
Mosher ester diastereomers in an 88:12 ratio (Figure 26). This indicated
that epoxide (+)-217 was provided in 76% ee from the Sharpless
asymmetric epoxidation reaction.
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0 (S)-(+)-MTPA-CI

G OH pyridine, CDCl3
rt, 3 h, 90%
Br

0 (S)-(+)-MTPA-CI

@\/\%OH pyridine, CDCI3
Br

rt, 3 h, 87%
(+)-217

(+)-223

©\M
@\M

0]

P
o)k{ 'OMe

\OMe

Scheme 57. Preparation of Mosher ester 223 for NMR analysis of the enantiomeric excess (ee)

of epoxide (+)-217.

\OMe ©\/\)< \OMe
S
CF3 1288 . CFs

(RRS) -223 (88S)-223
a)
N © (=
= o S
O~ O e
b)
o (=4 o
B |3 S
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T T T I T T
438 47 46 45 4.4 [ppm]

Figure 26. Projection of the 88:12 enantiomeric ratio of the epoxide (+)-217 by 'H NMR analysis
of the CH: protons (in blue) in the corresponding Mosher ester diastereomers (RRS)-223 and
(SSS)-223. Epoxidation reaction conditions are a) Sharpless Asymmetric epoxidation, b) m-

CPBA.

The amino diol 218 was further treated with Boc anhydride and sodium
bicarbonate in methanol for the selective N-Boc protection (Scheme 58).
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However, we observed no conversion of the starting material 218 to the
corresponding N-Boc compound 224 in this reaction. Instead, we
attempted DMAP promoted Boc protection of the amino diol 218 in
dichloromethane. Unfortunately, these reaction conditions provided the
O-Boc protected compound and left us with a free amine in compound
225. Equally, acetylation of the amino diol 218 provided the O-
acetylated compound 226, with no trace of N-acetylation occurring.
Selective N-protection was apparently not possible. Instead, amino diol
218 was treated with six equivalences of benzoyl chloride to form the tri-
benzoylated compound 227. The base-labile O-benzoyl groups were then
carefully hydrolysed with sodium hydroxide in methanol to provide the
diol 228.

BooN” >
OH

BrOH

224

Boc,0, NaHCO;
MeOH, rt, 24 h

=
HNT Ac,0 (2.4 equiv.) Boc,0 (2 equiv.)

~Soag DMAP. pyridine oH DMAP DCM OBoc
B OAc DCM, 1t, 1 h. n2h 6% OBoc
r

86%
226

BzCl ( 6 equiv.), DMAP

679
A’J Et;N, DCM, rt, 48 h.

BzN ANF BzN AN
OBz NaOH MeOH
z 0,
0Bz rt, 3 h. 76%
Br
227

Scheme 58. N-protection of aminodiol 218.

Silyl protection of the primary hydroxyl group in compound 228
proceeded smoothly (Scheme 59). Oxidation of the secondary hydroxyl
group in compound 229 was however, unsuccessful. Neither treatment
of alcohol 229 with freshly prepared Dess Martin Periodinane, nor
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subjection to the conventional Parikh-Doering reaction conditions
provided us with the desired ketone 230. The reason for the failed
oxidation was unclear to us. Still, we considered steric hinderance to
possibly make the hydroxyl group inaccessible for an oxidant. Rather
than employing the benzoyl protected compound 228, we therefore
returned to acetylation of amino diol 218.

BN TBDMS-CI BN
©\)\;/\OH imidazole, DMAP ©jk;/\OTBDMS
5, OH D 2oh 5, OH
228 229

Pyr-SO3, EtsN | or
DMSO, DCM, it, 24 h.] DMP, DCM, t, 24 h

BN
OTBDMS

Br ©
230

Scheme 59. Silyl-protection of the primary hydroxyl group in diol 228 followed by failed
attempts to oxidize the secondary OH.

In our previous attempt to acetylate amino diol 218 with 2.4 equivalences
of acetic anhydride, in the presence of DMAP and pyridine, only the
hydroxyl groups had been protected (Scheme 58). Full acetylation of the
amino diol 218 was however accomplished in a para-toluenesulfonic
acid (p-TsOH) promoted reaction, run in acetic anhydride (Scheme 60).
The resulting tri-acetylated compound 231 was then treated with sodium
hydroxide in methanol, as the equivalent N-benzoyl diol 228 previously
had been obtained. In this case, however, the base promoted hydrolysis
effectively provided the amino diol starting material 218.

Treatment of intermediate 231 with 25% aqueous ammonia in methanol
ultimately provided, after continuous surveillance of the reaction by TLC
analysis, the desired N-acetyl diol 232. Selective silyl protection of the
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primary alcohol in the diol 232 efficiently provided compound 233. The
ketone 234 was finally obtained in 80% yield from oxidation of the
secondary hydroxyl group in compound 233 with Dess Martin
Periodinane.

=
HN > 1) Ac,0, p-TsOH AN 2) NH; (aq.) AN
rt, 20 h MeOH, rt, 10 h
v OH ——~ Y "OAc T’ Y~ "OH
g OH 2) NaOH, MeOH gr OAC g O
rt, 2 h, quant.
218 231 232
TBDMS-CI
DMAP, DMF
imidazole
m, 1 h, 85%
ACN/\/ ACN/\/

DMP, DCM
WOTBDMS t, 1 h, 80% @\/'\AOTBDMS

Scheme 60. Acetylation of amino diol 218 followed by silyl protection and Dess Martin
oxidation.

With ketone 234 in hand, the next step was to obtain the corresponding
alkene 235 (Scheme 61). In our first attempt to form the alkene 235, the
ketone 234 was treated with methylenetriphenylphosphorane. However,
after 24 h we did not observe any conversion of the starting material 234.
Equally, attempted  olefination of  ketone 234  with
methyl(triphenylphosphoranylidene) acetate provided starting material
234, and not compound 236. We also observed no conversion of starting
material 234 in an attempted Lombardo methylenation,?®! employing
activated zinc, dibromomethane, and titanium (IV) chloride, either.
Finally, we tried to obtain the nitroalkene 237 by treatment of ketone 234
in nitromethane and triethylamine. Once again, we detected no
conversion of the starting material 234.
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We further attempted olefination of the silyl deprotected compound 238,
which was obtained from treatment of compound 234 with potassium
fluoride and trimethylsilyl chloride in acetonitrile.?*> However, none of
the olefination reactions provided the desired alkene 239. We therefore
left this strategy.

AcN/\/ AcN/\/
KF, TMSCI, MeCN
OTBDMS rt, 20h, 85% OH
(e}
Br © Br
234 238
Olefination Olefination
a, b, c,ord a,b,c ord
AcN/\/ AcN/\/
‘ OTBDMS ‘ OH
Br R Br R
235R=H 239
236 R = CO,Me R =H, CO,Me, NO,
237 R=NO,

Scheme 61. Attempted alkene formation from ketones 234 or 238 using the following reaction
conditions: a) n-BuLi, MePPh3;Br, THF, -78 °C — rt, 24 h. b) Me(PPhs)Acetate, toluene, rt, 24 h.
¢) Zn, CHaBr2, TiCls, THF, 0 °C — rt, 24. d) NO2Me, EN, rt, 24 h — 45 °C, 24 h.

Since the attempted olefination of the O-silyl ketone 234 and a-hydroxy
ketone 238 was unsuccessful, we wanted to see if removing the
hydroxymethyl group in compound 238 entirely, could allow for further
progression towards the target compounds. We envisioned that treatment
of the corresponding aldehyde 240 with nitromethane could provide the
nitro alcohol 241 (Scheme 62). From mesylation of the nitro alcohol 241
followed by base promoted elimination of the resulting mesoyl group we
could obtain the nitro alkene 242. Cyclization could then proceed via the
planned RCM to form the pyrroline 243. Another option could be a base-
mediated cyclization to the pyrrolidone 244 via the Michael addition of
the N-acetyl a-carbon to the nitro alkene moiety in compound 242.
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AN F AN
H NO,Me OH
BrO Br "NO,
240 241
1) MsCl
2) Base, i.e. EtzN
o O
Allyl,
AcN Ay~ N
©\/@ RCM ©\)\L Base
Br Br "NO, Br "NO,
243 242 244

Scheme 62. Proposed plan for further synthesis via nitro alcohol 241.

With this strategy in mind, oxidative cleavage of diol 232 with sodium
periodate provided the aldehyde 240 in 78% yield (Scheme 63).
Treatment of the aldehyde 240 with different bases in nitromethane
failed to provide us with the nitro alcohol 241. Microwave irradiation of
the reaction mixture at temperatures up to 90 °C also failed to convert
the aldehyde 240 to the desired product 241.

ACN/\/ ACN/\/ ACN/\/
NalO,4, ag NaHCO; H ’
~"SOH DCM, 1t, 20 h, 78% w NO,Me ©\)\[O
OH T 0 el
Br Br Base Br "NO,
232 240 241

Scheme 63. Oxidative cleavage and attempted formation of nitro alcohol 241. Bases used for the
attempted formation of nitro alcohol 241: Et;N, K2COs, and NH4OAc.
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Since all efforts to proceed towards the pyrroloquinoline scaffold from
a-phenyl carbonyls 234 and 240 were ineffective, the synthetic strategy
towards the martinella alkaloids was once again re-assessed.

6.2.5 Conclusion

In the attempted synthesis towards the martinella alkaloids, the
stereochemistry was installed by the Sharpless asymmetric epoxidation
of 2-bromo cinnamyl alcohol 216 (Scheme 64). The resulting epoxide
217 was obtained in 76% ee. The initial strategy commencing from 2-
nitro cinnamyl alcohol 198 was quickly dismissed as a dead-end
approach, presumably effected by the electron-withdrawing nitro group.
Titanium catalyzed aminolysis regioselectively opened the epoxide ring
which upon N-acylation provided amino diol 232. After oxidation of the
secondary alcohol in amino diol 232 to afford aldehyde 240 or ketone
234, the progress towards the martinella alkaloids came to a full stop.
Re-evaluation of the synthetic strategy finally led us to the conclusion
that the suggested synthetic approach from amino diol 232 was
ineffective.
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216 R=Br
198 R = NO,

Sharpless

16% epoxidation

Sharpless
epoxidation

92%

©\/\T/\0H
Br

(+)-217
76% ee
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Scheme 64. Overview of the attempted synthesis towards the martinella alkaloid.
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7 Experimental Methods

7.1 General Methods

All chemicals were obtained from Sigma Aldrich/Merck or VWR and
used as supplied. When specified, solvents were dried by storing over 4
A molecular sieves. For petroleum ether (PE), the 40-65 °C fraction was
used. All reactions were carried out under a nitrogen or argon
atmosphere, unless otherwise specified. TLC analyses were performed
on Merck silica gel 60 F254 plates using UV light, KMnOs, or heat for
visualization. Silica gel NORMASIL 60® 40-63 um was used for flash
column chromatography. Nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Ascend TM 400 series, operating at 400.13
MHz for 'H and 100.61 MHz for '*C in CDCls, CDs0D, D>0, or DMSO-
ds. The assignment of signals in all NMR spectra was assisted by
conducting 'H-'H correlation spectroscopy (COSY), 'H-'3C/'H-PN
heteronuclear single-quantum correlation spectroscopy (HSQC) and/or
'H-13C/'H->N heteronuclear multiple bond correlation spectroscopy
(HMBC). Chemical shifts (d) are reported in ppm relative to an internal
standard of residual chloroform (8 = 7.26 ppm for 'H NMR; § = 77.16
ppm for *C NMR), residual methanol (8§ = 3.31 ppm for 'H NMR; & =
49.00 ppm for '*C NMR), residual dimethyl sulfoxide (5 = 2.50 ppm for
"H NMR; & = 39.52 ppm for 1*C NMR), or residual water (5 = 4.79 ppm
for 'TH NMR). Infrared spectroscopy (IR) was performed on a Cary 360
FTIR spectrophotometer. High resolution mass spectra (HRMS) were
recorded from MeOH solutions on a JMS-T100LC AccuTOFTM in
positive electrospray ionization (ESI) mode. The microwave-assisted
experiments were performed in a CEM Focused Microwave™ Synthesis
System, model type Discover, operating at 0 —300 W at a temperature of
150 °C, a pressure range of 0—290 psi, with reactor vial volumes of 10
mL.
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7.2 Synthesis of the Arabino-Amidines

BnO
\“’. 0 OH

BnG  'OBn
2,3,5-Tri-O-benzyl-L-xylofuranose (L-36)'*°

Step 1: To a solution of AcCl (0.58 mL, 8 mmol) in MeOH (80 mL) was
added L-xylose (L-27) (6 g, 40 mmol) at room temp. The reaction was
kept stirring at room temp. for 5.5 h. The reaction mixture was then
cooled to 0 °C and pH was adjusted to ca. 9 with NaOH (1 M). The
solvent was then removed under reduced pressure and the resulting
residue was suspended in toluene (6 x 20 mL) and conc. to dryness.

Step 2: The residue from step 1 was dissolved in dry DMF (130 mL) and
NaH (8.48 g, 5.3 equiv.) was added at room temp. The reaction mixture
was then cooled to 0 °C prior to addition of BnBr (23.8 mL, 5 equiv.).
The reaction mixture was stirred at room temp for 23 h before being
extracted with EtOAc (2 x 150 mL). The combined extracts were dried
over MgSOs4 and conc. by vacuo.

Step 3: The residue from step 2 was dissolved in dioxane (120 mL) and
HC1 (120 mL, 4 M) and stirred at 65 °C for 4 days. The reaction mixture
was then extracted with EtOAc (2 x 150 mL) and the combined organic
fractions were concentrated and subjected to flash column
chromatography (Pet. ether/EtOAc 17:3 = 3:1). Collection of the
appropriate fractions (R = 0.25; Pet. ether/EtOAc 3:1) provided
compound L-36 (10.49 g, 62%) as a clear light-yellow oil, [a]3%°°¢ = -
10 (¢ 1.2 in CHCL3) (lit.'*® [a]3%°"C = -12 (¢ 1.2 in EtOAc)). The
spectroscopic data were in full accord with the previously reported
data.'?

TH NMR (CDCls, 400 MHz): & = 7.32-7.18 (m, 15 H, Ar-H), 5.43 (d, J
= 4.1 Hz, 1Ha), 5.20 (br. s, 1Hb), 4.64-4.32 (m, 7H, CHPh + CH), 4.06
(dd, J= 5.4, 3.0 Hz, 1Hb), 3.99 (dd, J = 4.4, 2.4 Hz, 1Ha), 3.95 (dd, J =
3.0, 1.0 Hz, 1Hb), 3.89 (dd, ] = 4.2, 2.4 Hz, 1Ha), 3.74-3.60 (m, 2H).
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13C NMR (CDCls, 100 MHz): § = 138.3 (ArCa), 137.8 (ArCa), 137.7
(ArCb), 137.6 (ArCb), 137.5 (ArCb), 136.9 (ArCa), 128.8-128.4 (Ar),
128.1-127.7 (Ar), 101.8 (CHb), 96.3 (CHa), 86.7 (CH), 81.4 (CHb), 81.2
(CHa), 80.0 (CH), 77.4 (CH), 73.8 (CHab), 73.6 (CHaa), 73.2 (CHaa),
72.8 (CHab), 72.5 (CHaa), 72.0 (CHab), 68.8 (CHzb), 68.4 (CHaa).

OBn
L, oH
(6]

BnO (rCN

Bn
2,3,5-Tri-O-benzyl-L-xylononitrile (L-33) ¥’
Method 1:

Step 1: To a solution of Na (315 mg, 13.7 mmol) dissolved in absolute
EtOH (60 mL) was added NH>OH<HCI (1.77 g, 27.5 mmol). The
reaction mixture was stirred at room temp. for 5 min. before a solution
of furanose L-36 (1.44 g, 3.42 mmol) in absolute EtOH (11 mL) was
added. The resulting reaction mixture was stirred at room temp. for 1 h
before volatiles were removed under reduced pressure. Water (50 mL)
and EtOAc (50 mL) was then added to the residue. The two phases were
separated, and the aq. phase was extracted with EtOAc (2 x 50 mL). The
combined organic fractions were dried over MgSQO4, filtered, and
concentrated by vacuo. The residue (Rr= 0.4, Pet. ether/EtOAc 3:2) was
dissolved in toluene, concentrated, and used directly in the following
step.

Step 2: To a solution of PPh3 (1.89 g, 6.84 mmol, 2 equiv.) in MeCN (27
mL) at room temp. was added the residue from step 1. The reaction
mixture was stirred at room temp. for 20 min before a solution of CBry
(2.84 g, 8.55 mmol, 2.5 equiv.) in MeCN (11 mL) was added. The
reaction was then stirred at room temp. for 20 min before adding a
solution of PPh; (472 mg, 1.71 mmol, 0.5 equiv.) in MeCN:MeOH
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(1:5.5, 45 mL). The reaction mixture was then stirred for an additional
15 min before the solvent was removed under reduced pressure. The
residue was subjected to flash chromatography (silica, Pet. ether/EtOAc
1:0 = 9:1). Collection of the first fraction (Rr = 0.6; Pet. ether/EtOAc,
3:1) provided lactone L-38 (286 mg, 20%) as a clear colorless oil.
Collection of the appropriate fractions (Rr = 0.4, Pet. ether/EtOAc, 3:1)
provided nitrile L-36 (741 mg, 52%) as a clear colorless oil; [a]3%¢ ™ =
-28 (¢ 0.5 in CHCIy).

The spectroscopic data for lactone L-38 were in full accord with the
previously reported data.!?®

BnO

\,, O __o

BnG  'OBn
3,4,5-Tri-O-benzyl-L-xylonolactone (L-38)'%

H NMR (CDCls, 400 MHz): & = 7.36-7.25 (m, 15 H), 5.05 (d, J=11.5
Hz, 1 H), 4.60-4.50 (m, 5 H), 4.37 (t, J= 7.1 Hz, 1 H), 3.77 (dd, J=2.9
Hz,J=10.8 Hz, 1 H),3.71 (dd,J=3.2 Hz,J= 10.8 Hz, 1 H).

13C NMR (CDCls, 100 MHz): & = 173.5, 137.8, 137.4, 137.2, 128.7-
127.7,79.5, 77.4 (2xC), 73.8, 72.8, 72.7, 67.3.

Method 2:

Step 1: A solution of Na (270 mg, 11.7 mmol) dissolved in absolute
EtOH (40 mL) was added NH>OH<HCI (1.63 g, 23.5 mmol). The
reaction mixture was stirred at room temp. for 15 min. before a solution
of furanose L-36 (1.23 g, 2.93 mmol) in absolute EtOH (10 mL) was
added. The resulting reaction mixture was stirred at room temp. for 1.5
h before volatiles were removed under reduced pressure. The residue was
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then added toluene, concentrated under reduced pressure, and used
directly in the following step without further purification.

Step 2: A solution of PPh3 (1.214 g, 1.5 equiv.) in MeCN (18 mL) at
room temp. was added to the dried residue from step 1. The reaction
mixture was stirred at room temp. for 20 min before a solution of CBry
(2.43 g,7.33 mmol, 2.5 equiv.) in MeCN (6 mL) was added. The reaction
was then stirred at room temp. for 20 min before adding a solution of
PPh3 (809 mg, 1 equiv.) in MeCN (12 mL) and MeOH (37 mL)
simultaneously. The reaction mixture was then stirred for an additional
1 h before the solvent was removed under reduced pressure. The residue
was subjected to flash chromatography (Pet. ether/EtOAc 5:1 - 4:1).
Collection of the appropriate fractions (Rf = 0.4, Pet. ether/EtOAc 3:1)
provided nitrile L-33 (893 mg, 73%) as a clear colorless oil; [a]3¢° ¢ =
-29.0 (¢ 0.5 in CHCly).

H NMR (CDCls, 400 MHz): § = 7.37-7.24 (m, 15 H, Ar-H), 4.88 (d, J
=11.5Hz, | H, CHPh), 4.82 (d, J=11.2 Hz, | H, CHPh), 4.60 (d, J=
11.2 Hz, 1 H, CHPh), 4.55 (d, J=11.5 Hz, 1 H, CHPh), 4.45 (d, J= 1.5
Hz, 2 H, CHPh), 4.43 (d, /= 6.6 Hz, 1 H, H-2), 4.11 (m, 1 H, H-4), 3.88
(dd, J34=2.9 Hz, J32= 6.6 Hz, 1 H, H-3), 3.45 (ddd in 1:2:2:1 ratio, Js4¢
= 6.0 Hz, J=9.5 Hz, Jss,4= 16.3 Hz, 2H, H-5),2.29 (d,J=7.2 Hz, 1 H,
OH).

13C NMR (CDCls, 100 MHz): § = 137.7 (ArC), 137.3 (ArC), 135.7
(ArC), 128.8-128.0 (ArCH), 116.8 (CN), 78.1 (C-3), 75.2 (CHaPh), 73.4
(CH,Ph), 73.0 (CH,Ph), 70.4 (C-5), 69.6 (C-4), 69.3 (C-2).

IR (ATR, cm™): 3470, 3065, 3032, 2920, 2870, 1955, 1882, 1812, 1554,
1497, 1455, 1398, 1353, 1250, 1210, 1096, 1028, 1002, 913, 821, 738.

HRMS (ESI): m/z [M+Na]" calcd. for C26H2704NNa: 440.1832; found:
440.1827.
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BnO
KQWOH
BnO  ©OBn

2,3,5-Tri-O-benzyl-D-xylofuranose (D-36)>"3

Step 1: To a solution of AcCl (0.29 mL, 4 mmol) in MeOH (40 mL) was
added D-xylose (D-27) (3 g, 20 mmol) at room temp. The reaction was
kept stirring at room temp. for 5.5 h. The reaction mixture was then
cooled to 0 °C and pH was adjusted to ca. 9 with NaOH (1 M). The
solvent was then removed under reduced pressure and the resulting
residue was suspended in toluene (6 x 10 mL) and conc. to dryness.

Step 2: The residue from step 1 was dissolved in dry DMF (64 mL) and
NaH (4.24 g, 5.3 equiv.) was added at room temp. The reaction mixture
was then cooled to 0 °C prior to addition of BnBr (11.9 mL, 5 equiv.).
The reaction mixture was stirred at room temp for 23 h before being
extracted with EtOAc (2 x 75 mL). The combined extracts were dried
over MgS0Oj4 and conc. by vacuo.

Step 3: The residue from step 2 was dissolved in dioxane (60 mL) and
HCI1 (60 mL, 4 M) and stirred at 65 °C for 4 days. The reaction mixture
was then extracted with EtOAc (2 x 75 mL) and the combined organic
fractions were concentrated and subjected to flash column
chromatography (PET. ETHER/EtOAc, 17:3 - 3:1). Collection of the
appropriate fractions (R = 0.25; PE/EtOAc, 3:1) provided compound D-
36 (5.536 g, 66 %) as a clear light-yellow oil. [a]3%¢°C =+10 (c 1.2 in
CHCI;) (lit."?° [a]3%° *© =-12 (¢ 1.2 in EtOAc) for opposite enantiomer).
The spectroscopic data were in full accord with the previously reported
data, 126,203

TH NMR (CDCls, 400 MHz): & = 7.32-7.18 (m, 15 H, Ar-H), 5.43 (d, J
= 4.1 Hz, 1Ha), 5.20 (br. s, 1Hb), 4.64-4.32 (m, 7H, CHPh + CH), 4.06
(dd, J= 5.4, 3.0 Hz, 1Hb), 3.99 (dd, J = 4.4, 2.4 Hz, 1Ha), 3.95 (dd, J =
3.0, 1.0 Hz, 1Hb), 3.89 (dd, ] = 4.2, 2.4 Hz, 1Ha), 3.74-3.60 (m, 2H).
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13C NMR (CDCls, 100 MHz): & = 138.3 (ArCa), 137.8 (ArCa), 137.7
(ArCb), 137.6 (ArCb), 137.5 (ArCb), 136.9 (ArCa), 128.8-128.4 (Ar),
128.1-127.7 (Ar), 101.8 (CHb), 96.3 (CHa), 86.7 (CH), 81.4 (CHb), 81.2
(CHa), 80.0 (CH), 77.4 (CH), 73.8 (CHab), 73.6 (CHza), 73.2 (CHaa),
72.8 (CHab), 72.5 (CHaa), 72.0 (CHab), 68.8 (CHab), 68.4 (CHaa).

OBn
OH
BnO™ Y CN
OBn

2,3,5-Tri-0O-benzyl-D-xylononitrile (D-33)

Step 1: To a solution of Na (460 mg, 20 mmol) dissolved in absolute
EtOH (80 mL) was added NH>OH<HCI (2.65 g, 38 mmol). The reaction
mixture was stirred at room temp. for 10 min. before a solution of
furanose D-36 (2.20 g, 5.23 mmol) in absolute EtOH (15 mL) was added.
The resulting reaction mixture was stirred at room temp. for 1 h before
volatiles were removed under reduced pressure. The residue was then
added toluene and concentrated under reduced pressure.

Step 2: To a solution of PPh3 (2.89 g, 10.46 mmol, 2 equiv.) in MeCN
(42 mL) at room temp. was added the dried residue from step 1. The
reaction mixture was stirred at room temp. for 20 min before a solution
of CBr4 (4.38 g, 13.08 mmol, 2.5 equiv.) in MeCN (18 mL) was added.
The reaction was then stirred at room temp. for 20 min before adding a
solution of PPh3 (720 mg, 2.61 mmol, 0.5 equiv.) in MeCN (10.5 mL)
and MeOH (66 mL) simultaneously. The reaction mixture was then
stirred for an additional 15 min before the solvent was removed under
reduced pressure. The residue was subjected to flash chromatography
(PE/EtOAc, 5:1 - 4:1). Collection of the appropriate fractions (Rf =
0.40; Pet. ether/EtOAc, 3:1) provided nitrile D-33 (1.46 g, 67%) as a clear
light yellow oil; [a]3%° "¢ =+ 32 (¢ 1.2 in CHCI;).
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TH NMR (CDCls, 400 MHz): & = 7.38-7.26 (m, 15H, ArH), 4.89 (d, J =
11.6 Hz, 1H, CHPh), 4.83 (d, /= 11.2 Hz, 1H, CHPh), 4.61 (d, J=11.2
Hz, 1H, CHPh), 4.56 (d, J = 11.6 Hz, 1H, CHPh), 4.52-4.43 (m, 3H,
CHPh and H-2), 4.13 (ddd, J = 13.0, 6.1, 2.9 Hz, 1H, H-4), 3.89 (dd, J =
6.6, 2.9 Hz, 1H, H-3), 3.49 (dd, J= 9.5, 6.0 Hz, 1H, H-52), 3.43 (dd, J =
9.5, 6.0 Hz, H-5b), 2.37 (d, J= 7.2 Hz, 1H, OH).

13C NMR (CDCls, 100 MHz): & = 137.8 (A1), 137.3 (A1), 135.7 (Ar),
128.9-127-9 (Ar), 116.8 (CN), 78.2 (C-3), 75.3 (CH2), 73.5 (CH2), 73.1
(CH2), 70.5 (C-5), 69.7 (C-4), 69.4 (C-2).

IR (ATR, cm™'): 3470, 3065, 3032, 2920, 2870, 1955, 1882, 1812, 1554,
1497, 1455, 1398, 1353, 1250, 1210, 1096, 1028, 1002, 913, 821, 738.

HRMS (ESI): m/z [M +Na]" calcd for C26H2704NNa, 440.1838; found,
440.1835.

OBn

N3

BnO" CN
OBn

2,3,5-Tri-0O-benzyl-4-azid 0-4-deoxy-D-arabinonitrile (D-41)

Step 1: To a solution of compound D-33 (676 mg, 1.62 mmol) in DCM
(15 mL) at 0 °C was added pyridine (0.30 mL, 4.05 mmol, 2.5 equiv.).
The reaction mixture was stirred for 10 min prior to dropwise addition
of triflic anhydride (0.33 mL, 2.03 mmol, 1.25 equiv.). The reaction
mixture was further stirred at 0 °C for 15 min. before being diluted with
DCM (150 mL), washed with ice cold HCI (45 mL, 1 M), followed by
sat. ag. NaHCO3 (60 mL), dried over Na>SOs, and filtered. The residue
(Rr = 0.71, Pet. ether/EtOAc 7:3) was concentrated under reduced
pressure and used directly in the following step.
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Step 2: To a solution of the residue from step 1 in DMF (10 mL) at 0 °C
was added NaN3 (160 mg, 2.46 mmol). The reaction was stirred at 0 °C
for 5 h and then added water (100 mL) and extracted with EtOAc (150
mL). The organic fraction was concentrated under reduced pressure and
the residue was subjected to flash column chromatography (Pet.
ether/EtOAc 95:5). Collection of the appropriate fractions (Rf=0.37, Pet.
ether/EtOAc 9:1) provided azide D-41 (620 mg, 1.40 mmol, 87%) as a
clear colorless oil; [a]3>* "¢ = - 56 (¢ 2.0 in CHCI;).

TH NMR (CDCls, 400 MHz): § = 7.41-7.27 (m, 15H, ArH), 4.92 (d, J =
11.7 Hz, 1H, CHPh), 4.87 (d, J= 10.9 Hz, 1H, CHPh), 4.61 (d, J=10.9
Hz, 1H, CHPh), 4.57 (d, J= 11.7 Hz, 1H, CHPh), 4.52 (br. s, 2H, CHPh),
4.41 (d,J=2.7 Hz, H-2), 3.81-3.79 (m, 3H), 3.70-3.66 (m, 1H).

13C NMR (CDCls, 100 MHz): § = 137.5 (ArC), 136.9 (ArC), 135.3
(ArC), 128.9-128.8 (ArCH), 128.64-128.56 (ArCH), 128.4 (ArCH),
128.1 (ArCH), 127.9 (ArCH), 117.0 (CN), 77.9 (C-3), 75.3 (CHaPh),
73.6 (CH,Ph), 72.9 (CH,Ph), 68.8 (C-2), 67.4 (C-5), 60.2 (C-4).

IR (ATR, cm™): 3065, 3030, 2923, 2870, 2100, 1497, 1455, 1398, 1362,
1315, 1269, 1210, 1094, 1028, 915, 820, 737.

HRMS (ESI): m/z [M+Na]" calcd. for C26H2603N4Na: 465.1902; found,
465.1898.
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3,4,6-Tri-O-benzyl-2,5-deoxy- (3R,4R,5R)-3,4-bis(benzyloxy)-5-
((benzyloxy)methyl)-2-iminopyrrolidine hydrochloride (D-42)

A suspension of compound D-41 (100 mg, 0.23 mmol), Pd/C (1.4 mg, 6
mol%) and acetic acid (2 drops) in EtOH (3 mL) was hydrogenated at 1
atm for 16 h at rt. The mixture was then filtered through Celite by the aid
of MeOH. The filtrate was concentrated under reduced pressure and then
added 0.5 M methanolic HC1 (30 mL). Volatiles were removed under
reduced pressure. The resulting HCI salt was subjected to flash column
chromatography (95:5, CHCl3/MeOH (0.1 M HCI)). Collection of the
appropriate fractions (Rr = 0.35, CHCI;/MeOH (0.1 M HCI) 9:1)
provided amidine D-42 (95 mg, 0.21 mmol, 91%) as a clear, slightly
yellow oil; [a]3%1°C = +6 (c 1.0 in MeOH).

IH NMR (MeOD, 400 MHz): § = 7.34-7.26 (m, 15H), 4.83 (d, J5.4 = 4.6
Hz, 1H, H-3),4.76 (d,J= 11.5 Hz, 1H, CHPh), 4.67 (d, J= 11.5 Hz, 1H,
CHPh), 4.56-4.48 (m, 4H, CHPh), 4.26 (t, J = 4.4 Hz, 1H, H-4), 3.98
(app. q, J = 4.5 Hz, 1H, H-5), 3.64 (dd, J = 4.2, 10.3 Hz, 1H, H-6), 3.53
(dd, J=5.0, 10.3 Hz, 1H, H-6).

13C NMR (MeOD, 100 MHz): 3 = 168.8 (C=N), 138.9 (Ar), 138.6 (Ar),
138.1 (Ar), 129.6-129.0 (Ar), 84.0 (C-3), 81.7 (C-4), 74.39 (CHa), 74.36
(CHa), 73.5 (CHa), 69.8 (C-6), 64.5 (C-5).

IR (ATR, cm™): 3029, 2929, 2866, 1701, 1496, 1453, 1395, 1359, 1204,
1092, 1027, 911, 732.

HRMS (ESI): m/z [M+H]" calcd. for Ca6H2003N2: 417.2178, found:
417.2172.
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(2R,3R,4R)- 3,4-dihydroxy-2-(hydroxymethyl)-5-iminopyrrolidine
hydrochloride (D-40)

A solution of compound D-42 (65 mg, 0.16 mmol) and Pd/C (170 mg,
10 equiv.) in EtOH/TFA (5 mL, 9:1) was hydrogenated at 1 atm for 20 h
at rt. The mixture was filtered through Celite with the aid of MeOH. The
filtrate was concentrated under reduced pressure. The residue was added
methanolic HCI and concentrated under reduced pressure. The resulting
HCI salt was subjected to gravity column chromatography (MeCN/H>O
97:3). Collection of the appropriate fractions (Rr= 0.22, MeCN/H»O 8:2)
provided compound D-40 (23.1 mg, 0.158, 99%) as a white wax;
[a]3%2°C =+ 15.1 (¢ 0.53 in MeOH).

TH NMR (D,0, 400 MHz): § = 4.88 (d, Ja3 = 7.8 Hz, 1H, H-4), 4.23 (dd,
Jsa = 7.8 Hz, J32 = 6.6 Hz, 1H, H-3), 3.95-3.91 (m, 1H, H-2a), 3.78-
3.73 (m, 2H, H-2'b + H-2).

13C NMR (D;0, 100 MHz): & = 168.7 (C=N), 75.9 (C-4), 74.8 (C-3),
62.3 (C-2), 59.2 (C-2").

IR (ATR, cm™): 3153, 1699, 1405, 1333, 1271, 1200, 1096, 1042, 990,
922, 886.

HRMS (ESI): m/z [M+H]" calcd. for CsHigOsN2: 147.0769; found
147.0764.
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OBn
l, Na

BnOJ/\/CN

OBn
2,3,5-Tri-0O-benzyl-4-azid 0-4-deoxy-L-arabinonitrile (L-41)

Step 1: To a solution of alcohol D-33 (222 mg, 0.53 mmol) in DCM (5
mL) at 0 °C was added pyridine (0.10 mL, 1.33 mmol, 2.5 equiv.). The
reaction mixture was stirred for 10 min prior to dropwise addition of
triflic anhydride (0.11 mL, 0.66 mmol, 1.25 equiv.). The reaction
mixture was further stirred at 0 °C for 15 min. before being diluted with
DCM (50 mL), washed with ice cold HCI (15 mL, 1 M), followed by sat.
aq. NaHCO3 (20 mL), dried over Na;SOs, and filtered. The residue (Ry=
0.71; Pet. ether/EtOAc, 7:3) was concentrated under reduced pressure
and used directly in the following step.

Step2: To a solution of the residue from step 1 in DMF (5 mL) at 0 °C
was added NaNj3 (58 mg, 0.89 mmol). The reaction was stirred for 1 h
and then added water (50 mL) and extracted with EtOAc (100 mL). The
organic fraction was concentrated under reduced pressure and the residue
was subjected to flash column chromatography (Pet. ether/EtOAc 9:1).
Collection of the appropriate fractions (R = 0.37, Pet. ether:EtOAc 9:1)
provided azide L-41 (182 mg, 78%) as a clear colorless oil; [a]3>¢ "¢ =+
53 (¢ 2.0 in CHCI3).

TH NMR (CDCls, 400 MHz): § = 7.41-7.27 (m, 15H, ArH), 4.92 (d, J =
11.7 Hz, 1H, CHPh), 4.87 (d, /= 10.9 Hz, 1H, CHPh), 4.61 (d, /= 10.9
Hz, 1H, CHPh), 4.57 (d,J = 11.7 Hz, 1H, CHPh), 4.52 (br. s, 2H, CHPh),
441 (d,J=2.7 Hz, H-2), 3.81-3.79 (m, 3H), 3.70-3.66 (m, 1H).

13C NMR (CDCls, 100 MHz): § = 137.5 (ArC), 136.9 (ArC), 135.3
(ArC), 128.9-128.8 (ArCH), 128.64-128.56 (ArCH), 128.4 (ArCH),
128.1 (ArCH), 127.9 (ArCH), 117.0 (CN), 77.9 (C-3), 75.3 (CH,Ph),
73.6 (CH,Ph), 72.9 (CH,Ph), 68.8 (C-2), 67.4 (C-5), 60.2 (C-4).
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IR (ATR, cm™): 3065, 3030, 2923, 2870, 2101, 1497, 1455, 1398, 1362,
1315, 1269, 1210, 1094, 1028, 915, 820, 737.

HRMS (ESI): m/z [M+Na]" calcd. for C26H2603N4Na: 465.1902; found,
465.1900.

©
BnO H cl
L, NENH,

g’ “oBn

(35,4S,55)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)-2-
iminopyrrolidine hydrochloride (L-42)

A suspension of Pd/C (1 mg, 6 mol%) and azide L-41 (62 mg, 0.14
mmol) in EtOH (2 mL) was added acetic acid (2 drops) and hydrogenated
at rt for 16 h. The reaction mixture was then filtered through Celite by
the aid of MeOH. The residue was converted to the HCI salt by
evaporation from methanolic HCI (0.5 M, 5 mL) and then subjected to
flash column chromatography (CHCl3/MeOH (0.1 M HCI)195:5).
Collection of the appropriate fractions (Rf = 0.35, CHCl3/MeOH (0.1 M
HCI) 9:1) provided amidine L-42 (61 mg, 0.134 mmol, 96%) as a clear
slightly yellow oil; [a]2%1°C =- 6 (c 1.0 in MeOH).

IH NMR (D0, 400 MHz): & = 7.34-7.26 (m, 15H), 4.83 (d, J3.4 = 4.6
Hz, 1H, H-3),4.76 (d,J= 11.5 Hz, 1H, CHPh), 4.67 (d, J= 11.5 Hz, 1H,
CHPh), 4.56-4.48 (m, 4H, CHPh), 4.26 (t, J = 4.4 Hz, 1H, H-4), 3.98
(app. q, J = 4.5 Hz, 1H, H-5), 3.64 (dd, J = 4.2, 10.3 Hz, 1H, H-6), 3.53
(dd, J=5.0, 10.3 Hz, 1H, H-6).

13C NMR (D,0, 100 MHz): 5 = 168.8 (C=N), 138.9 (Ar), 138.6 (Ar),
138.1 (Ar), 129.6-129.0 (Ar), 84.0 (C-3), 81.7 (C-4), 74.39 (CHa), 74.36
(CHa), 73.5 (CHa), 69.8 (C-6), 64.5 (C-5).
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IR (ATR, cm™): 3029, 2929, 2866, 1701, 1496, 1453, 1395, 1359, 1204,
1092, 1027, 911, 732.

HRMS (ESI): m/z [M+H]" caled. for Ca6H2903N2: 417.2178; found:
417.2174.

o
HO H @CI
L, N&.NH,

pes

HO “OH

(25,35,45)-3,4-dihydroxy-2-(hydroxymethyl)-5-iminopyrrolidine
hydrochloride (L-40)

A solution of compound L-42 (59 mg, 0.13 mmol) and Pd/C (138 mg, 10
equiv.) in EtOH/TFA (5 mL, 9:1) was hydrogenated at rt for 18 h. The
mixture was filtered through Celite with the aid of MeOH. The filtrate
was added 0.5 M methanolive HCI (1 mL) and concentrated under
reduced pressure. The resulting HCl salt was subjected to gravity column
chromatography (MeCN/H20O 97:3). Collection of the appropriate
fractions (Rr = 0.25-0.38, MeCN/H>O 8:2) provided compound L-40
(21.4 mg, 90%) as a white wax; [a]3%2 " =- 16 (c 0.50 in MeOH).

TH NMR (D;0, 400 MHz): §=4.89 (d, Ja3 = 7.8 Hz, 1H, H-4), 4.24 (dd,
Js2= 6.6 Hz, Js4 = 7.8 Hz, 1H, H-3), 3.94 (ddd, /o> = 4.7 Hz, Jo3 = 6.6
Hz, J= 12.6 Hz, 1H, H-2), 3.76 (ddd, Jra2s = 1.3 Hz, Joo = 4.7 Hz, J =
12.6 Hz, 2H, H-2")

13C NMR (D;0, 100 MHz): § = 168.6 (C=N), 75.9 (C-4), 74.7 (C-3),
62.2 (C-2), 59.2 (C-2)).

IR (ATR, em™): 3153, 1699, 1405, 1333, 1271, 1200, 1096, 1042, 990,
922, 886.
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HRMS (ESI): m/z [M+H]" calcd. for CsH;oO3N2: 147.0769.; found,
147.0766.

OBn l}lHBoc OBn l}lHBoc
NH s, NH
+
Bn:((CN Bno“'i‘/CN
OBn OBn
D-44 D-xyl-44

2,3,5-Tri-0O-benzyl-4-(2-tert-butoxycarbonyl)hydrazinyl-4-deoxy-D-
arabinonitrile (D-44) + 2,3,5-Tri-O-benzyl-4-(2-tert-
butoxycarbonyl)hydrazinyl-4-deoxy-L-xylononitrile (L-xy/-44)

Step 1: To a solution of DMSO (1.56 mL, 21.9 mmol) in DCM (12 mL)
at -78 °C under nitrogen was dropwise added oxalyl chloride (0.93 mL,
11.0 mmol). The resultant mixture was stirred for 10 min before a
solution of alcohol L-33 (592 mg, 1.42 mmol) in DCM (12 mL) was
dropwise added. The reaction mixture was further stirred at -78 °C for 2
h before slow addition of EtsN (8.14 mL, 41.2 mmol). The mixture was
stirred at -78 °C for 30 min and then at 0 °C for 30 min before the reaction
mixture was added water (70 mL) and the aqueous phase was extracted
with DCM (70 mL x 3). Organic fractions were combined, dried
(MgS0sas), filtered, and concentrated under reduced pressure.

Step 2: The residue from step 1 was dissolved in THF:EtOH (1:1, 8.5
mL) at 0 °C under nitrogen and was added AcOH (0.49 mL) followed by
tert-butylcarbazate (377 mg, 2.85 mmol). The resulting reaction was
stirred at room temp. for 20 h. The mixture was then added AcOH (0.49
mL) followed by NaCNBH3 (844 mg, 13.4 mmol). The resulting reaction
mixture was then stirred at room temp. for another 20 h before adding
sat. aq. NaHCO; (70 mL). The aq. phase was extracted with EtOAc (70
mL x 3) and the organic fractions were combined, dried (MgSOs),
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filtered, and concentrated under reduced pressure. The residue was
subjected to flash chromatography (Pet. ether/EtOAc 95:5 - 9:1).
Collection of the appropriate fractions (Rr= 0.28, Pet. ether/EtOAc 9:1)
provided compound D-44 and L-xy/-44 as a mixture of diastereomers (2:3
by 'H NMR analysis) (558 mg, 74%) as a clear slightly yellow oil.

TH NMR (CDCls, 400 MHz): & = 7.38-7.30 (m, 30 H), 6.05 (br. s, 1H,
NH, L-xyl-44), 5.84 (brs, 1H, NH, D-44), 4.94 (d, J»3 = 3.9 Hz, 1H, H-2,
L-xyl-44), 4.91-4.86 (m, 4H, CHPh), 4.77 (d, 25 = 3.7 Hz, 1H, H-2, D-
44), 4.69-4.41 (m, 8H, CHPh), 4.26-4.22 (m, 2H, NH), 3.90 (dd, J»3 =
3.9 Hz, J34 = 6.5 Hz, 1H, H-3, L-xyl-44), 3.85 (dd, J»3 = 3.7 Hz, J34 =
7.0 Hz, 1H, H-3, D-44), 3.74 (dd, Js.4 = 4.4 Hz, Jsa50 = 9.7 Hz, 1H, H-
5a, D-44), 3.64 (dd, Jsas = 4.4 Hz, Jsasy = 9.8 Hz, 1H, H-5a, L-xyl-44),
3.61-3.57 (m, 1H, H-5b, D-44), 3.54 (dd, Jsv4 = 6.3 Hz, Jsp5. = 9.8 Hz,
1H, H-5b, L-xyl-44), 3.34-3.27 (m, 2H, H-4), 1.46 (s, 18H).

13C NMR (CDCls, 100 MHz): & = 156.60 (CO), 156.57 (CO), 137.9
(ArC), 137.8 (ArC), 137.6 (ArC), 137.4 (ArC), 136.2 (ArC), 135.9
(ArC), 128.6-127.9 (ArCH), 117.7 (CN), 117.1 (CN), 80.5 (C), 78.0 (C-
3 (L-xyl-44)), 77.95 (C-3 (D-44)), 74.8 (CHa), 74.5 (CHo), 73.4 (CHa),
72.9 (CHa), 71.4 (C-2 (L-xvi-44)), 68.3 (C-2 (D-44)), 67.8 (C-5 (L-xyl-
44)), 67.7 (C-5 (D-44)), 60.6 (C-4), 28.3 (CH3).

IR (ATR, cm™): 3339, 3014, 2979, 2929, 2870, 1718, 1497, 1454, 1393,
1367, 1249, 1216, 1157, 1088, 1073, 1028

HRMS (ESI): m/z [M+H]" calcd. for C31H330sN3: 532.2806; found:
532.2802.
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OBn NHBoc
NH

BnO" CN

OBn

2,3,5-Tri-O-benzyl-4-(2-tert-butoxycarbonyl)hydrazinyl-4-deoxy-D-
arabinonitrile (D-44)

Step 1: To a solution of alcohol L-33 (200 mg, 0.48 mmol) in DCM (4
mL) at 0 °C was added pyridine (0.1 mL, 1.24 mmol, 2.6 equiv.). The
reaction mixture was stirred for 10 min prior to dropwise addition of
triflic anhydride (0.1 mL, 0.60 mmol, 1.25 equiv.). The reaction mixture
was further stirred at 0 °C for 15 min. before being diluted with DCM
(20 mL), washed with cold HCI (10 mL, 1 M), sat. aq. NaHCO3 (12 mL),
dried over MgSOys, and filtered. The residue (Ry=0.71, Pet. ether/EtOAc
7:3) was concentrated under reduced pressure and used directly in the
following step.

Step 2: To a solution of the triflate from step 1 in THF (1.5 mL) at 0 °C
was added tert-butylcarbazate (320 mg, 2.42 mmol, 5 equiv.). The
reaction was stirred at room temp. for 44 h before volatiles were removed
under reduced pressure. The residue was subjected to flash column
chromatography (Pet. ether/EtOAc 95:5 — 9:1). Collection of the
appropriate fractions (Ry = 0.28, Pet. ether/EtOAc 9:1) provided

hydrazide D-44 (138 mg, 54 %) as a clear white oil; [a] 254°¢=-8 (¢ 1.0
in CHCl3).

'H NMR (CDCls, 400 MHz): § = 7.36-7.28 (m, 15 H), 5.77 (br. s, 1H,
NH), 4.88 (d,/=11.5 Hz, IH, CHPh), 4.84 (d, /= 11.1 Hz, 1H, CHPh),
4.73 (d, J>3 3.7 Hz, 1H, H-2), 4.64 (d, J=11.1 Hz, 1H, CHPh), 4.57 (d,
J=11.5Hz, 1H, CHPh), 4.52 (d, /= 11.8 Hz, 1H, CHPh), 4.45 (d, J =
11.8 Hz, 1H, CHPh), 3.82 (dd, J23 3.7, J34 7.0 Hz, 1H, H-3), 3.71 (dd,
J50,4 4.4, Jsa56 9.7 Hz, 1H, H-5a), 3.60 (dd, J55,4 5.7, J5b,54 9.7 Hz, 1H, H-
5b), 3.27 (ddd, J4 5. 4.4, J45 5.7, J43 7.0 Hz, 1H, H-4), 1.44 (s, 9H).
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13C NMR (CDCls, 100 MHz): 8 = 156.7 (CO), 137.9 (ArC), 137.5 (ArC),
136.0 (ArC), 128.8-128.0 (ArCH), 117.8 (CN), 80.6 (C), 78.1 (C-3), 74.9
(CH,Ph), 73.5 (CH,Ph), 72.9 (CH2Ph), 68.3 (C-2), 67.8 (C-5), 60.5 (C-
4), 28.4 (CHs).

IR (ATR): 3339, 3014, 2979, 2929, 2870, 1718, 1497, 1454, 1393, 1367,
1249, 1216, 1157, 1088, 1073, 1028 cm™".

HRMS (ESI): m/z [M+H]" caled. for C3;H330sN3: 532.2806; found:
532.2802.

BnO I}le Cl

KCZ%NHZ

BnO OBn

(2R,3R,4R)-1-Amino-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-
iminopyrrolidine hydrochloride (D-46)

To a solution of nitrile D-44 (140 mg, 0.26 mmol) in DCM (10 mL) at rt
was added TFA (2 mL) dropwise. The reaction mixture was stirred at rt
for 3 h before toluene was added and the volatiles were removed in
vacuo. The residue was then purified by flash column chromatography
(DCM/MeOH (0.1 M HCI) 94:6). Collection of the appropriate fractions
(Rf = 0.35, DCM/MeOH (0.1 M HCI) 9:1) provided compound D-46
(98.3 mg, 88%) as a clear colorless oil; [@]%72 " =- 11 (¢ 0.20 in MeOH).

H NMR (MeOD, 400 MHz): § = 7.34-7.25 (m, 15H, ArH), 4.82 (d, J43
=3.9 Hz, 1H, H-4), 4.73 (d, J = 11.5 Hz, 1H, CHPh), 4.63 (d, J=11.5
Hz, 1H, CHPh), 5.59 (d, J= 11.8 Hz, 1H, CHPh), 4.48 (bs, 2H, CHPh),
447 (d,J=11.8 Hz, 1H, CHPh), 4.25 (t, J = 3.9 Hz, 1H, H-3), 3.96 (m,
1H, H-2), 3.89 (dd, J2a2 = 3.4 Hz, Jou25 = 10.9 Hz, 1H, H-2’a), 3.63
(dd, Jo5,2 = 3.2 Hz, Jo324= 10.9 Hz, 1H, H-2’b).

130



Experimental Methods

13C NMR (MeOD, 100 MHz): § = 166.7 (C=N), 138.9 (ArC), 138.4
(ArC), 138.1 (ArC), 129.6-129.1 (ArCH), 82.3 (C-2), 79.6 (C-3), 74.2
(CH,Ph), 74.0 (CH,Ph), 73.3 (CH2Ph), 71.0 (C-4), 66.3 (C-4°).

IR (ATR, cm™): 3029, 2929, 2110, 1953, 1882, 1811, 1702, 1624, 1495,
1453, 1362, 1261, 1209, 1121, 1099, 1063, 1028, 971, 915.

HRMS (ESI): m/z [M+H]" caled. for Ca6H3003N3: 432.2282; found:
432.2276.

©
Ho NHz Ci

kCZ@NHZ

HO OH

(2R,3R,4R)-1-Amino-3,4-dihydroxy-2-(hydroxymethyl)-5-
iminopyrrolidine hydrochloride (D-47)

A degassed suspension of compound D-46 (98 mg, 0.23 mmol) and Pd/C
(280 mg, 11.4 equiv.) in EtOH/TFA (10 mL, 9:1) was hydrogenated at 1
atm. at room temp for 19 h. The reaction mixture was then filtered
through Celite by the aid of EtOH before the filtrate was concentrated by
vacuo. The residue was dissolved in methanolic HCI (0.5 M) and
evaporated to dryness to afford the HCl salt. The salt residue was purified
by flash column chromatography (MeCN/H>O 92:8). Collection of the
appropriate fractions (Ry = 0.42, MeCN/H,0 (0.1 M HCI) 85:15)
provided compound D-47 (40 mg, 90%) as yellow solids; mp 156.0-
156.2 °C (decomposes). [a]32 " =-5.7 (¢ 0.35 in MeOH)

TH NMR (D0, 400 MHz): & = 4.83 (d, J43 = 7.0 Hz, 1H, H-4), 4.27 (t,
J=17.0 Hz, 1H, H-3), 4.13 (dd, J2a2= 2.6 Hz, J>a2 = 13.3 Hz, 1H, H-
2°a), 3.87 (dd, Jrba = 2.5 Hz, Jovoa = 13.3 Hz, 1H, H-2’b), 3.72 (app.
dt, oo = 2.5 Hz, Jo3 = 7.0 Hz, 1H, H-2).
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13C NMR (D;0, 100 MHz): § = 167.4 (C=N), 74.1 (C-4), 72.7 (C-3),
68.7 (C-2), 55.5 (C-6).

IR (ATR): 3369, 2125, 1724, 1624, 1205, 1109, 1063 cm™.

HRMS (ESI): m/z [M+H]" caled. for CsHi203N3: 162.0873; found:
162.0871.

7
oLy, 40

HO NH ClI

|
@
2,\\<EZ/—NH2

HO OH

(2R,3R,4R)-1-(Ethylamino)-3,4-dihydroxy-2-(hydroxymethyl)-5-
iminopyrrolidine hydrochloride (D-48)

A degassed suspension of compound D-46 (95 mg, 0.20 mmol) and Pd/C
(235 mg) in EtOH/TFA (2 mL, 9:1) was hydrogenated at 1 atm at rt for
48 h. The reaction mixture was then filtered through Celite and washed
with EtOH before the filtrate was concentrated in vacuo. The residue was
dissolved in methanolic HCI (0.5 M) and evaporated to dryness to afford
the HCl salt. The salt residue was purified by flash column
chromatography (MeCN/H2O 88:12). Collection of the appropriate
fractions (Rf= 0.44, MeCN/H-0, 9:1) provided compound D-48 (39 mg,
85%) as a yellow solid; mp 130.2—130.4 °C (decomposes); [a]3>2 ¢ =+
12.0 (¢ 0.17 in MeOH).

TH NMR (D20, 400 MHz): & = 4.90 (d, Ja3 = 6.9 Hz, 1H, H-4), 4.31
(app. t, J= 6.8 Hz, 1H, H-3), 4.07 (dd, J2°a2» = 13.0 Hz, J>v2 = 2.6 Hz,
1H, 2’a), 4.03 (dt, /o3 = 6.7 Hz, Jo2, = 2.7 Hz, J>2'a = 2.6 Hz, 1H, H-2),
3.90 (dd, J2'b2’a=13.0 Hz, J>,2 =2.7 Hz, 1H, 2°b), 3.04 (dq, Jea,eb = 11.7
Hz, Jsa7 = 7.3 Hz, 1H, H-6a), 2.91 (dq, Jebea = 11.7 Hz, Jev7 = 7.1 Hz,
1H, H-6b), 1.09 (app. t, /= 7.2 Hz, 3H, H-7).
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13C NMR (D0, 100 MHz): & = 167.9 (C=N), 73.9 (C-4), 73.0 (C-3),
64.8 (C-2), 56.0 (C-2), 42.0 (C-6), 11.8 (C-7).

IR (ATR, cm ™ 1): 3215, 2977, 2934, 2878, 2110, 1702, 1637, 1454, 1383,
1332, 1276, 1201, 1103, 1063, 905.

HRMS (ESI): m/z [M + H]" caled for C7H;603N3, 190.1186; found,
190.1184.

OBn l}lHBoc
L, NH
CN
BnO Y
OBn

2,3,5-Tri-O-benzyl-4-(2-tert-butoxycarbonyl)hydrazinyl-4-deoxy-L-
arabinonitrile (L-44)

Step 1: To a solution of alcohol D-33 (334 mg, 0.8 mmol) in DCM (7
mL) at 0 °C was added pyridine (0.16 mL, 2.0 mmol, 2.5 equiv.). The
reaction mixture was stirred for 10 min prior to dropwise addition of
triflic anhydride (0.17 mL, 1.0 mmol, 1.25 equiv.). The reaction mixture
was further stirred at 0 °C for 15 min. before being diluted with DCM
(60 mL), washed with ice cold HCI (15 mL, 1 M), sat. aq. NaHCO3 (20
mL), dried over NaxSOu4, and filtered. The residue (Rf = 0.71; Pet.
ether/EtOAc, 7:3) was concentrated under reduced pressure and used
directly in the following step.

Step 2: A suspension of fert-butylcarbazate (1.06 g, 8.0 mmol, 10 equiv.)
and 4A MS was stirred in THF (4.5 mL) for 24 hours. The suspension
was then added a solution of the triflate from step 1 in THF (4.5 mL).
The reaction was stirred at rt for 4 days before volatiles were removed
under reduced pressure. The residue was subjected to flash column
chromatography (Pet. ether/EtOAc 23:2 - 17:3). Collection of the
appropriate fractions (Ry = 0.39, Pet. ether/EtOAc 3:1) provided
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hydrazide L-44 (277 mg, 66 %) as a clear slightly white oil; [a] 2>%°C =
+ 8 (¢ 1.0 in CHCI).

IH NMR (CDCls, 400 MHz): §=7.37-7.29 (m, 15 H), 5.83 (m, 1H, NH),
4.89 (d,J = 11.5 Hz, 1H, CHPh), 4.85 (d, /= 11.1 Hz, 1H, CHPh), 4.76
(d, J23 3.7 Hz, 1H, H-2), 4.66 (d, J = 11.1 Hz, 1H, CHPh), 4.58 (d, J =
11.5 Hz, 1H, CHPh), 4.54 (d, J=11.8 Hz, 1H, CHPh), 4.46 (d, /J=11.8
Hz, 1H, CHPh), 4.21 (br. s, 1H, NH), 3.84 (dd, J»; 3.7, J3.4 7.0 Hz, 1H,
H-3),3.73 (dd, Jsas 4.4, 555 9.7 Hz, 1H, H-5a), 3.62 (dd, Jsp.4 5.7, Jss.5a
9.7 Hz, 1H, H-5b), 3.30 (ddd, J¢s5. 4.4, J4s55 5.7, J43 7.0 Hz, 1H, H-4),
1.45 (2 br.s, 9H).

13C NMR (CDCls, 100 MHz): § = 156.7 (C=0), 137.9 (Ar), 137.5 (Ar),
136.0 (Ar), 128.8-128.0 (Ar), 117.8 (CN), 80.6 (C), 78.1 (C-3), 74.9
(CH,Ph), 73.5 (CH, Ph), 72.9 (CHa Ph), 68.3 (C-2), 67.8 (C-5), 60.5 (C-
4), 28.4 (CHs).

IR (ATR, cm™'): 3339, 3014, 2979, 2929, 2870, 1718, 1497, 1454, 1393,
1367, 1249, 1216, 1157, 1088, 1073, 1028 cm™".

HRMS (ESI): m/z [M+Na]" caled for C31H3705N3Na: 554.2630; found:
554.2626.

S
Bno  NHz Cl
V. N@.NH,

BnO  ©OBn

(25,35,45)-1-Amino-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-
iminopyrrolidine hydrochloride (L-46)

To a solution of compound L-44 (165 mg, 0.31 mmol) in DCM at rt under
argon was added TFA dropwise. The reaction was kept stirring for 2 h
before volatiles were removed under reduced pressure. The residue was
dissolved in methanolic HCI (0.2 M) and evaporated to afford the HCL-
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salt. The residue was subjected to flash column chromatography
(CH3Cl/MeOH (0.1 M HCI) 9:1). Collection of the appropriate fractions
(Rf = 0.25, CH3Cl/MeOH (0.1 M HCI) 9:1) provided compound L-46
(128 mg, 88%) as a clear slightly yellow oil; [a]3”° ™ =+ 10 (¢ 0.20 in
MeOH).

TH NMR (MeOD, 400 MHz): § = 7.36-7.25 (m, 15 H, ArH), 4.82 (d, J43
=3.8 Hz, 1H, H-4), 4.73 (d, J = 11.5 Hz, 1H, CHPh), 4.63 (d, J= 11.5
Hz, 1H, CHPh), 4.59 (d, J= 11.7 Hz, 1H, CHPh), 4.48 (d, /= 11.7 Hz,
1H, CHPh), 4.48 (br. s, 2H, CHPh), 4.25 (t, J = 3.8 Hz, 1H, H-3), 3.97
(m, 1H, H-2), 3.89 (dd, Jea2 = 3.5 Hz, Jeagb = 10.8 Hz, 1H, H-6a), 3.63
(dd, Jeba = 2.8, Jeago = 10.8 Hz, 1H, H-6b).

13C NMR (MeOD, 100 MHz): § = 166.6 (C=N), 138.8 (Ar), 138.4 (Ar),
138.1 (A1), 129.5-129.0 (A1), 82.2 (C-4), 79.5 (C-3), 74.2 (CHa), 74.0
(CH,), 73.3 (CH), 70.9 (C-2), 66.3 (C-6).

IR (ATR, cm ™ 1): 3029, 2929, 2110, 1953, 1882, 1811, 1702, 1624, 1495,
1453, 1362, 1261, 1209, 1121, 1099, 1063, 1028, 971, 915.

HRMS (ESI): m/z [M+H]" calcd for Ca6H3003N3, 432.2287; found,
432.2283.

°
Ho NHz Ci
Vo NN,

HOS—Y;H
(25,35,45)-1-Amino-3,4-dihydroxy-2-(hydroxymethyl)-5-
iminopyrrolidine hydrochloride (L-47)

A suspension of compound L-46 (30 mg, 0.064 mmol) and Pd/C (84 mg,
0.79 mmol) in 9:1 EtOH/TFA (2.5 mL) was hydrogenated at rt for 18 h.
The reaction mixture was then filtered through celite by the aid of
methanol (10 mL). The filtrate was added a solution of methanolic HCI
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(10 mL) and evaporated to afford the HCI-salt. The residue was subjected
to gravity column chromatography (MeCN/H2O 97:3). Collection of the
appropriate fractions (Rr = 0.29, MeCN/H20 (0.1 M HCI) 8:2) provided
compound L-47 (12 mg, 0.061 mmol, 95%) as a yellow solid; mp: 156-

156.5 °C; [a] 262°C = + 5.4 (¢ 0.37 in MeOH).

TH NMR (D0, 400 MHz): & = 4.83 (d, J43 = 7.0 Hz, 1H, H-4), 427 (t,
J=17.0 Hz, 1H, H-3), 4.13 (dd, Jsa2 = 2.6 Hz, Jsw = 13.3 Hz, 1H, H-
6a), 3.87 (dd, Js2 = 2.5 Hz, Jansa = 13.3 Hz, 1H, H-6b), 3.72 (app. dt,
Jos=2.5Hz, Jo3="7.0 Hz, 1H, H-2).

13C NMR (D;0, 100 MHz): § = 167.4 (C=N), 74.1 (C-4), 72.7 (C-3),
69.0 (C-2), 55.6 (C-6).

IR (ATR, cm 1) 3369, 2125, 1724, 1624, 1205, 1109, 1063 cm’".

HRMS (ESI): m/z [M+H]" calcd. for CsHi2O3N3: 162.0878; found
162.0874.

HO  OH

(25,35,45)-1-(Ethylamino)-3,4-dihydroxy-2-(hydroxymethyl)-5-
iminopyrrolidine hydrochloride (L-48)

A suspension of compound L-46 (20 mg, 0.043 mmol) and Pd/C (70 mg,
0.65 mmol) in 9:1 EtOH/TFA (2.5 mL) was hydrogenated at rt for 47 h.
The reaction mixture was then filtered through celite by the aid of
methanol (10 mL). The filtrate was added a solution of methanolic HCI
(10 mL) and evaporated to afford the HCl-salt. The residue was subjected
to gravity column chromatography (MeCN/H2O 97:3). Collection of the
appropriate fractions (Rr = 0.45, MeCN/H20 (0.1 M HCI) 4:1) provided
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compound L-48 (1.7 mg, 7.5 pumol, 17%) as a yellow solid; mp = 130.0-
131.0 °C (decomposes); [a]3>2 ™ = - 12 (¢ 0.17 in MeOH).

TH NMR (D0, 400 MHz): § = 4.90 (d, J13 = 6.9 Hz, 1H, H-4), 4.31
(app. t, J = 6.8 Hz, 1H, H-3), 4.07 (dd, J2'a2v =13.0 Hz, J>'a2 = 2.6 Hz,
1H, 2’a), 4.03 (dt, />3 = 6.7 Hz, Jo2, = 2.7 Hz, J>2'a = 2.6 Hz, 1H, H-2),
3.90 (dd, J2'b2’a=13.0 Hz, J>,2 =2.7 Hz, 1H, 2°b), 3.04 (dq, Jea,eb = 11.7
Hz, Jsa7 = 7.3 Hz, 1H, H-6a), 2.91 (dq, Jebea = 11.7 Hz, Jeb7 = 7.1 Hz,
1H, H-6b), 1.09 (app. t, /= 7.2 Hz, 3H, H-7).

13C NMR (D0, 100 MHz): § = 167.9(C=N), 73.9 (C-4), 73.0 (C-3),
64.8 (C-2), 56.0 (C-2°), 42.0 (C-6), 11.8 (C-7).

IR (ATR, cm™'): 3215, 2977, 2934, 2878, 2110, 1702, 1637, 1454, 1383,
1332, 1276, 1201, 1103, 1063, 905.

HRMS (ESI): m/z [M + H]+ calcd for C7H1603N3, 190.1191; found,
190.1186.

BnO H QH
N

(3R,4R,5R,)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-
one oxime (D-54)

Step 1: To a solution of alcohol L-33 (271 mg, 0.65 mmol) in DCM (10
mL) at 0 °C was added pyridine (0.13 mL, 1.63 mmol, 2.5 equiv.). The
reaction mixture was stirred for 10 min prior to dropwise addition of
triflic anhydride (0.13 mL, 0.81 mmol, 1.25 equiv.). The reaction
mixture was further stirred at 0 °C for 15 min. before being diluted with
DCM (60 mL), washed with ice cold HC1 (20 mL, 1 M), followed by sat.
aq. NaHCO3 (30 mL), dried over Na;SOs, and filtered. The residue (Ry=
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0.71, Pet. ether/EtOAc 7:3) was concentrated under reduced pressure and
used directly in the following step.

Step 2: To a solution of sodium (58 mg, 2.52 mmol) dissolved in EtOH
(3 mL) was added NH;OH<*HCI (275 mg, 3.96 mmol) and 4 A MS (5
mg) at rt. The heterogeneous mixture was stirred for 10 min before
adding a solution of the residue from step 1 in EtOH (3 mL) at 0 °C. The
resulting reaction mixture was stirred at rt for 24 h. Volatiles were then
removed under reduced pressure and the residue was subjected to flash
column chromatography (CHCIl3/MeOH 95:5). Collection of the
appropriate fractions (Rf = 0.40, CHCI;/MeOH 95:5) provided
compounds D-7ibo-54 (6.3 mg, 2%), D-54 (103 mg, 36%), and a mixture
of D-ribo-54 and D-54 (57.5 mg, 21%) as clear colorless oils.

[a]3*0°C =14 (¢ 1.0 in CHCl3)

TH NMR (MeOD, 400 MHz): § = 7.33-7.26 (m, 15H, ArH), 4.77 (d, Ja3
= 3.5 Hz, 1H, H-4), 4.70 (d, /= 11.4 Hz, 1H, CHPh), 4.60 (d, /=114
Hz, 1H, CHPh), 4.53 (d, J = 12.0 Hz, 2H, CHPh), 4.49 (d, J = 12.0 Hz,
2H, CHPh), 4.25 (t, J = 3.5 Hz, 1H, H-3), 3.96 (m, 1H, H-2), 3.62 (dd,
Jraow = 10.2 Hz, Joap = 5.2 Hz, 1H, H-2'a), 3.56 (dd, J2v2a = 10.2 Hz,
Jrva = 4.7 Hz, 1H, H-2'b).

13C NMR (MeOD, 100 MHz): § = 162.0 (C=N), 139.0 (ArC), 138.6
(ArC), 138.1 (ArC), 129.5-128.9 (ArCH), 82.5 (C-3), 82.2 (C-4), 74.3
(CHPh), 73.9 (CHPh), 73.1 (CHPh), 70.0 (C-2'), 64.3 (C-2).

IR (ATR, cm™): 3152, 3032, 2868, 1707, 1496, 1454, 1364, 1281, 1223,
1164, 1103, 913, 735.

HRMS (ESI): m/z [M+Na]" calcd. for C26H2304N2Na: 455.1946, found:
455.1940.
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BnO H OH
~OF
BnO  ©OBn

(3S,4R,5R)-3.,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-
one oxime D-ribo-54

[a]3#0°C =+ 4 (¢ 0.5 in CHCl3)

TH NMR (MeOD, 400 MHz): § = 7.32-7.27 (m, 15H, ArCH), 4.70 (d, J
= 11.5 Hz, 1H, CHPh), 4.56-4.50 (m, 6H, CHPh + H-3), 4.12 (t, /= 2.8
Hz, 1H, H-4), 3.85 (ddd, J5.4 = 2.8 Hz, Js.5 = 5.5 Hz, J5.5 = 5.9 Hz, 1H,
H-5), 3.56 (dd, Jsas = 6.0 Hz, Jsasu = 9.8 Hz, 1H, H-5'a), 3.53 (dd, Jsb.s
=5.6 Hz, Jsb.5a = 9.8 Hz, 1H, H-5').

13C NMR (MeOD, 100 MHz): § = 162.0 (C=N), 139.0 (ArC), 138.6
(ArC), 138.1 (ArC), 129.5-128.9 (ArCH), 82.5 (C-3), 82.2 (C-4), 74.3
(CHPh), 73.9 (CHPh), 73.1 (CHPh), 70.0 (C-2'), 64.3 (C-2).

IR (ATR, cm™): 3230, 3062, 3031, 2924, 2866, 1706, 1496, 1454, 1363,
1262, 1208, 1096, 1027, 736, 697.

HRMS (ESI): m/z [M+Na]" caled. for C26H2304N2Na: 455.1946, found:
455.1940.

{

BnO H 9
N

'

BnO OBn

(BR,4R,5R)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-
one O-ethyl oxime (D-55)

A solution of compound D-54 (10 mg, 0.023 mmol), iodoethane (0.4 mL,
5 mmol), and Cs>CO3 (7.5 mg, 1 equiv.) in MeCN (1 mL) was stirred for
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3 days until TLC analysis indicated full conversion from starting material
to product. Volatiles were then removed under reduced pressure. The
residue was subjected to flash column chromatography (Pet.
ether/EtOAc 5:1). Collection of the appropriate fractions (Rr= 0.52, Pet.
ether/EtOAc 3:1) provided compound D-55 (8.7 mg, 82%) as a clear
colorless oil.

TH NMR (CDCls, 400 MHz): § = 7.34-7.25 (m, 15H, ArH), 5.40 (br. s,
1H, NH), 4.93 (d, J = 11.7 Hz, 1H, CHPh), 4.60 (d, /= 11.7 Hz, 1H,
CHPh), 4.57 (d, J = 11.8 Hz, 1H, CHPh), 4.52 (d, J = 11.9 Hz, 1H,
CHPh), 4.51 (d, J = 11.8 Hz, 1H, CHPh), 448 (d, J = 11.9 Hz, 1H,
CHPh), 4.36 (d, J34 = 3.0 Hz, 1H, H-3), 4.03 (dq, J = 3.1, 7.0 Hz, 2H,
CH»), 3.87 (t,J= 3.0 Hz, 1H, H-4), 3.75 (m, 1H, H-5), 3.56 (dd, Jsa 5 =
5.2 Hz, Jsa5v = 9.2 Hz, 1H, H-5'a), 3.42 (dd, Jsvs = 8.2 Hz, Jsb,52 = 9.2
Hz, 1H, H-5'b), 1.26 (t,J= 7.0 Hz, 3H, CH3).

13C NMR (CDCls, 100 MHz): § = 154.3 (C=N), 137.89 (ArC), 137.85
(ArC), 137.5 (ArC), 128.5-127.7 (ArCH), 82.3 (C-4), 80.0 (C-3), 73.4
(CHPh), 72.2 (C-5"), 71.8 (CHPh), 71.6 (CHPh), 69.0 (CHa), 60.2 (C-5),
14.8 (CHs).

IR (ATR, cm™): 3062, 3032, 2925, 2857, 1735, 1668, 1496, 1454, 1377,
1362, 1314, 1287, 1207, 1090, 1055, 910, 869, 735, 697.

HRMS (ESI): m/z [M+H]" caled. for CasH3204N2: 461.2440; found
461.2438.

BnO" \N,-OH
OBn

(2R,3R45)-2,3,5-tris(benzyloxy)-/NV',4-dihydroxypentanimidamide
(L-57)
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A suspension of NHOH<HCI (50 mg, 6 equiv.) and 0.43 M NaOEt in
EtOH (0.84 mL, 3 equiv.) was stirred for 20 min before adding a solution
of compound L-33 (50 mg, 0.12 mmol) EtOH (2 mL). The resulting
reaction was stirred at rt under nitrogen for 19 h. Volatiles were then
removed under reduced pressure and the residue was subjected to flash
column chromatography (DCM/MeOH 95:5). Collection of the
appropriate fractions (Rr = 0.49, DCM/MeOH 9:1) provided compound
L-57 (39 mg, 73%) as a clear colorless oil; [a]3>°C =-10.7°(c 1.5 in
CHCl).

TH NMR (CDCls, 400 MHz): & = 7.34-7.28 (m, 15H, ArH), 4.92 (br. s,
2H, OH), 4.88 (d, J = 11.2 Hz, 1H, CHPh), 4.61 (d, J = 11.4 Hz, 1H,
CHPh), 4.59 (d, J = 11.2 Hz, 1H, CHPh), 4.50 (d, J = 12.0 Hz, 1H,
CHPh), 447 (d, J = 11.4 Hz, 1H, CHPh), 4.43 (d, J = 12.0 Hz, 1H,
CHPh), 4.32-4.28 (m, 1H, H-2), 3.98-3.95 (m, 1H, H-4), 3.76-3.74 (m,
1H, H-3), 3.51 (dd, J = 6.8, 9.3 Hz, 1H, H-5a), 3.41 (dd, J= 5.5, 9.3 Hz,
1H, H-5b).

13C NMR (CDCls, 100 MHz): & = 152.2 (C=N), 138.4 (ArC), 137.9
(ArC), 137.5 (ArC), 128.6-127.9 (ArCH), 80.2 (C-3), 79.3 (C-2), 75.3
(CH,Ph), 73.5 (CH2Ph), 72.1 (CH,Ph), 71.7 (C-5), 69.5 (C-4).

IR (ATR, cm™): 3479, 3354, 3063, 3030, 2920, 2865, 1785, 1664, 1575,
1496, 1453, 1364, 1209, 1089, 1073, 1027, 914, 821, 734.

HRMS (ESI): m/z [M+H]" calcd. for Ca6H30OsN2: 451.2233, found:
451.2229.

\(k'\i

HO OH

(BR,4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-one
oxime (D-58)
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A solution of compound D-54 (57 mg, 0.13 mmol) in DCM (10 mL) at -
78 °C under argon was added a solution of 1 M BCl3 in heptane (0.78
mL, 0.78 mmol). The reaction was stirred at -78 °C for 3 h and then
stirred at rt for 22 h. The reaction was then quenched with EtOH (4 mL)
at 0 °C. Volatiles were removed by reduced pressure and the residue was
subjected to gravity column chromatography (MeCN/H,O 98:2).
Collection of appropriate fractions (Rf= 0.37, MeCN/H>O 8:2) provided
compound D-58 (14.1 mg, 67%) as a clear white wax; [a]3*0 ™ =-25.8
(c 0.5 in MeOH).

'"H NMR (D20, 400 MHz): 6 =4.93 (d, Ja3 = 7.4 Hz, 1H, H-4), 4.24 (t,
J=17.2 Hz, 1H, H-3), 3.91-3.87 (m, 1H, H-2'a), 3.77-3.73 (m, 2H, H-
2+H-2'b).

13C NMR (D;0, 100 MHz): § = 162.7 (C=N), 75.2 (C-3), 74.9 (C-4),
62.4 (C-2), 59.0 (C-2").

IR (ATR, em™): 3162, 1701, 1405, 1333, 1271, 1200, 1096, 1042, 990,
922, 886.

HRMS (ESI): m/z [M+H]" calcd. For CsHioN2O4: 163.0718; found
163.0713.

HO H OH

\\Q?'\j

HO OH

(4R,5R)-3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-one  oxime
(D-ribo-58 + D-58)

A solution of compound D-ribo-54 + D-54 (50 mg, 0.11 mmol) in DCM
(10 mL) at -78 °C under argon was added a solution of 1 M BCl; in
heptane (0.66 mL, 0.66 mmol). The reaction was stirred at -78 °C for 3
h and then stirred at rt for 22 h. The reaction was then quenched with
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EtOH (4 mL) at 0 °C. Volatiles were removed by reduced pressure and
the residue was subjected to gravity column chromatography
(MeCN/H20O 98:2). Collection of appropriate fractions (Rf = 0.37,
MeCN/H20 8:2) provided a mixture of isomers D-ribo-58 and D-58 (11.0
mg, 62%) as a clear white wax.

TH NMR (D-0, 400 MHz): § = 5.13 (d, J34 = 5.3 Hz, 1H- H-3, D-ribo-
58), 4.93 (d, Js.4 = 7.4 Hz, 1H, H-3, D-58), 4.39 (dd, Ju3 = 5.3 Hz, Jus =
1.0 Hz, 1H, H-4, D-ribo-58), 4.25 (t, J = 7.2 Hz, 1H, H-4, D-58), 3.94
(td, Js4 = 1.0 Hz, Js.5 = 3.8 Hz, 1H, H-5, D-ribo-58), 3.93-3.88 (m, 1H,
H-5'a, D-58), 3.77-3.73 (m, 2H, H-5+H-5'b, D-58 + 2H, H-5', D-ribo-58)

13C NMR (D0, 100 MHz): § = 164.0 (C=N, D-ribo-58), 162.7 (C=N,
D-58), 75.3 (C-3, D-58), 74.9 (C-4, D-58), 71.1 (C-3, D-ribo-58), 70.9
(C-4, D-ribo-58), 67.0 (C-2, D-ribo-58), 62.5 (C-2, D-58), 60.6 (C-2', D-
ribo-58), 59.0 (C-2', D-58)

IR (ATR, cm™): 3163, 1698, 1405, 1333, 1271, 1202, 1096, 1042, 990,
923, 886

HRMS (ESI): m/z [M+H]" calcd. For CsHioN>Os: 163.0718; found
163.0712.

BnO H OH
VNN

Bnd  OBn

(35.,45,55,)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-
one oxime (L-54)

Step 1: To a solution of alcohol D-33 (125 mg, 0.3 mmol) in DCM (5
mL) at 0 °C was added pyridine (0.06 mL, 0.75 mmol, 2.5 equiv.). The
reaction mixture was stirred for 10 min prior to dropwise addition of
triflic anhydride (0.06 mL, 0.38 mmol, 1.25 equiv.). The reaction
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mixture was further stirred at 0 °C for 15 min. before being diluted with
DCM (30 mL), washed with ice cold HC1 (10 mL, 1 M), followed by sat.
aq. NaHCOs3 (15 mL), dried over Na;SOs, and filtered. The residue (Ry=
0.71, Pet. ether/EtOAc 7:3) was concentrated under reduced pressure and
used directly in the following step.

Step 2: Step 2: To a suspension of NH>OH<HCI (112.5 mg, 1.62 mmol)
in EtOH (2.0 mL) was added Et;N (0.23 mL, 1.62 mmol) dropwise at 0
°C under argon. The resulting mixture was stirred for 30 min at rt before
adding a solution of the residue from step 1 in EtOH (2.5 mL) at 0 °C
under argon. The resulting reaction mixture was stirred for 17 h at rt.
Volatiles were then removed under reduced pressure. The residue was
subjected to flash column chromatography (CH3Cl/MeOH, 99:1-->
96:4). Collection of the appropriate fractions (Rr = 0.34; CH3Cl/MeOH,
9:1) provided compound L-54 (34mg, 26%) and compound L-59 (22 mg,
17%) as clear colorless oils.

Spectroscopic data for L-54:
[a]3*5°C =+14 (¢ 1.0 in CHCl5)

'H NMR (MeOD, 400 MHz): 8 = 7.35-7.26 (m, 15H, ArH), 4.86 (d, Ja.
= 3.7 Hz, 1H, H-4), 4.69 (d, /= 11.4 Hz, 1H, CHPh), 4.61 (d, /=114
Hz, 1H, CHPh), 4.56-4.49 (m, 4H, CHPh), 4.32 (t, /= 3.7 Hz, 1H, H-3),
4.01 (app. dd, J=4.5 Hz, 8.3 Hz, 1H, H-2) 3.65 (dd, J2a2=4.5 Hz, J2421
=10.3 Hz, 1H, H-2'a), 3.58 (dd, Jov2=4.5 Hz, Jov2a=10.3 Hz, 1H, H-
2'b),

13C NMR (MeOD, 100 MHz): 5 = 162.8 (N=C), 138.9 (Ar), 138.5 (Ar),
137.9 Ar), 129.8-128.9 (Ar), 82.7 (C-4), 82.1 (C-3), 74.4 (CHa), 74.2
(CHa), 73.3 (CHa), 69.6 (C-2"), 64.7 (C-2).

IR (ATR, cm™): 3029, 2928, 2883, 2799, 1702, 1496, 1453, 1396, 1364,
1285, 1239, 1209, 1090, 1027, 911, 819, 733.
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HRMS (ESI): m/z [M+Na]" calcd. for C26H23804N2Na: 455.1946, found:
455.1941.

BnO H
\,, N__o

BnO'  OBn

(3R,4S5,55)-3,4-bis(benzyloxy)-5-((benzyloxy)methyl)pyrrolidin-2-
one (L-59)

The spectroscopic data were in full accord with the previously reported
data of the opposite enantiomer.'3*

[a]346°C =+ 2.2 (¢ 0.9 in CHCl3) (lit."** [a]p = -3.9 (¢ 0.77 in CHCl5)
opposite enantiomer)

IH NMR (MeOD, 400 MHz): & = 7.42-7.22 (m, 15H, Ar-H), 5.83 (br. s,
1H, NH), 5.12 (d, J = 11.5 Hz, 1H, CHPh), 4.80 (d, /= 11.5 Hz, 1H,
CHPh), 4.61 (d, J=11.7 Hz, 1H, CHPh), 4.51-4.49 (m, 3H, CHPh), 4.22
(d,J=5.8 Hz, 1H, H-4), 3.89 (t, J= 5.8 Hz, 1H, H-3), 3.70-3.66 (m, 1H,
H-2), 3.64-3.60 (m, 1H, H-6a), 3.34-3.29 (m, 1H, 6b).

13C NMR (MeOD, 100 MHz): = 173.0 (C=N), 137.7 (A1), 137.51 (Ar),
137.50 (Ar), 128.7-128.5 (Ar), 128.1-127.9 (Ar), 81.3 (C-3), 80.9 (C-4),
73.6 (CHa), 72.7 (CH,), 72.4 (CHa), 71.6 (C-6), 56.1 (C-2).

IR (ATR, cm™): 3213, 3062, 3030, 2920, 2559, 1707, 1496, 1453, 1356,
1310, 1280, 1206, 1092, 1026, 909, 819, 732.

HRMS (ESI): m/z [M+Na]" calcd. for C26H2704NNa: 440.1837, found:
440.1833.
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HO H IOH

\'...Sbe

HO'  OH

(35.,45,55)-3,4-dihydroxy-5-(hydroxymethyl)pyrrolidin-2-one oxime
(L-58)

A solution of L-54 (27 mg, 0.06 mmol) in DCM (6 mL) at -78 °C under
argon was added BCl3 (1 M in heptane, 0.36 mL, 2 equiv. pr benzyl).
The reaction was stirred at -78 °C for 3h and then slowly allowed the
reaction to reach 0 °C over 15 h. The reaction was then quenched with
EtOH (1 mL) at 0 °C before volatiles were removed with reduced
pressure. The residue was subjected to gravity column chromatography
(MeCN/H20 (0.05 M HC) 97:3). Collection of appropriate fractions (Rt
=0.37, MeCN/H>0 8:2) provided L-58 (5.0 mg, 50%) as a yellow wax;
[a]339°C =+ 26.4 (c 0.53 in MeOH).

TH NMR (D20, 400 MHz): § = 4.93 (d, J43 = 7.4 Hz, 1H, H-4), 4.24 (t,
J =172 Hz, 1H, H-3), 3.91-3.87 (m, 1H, H-2'a), 3.77-3.73 (m, 2H, H-
2+H-2'b).

13C NMR (D;0, 100 MHz): & = 162.7 (C=N), 75.2 (C-3), 74.9 (C-4),
62.4 (C-2), 59.0 (C-2").

IR (ATR, cm™): 3160, 1700, 1405, 1333, 1270, 1200, 1096, 1042, 990,
886.

HRMS (ESI): m/z [M+H]" calcd. for CsHigOsN2: 163.0718; found
163.0712.
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7.3 Synthesis Towards the Glucono-Hydrazide
Imide
OBn l}lHBoc
NBn
CN

BnO"
OBn

2,3,5-Tri-0O-benzyl-4-(1-N-benzyl-(2-tert-
butoxycarbonyl)hydrazinyl)-4-deoxy-D-arabinonitrile (D-67)

To a solution of compound D-44 (104 mg, 0.20 mmol) in DCE was added
Na(OAc);BH (116 mg, 2.7 equiv.) followed by benzaldehyde (0.04 mL,
2.0 equiv.) and AcOH (0.07 mL, 6.2 equiv.). The reaction was stirred at
room temp. for 18 h. The reaction mixture was then quenched with sat.
aq. NaHCOs3 (5 mL) and EtOAc (10 mL) was added. The two phases
were separated, and the aq. phase was extracted with EtOAc (2 x 10 mL).
The combined organic fractions were evaporated to dryness under vacuo.
Excess of benzaldehyde was removed under vacuum at 60 °C for 1 h.
The residue was purified by flash column chromatography (Pet.
ether/EtOAc 9:1). Collection of the appropriate fractions (Rr= 0.25, Pet.
ether/EtOAc 9:1) provided compound D-67 (89 mg, 73%) as a light-
yellow oil.

'H NMR (CDCl3, 400 MHz): § = 7.41-6.96 (m, 20H, ArH), 6.28 and
5.84 (br.s, 1.4:1, 1H, NH), 5.52 and 5.22 (br.s, 1.5:1, 1H, H-2), 4.98 (d,
J=10.9 Hz, 1H, CHPh), 4.84 (d, /= 10.3 Hz, 1H, CHPh), 4.60 (d, J =
10.8 Hz, 1H, CHPh), 4.58 (d, /= 10.3 Hz, 1H, CHPh), 449 (d,J=11.2
Hz, 2H, 2CHPh), 4.00-3.68 (m, SH, 2CHPh, H-5a, H-5b, H-3), 3.34 (brs,
1H, H-4), 1.32-1.24 (m, 9H).

13C NMR (CDCls, 100 MHz): 5= 155.9 (C=0), 137.8-136.1 (Ar), 130.0-
127.5 (Ar), 118.9-118.6 (CN), 80.8 and 80.0 (C), 78.4 (C-3), 75.2 and
74.9 (CH,), 73.8 and 73.6 (CHa), 73.2 and 72.8 (CHa), 67.6 and 66.7 (C-
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2), 67.0 (CH2), 63.6 and 61.9 (C-5), 61.6 and 60.7 (C-4), 28.3 and 28.1
(CH3).

IR (ATR, cm™): 3355, 3031, 2925, 2866, 1950, 1725, 1706, 1496, 1454,
1392, 1243, 1160, 1124, 1072, 1027, 913.

HRMS (ESI): m/z [M+Na]" caled. for C3sH4305N3Na: 644.3095; found:
644.3088.

Ac.
oBn NBoc
NH
H

o N
BnO' ¢

OBn

2,3,5-Tri-O-benzyl-4-(2-N-acetyl-(2-tert-
butoxycarbonyl)hydrazinyl)-4-deoxy-D-arabinonitrile (D-75)

To a solution of compound D-44 (21 mg, 0.04 mmol) in Ac2O (0.4 mL)
under argon at rt was added pyridine (0.05 mL). The reaction was stirred
for 20 h before volatiles were removed under reduced pressure. The
residue was subjected to flash column chromatography (Pet.
ether/EtOAc 4:1). Collection of the appropriate fractions (Rr= 0.67, Pet.
ether/EtOAc 3:1) provided compound D-75 (17 mg, 75%) as a clear
colorless oil; [a]2>3 ™ = -32 (¢ 1.5 in CHCI;).

TH NMR (CDCls, 400 MHz): 6 = 7.34-7.36 (m, 15H, Ar-H), 5.66 (d, J
=.5 Hz, 1H, NH), 4.89 (d, /= 11.1 Hz, 1H, CHPh), 4.83 (d, /=113
Hz, 1H, CHPh), 4.72 (d, /= 11.1 Hz, 1H, CHPh), 4.71 (d, Js3 = 6.3 Hz,
1H, H-4) 4.56 (d, /= 11.3 Hz, 1H, CHPh), 4.44 (br. s., 2H, CHPh), 3.99
(dd, 34 =6.3 Hz, J3, = 4.1 Hz, 1H, H-3), 3.67 (dd, J1a,16 = 9.7 Hz, J1a2
= 6.5 Hz, 1H, H-1a), 3.57 (dd, Jiv,1a = 9.7 Hz, J1v2 = 4.5 Hz, 1H, H-1b),
3.50-3.44 (m, 1H, H-2), 2.44 (s, 3H, Ac), 1.53 (s, 9H, Boc).
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13C NMR (CDCls, 100 MHz): & = 172.1 (CO, Ac), 152.3 (CO, Boc),
138.1 (Ar), 137.9 (Ar), 136.1 (Ar), 128.7-128.5 (Ar), 128.0-127.8 (Ar),
117.4 (CN), 84.6 (C), 79.4 (C-3), 75.3 (CH2Ph), 73.5 (CH2Ph), 73.0
(CH2Ph), 70.1 (C-4), 67.3 (C-1), 59.9 (C-2), 28.1 (CH3, Boc), 26.0 (CH3,
Ac).

IR (ATR, cm™): 3030, 2926, 2867, 1735, 1686, 1553, 1496, 1454, 1394,
1368, 1328, 1244, 1144, 1090, 1028, 982, 735.

HRMS (ESI): m/z [M+Na]" caled. for C33H3906N3: 596.2736, found:
596.2731.

Bno  \NHAc
N =NH

BnO  OBn

N-((2R,3R,4R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-
iminopyrrolidin-1-yl)acetamide (D-76)

A solution of compound D-75 (15 mg, 0.03 mmol) in DCM/TFA (9:1, 1
mL) was stirred at rt for 3 h before volatiles were removed under reduced
pressure. The residue was subjected to flash column chromatography
(CH3Cl/MeOH (0.1 M HCIl) 95:5). Collection of the appropriate
fractions (Rr=0.30, CH3Cl/MeOH (0.1 M HCI) 9:1) provided compound
D-76 (12 mg, 85%) as a clear colorless oil.

TH NMR (MeOD, 400 MHz): § = 7.39-7.24 (m, 15 H, Ar-H), 4.97 (d,
Ja3=4.5Hz, 1H,H-4),4.78 (d,/J=11.4 Hz, IH CHPh), 4.68 (d,/=11.4
Hz, 1H CHPh), 4.56 (d,J=11.6 Hz, 1H, CHPh), 4.49 (br. s, 2H, CHPh),
442 (d,J=11.6 Hz, 1H, CHPh), 4.34 (t,J=4.5 Hz, 1H, H-3), 4.09 (m,
1H, H-2), 3.71 (dd, Jeas = 3.4 Hz, Jeasb = 11.1 Hz, 1H, H-6a), 3.59 dd,
Jova = 3.8 Hz, Jebsa = 11.1 Hz, 1H, H-6Db), 2.04 (s, 3H).
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13C NMR (MeOD, 100 MHz): § = 171.0 (C=0), 168.1 (C=N), 138.8
(ArC), 138.4 (ArC), 137.9 (ArC), 129.6-128.8 (ArCH), 81.9 (C-4), 79.5
(C-3), 74.3 (2CH,Ph), 73.5 (CHaPh), 69.4 (C-2), 66.7 (C-6), 20.6 (CHs).

IR (ATR, cm™): 3061, 3031, 2925, 2868, 1728, 1696, 1497, 1454, 1366,
1250, 1207, 1101, 1028, 738.

HRMS (ESI): m/z [M+H]" calcd. for CogH3204N3: 474.2392, found:
474.2389.

e

HO OH

(35,4R,5R)-1-Amino-3,4-dihydroxy-5-(hydroxymethyl)-2-
pyrrolidinone hydrochloride (D-80)

A solution of compound D-47 (8 mg, 0.04 mmol) in MeOH (0.05 M HCI,
1 mL) was subjected to microwave radiation (150 °C) for 90 min. The
reaction mixture was then cooled to ambient temperature before volatiles
were removed under reduced pressure. The residue was evaporated to
dryness to afford the HCI salt. The salt residue was subjected to gravity
column chromatography (MeCN/H2O 98:2). Collection of the
appropriate fractions (Rf= 0.41, MeCN/H>0 85:15) provided compound
D-80 (4.7 mg, 60%) as a white wax; [a]3>° " =-5.1 (c 0.39 in MeOH).

TH NMR (D0, 400 MHz): § =4.31 (d, J34 = 7.1 Hz, 1H, H-3), 4.10 (t,
J=17.1 Hz, 1H, H-4), 4.05 (dd, Js0.s=2.7 Hz, Jyasb = 12.9 Hz, 1H, 5’a),
3.79 (dd, Jsns = 2.5 Hz, Jsnsa = 12.9 Hz, 1H, 5°b), 3.47 (m, 1H, H-5).

13C NMR (D20, 100 MHz): § = 172.5 (CO), 75.2 (C-3), 72.3 (C-4), 65.3
(C-5), 57.2 (C-5).
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IR (ATR, cm ™ 1): 3295, 2926, 2855, 2358, 1699, 1455, 1349, 1261, 1200,
095, 909.

HRMS (ESI): m/z [M+H]" calcd. for CsH;10sN2, 163.0719; found,
163.0721.

Ho HN
N_o

HO  OH

(3S,4R,5R)-1-(ethylamino)-3,4-dihydroxy-5-(hydroxymethyl)-2-
pyrrolidinone (D-81)

A solution of compound D-48 (3.79) (20 mg, 0.09 mmol) in MeOH (0.05
M HCI, 3 mL) was subjected to microwave radiation (150 °C) for 4 h.
The reaction mixture was then cooled to ambient temperature before
volatiles were removed under reduced pressure. The residue was
evaporated to dryness to afford the HCI salt. The salt residue was
subjected to gravity column chromatography (MeCN/H20 99:1->97:3).
Collection of the appropriate fractions provided compound D-82 (Rr =
0.56, MeCN/H>0 9:1) (4.8 mg, 23%) and compound D-81 (Rf= 0.41,
MeCN/H20 9:1) (11.0 mg, 55%) as white waxes.

H NMR (D,0, 400 MHz): 5 = 4.26 (d, J3.4 = 6.8 Hz, 1H, H-3), 4.07 (t,
J=6.7 Hz, 1H, H-4), 3.98 (dd, Jsus5 = 3.1, Jsuss = 12.5 Hz, 1H, H-5'a),
3.87 (dd, Jsn 5 = 3.7, Jsnsu= 12.5 Hz, 1H, H-5'b), 3.57-3.56 (m, 1H, H-
5), 3.27-3.18 (m, 1H, CHsa), 3.04-2.96 (m, 1H, CHb) 2.81 (s, 3H,
NCHs), 1.06 (t, J= 7.2 Hz, 3H, CCH).

13C NMR (D20, 100 MHz): § = 173.0 (CO), 74.5 (C-3), 71.9 (C-4), 63.8
(C-5), 58.4 (C-5'), 49.8 (CHa), 41.6 (NCH3), 12.0 (CH3).

IR (ATR, cm™): 3328, 2969, 2929, 2874, 1686, 1445, 1416, 1383, 1261,
1197, 1142, 1099, 1057, 1036, 963, 907, 869, 797.
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HRMS (ESI): sample sent for analysis.

(35,4R,5R)-1-(ethyl(methyl)amino)-3,4-dihydroxy-5-
(hydroxymethyl)-2-pyrrolidinone (D-82):

TH NMR (D0, 400 MHz):  =4.35 (d, J5.« = 7.1 Hz, 1H, H-3), 4.14 (t,
J=6.9 Hz, 1H, H-4), 4.02 (dd, Jsus5 = 2.8, Jsus6 = 12.8 Hz, 1H, H-5'a),
3.83 (dd, Jsns = 2.8, Jsn.sa= 12.8 Hz, 1H, H-5'b), 3.64 (dt, J5.5= 2.8 Hz,
Js4 = 6.7 Hz, 1H, H-5), 3.04-2.95 (m, 1H, CHaa), 2.92-2.84 (m, 1H,
CHab), 1.08 (t, J = 7.3 Hz, 3H, CH;).

13C NMR (D0, 100 MHz): § = 172.2 (CO), 74.3 (C-3), 71.8 (C-4), 62.2
(C-5), 56.7 (C-5'), 43.2 (CHa), 11.8 (CHs).

IR (ATR, cm™): 3276, 2969, 2924, 1695, 1450, 1381, 1355, 1262, 1200,
1099, 1061, 965, 908, 796.

HRMS (ESI): m/z [M+Na]" caled. for CsHisN20O4, 227.1007; found,
227.1001.
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P

HO OH

(BR,45,55)-1-Amino-3,4-dihydroxy-5-(hydroxymethyl)-2-
pyrrolidinone (L-80)

A solution of compound L-47 (13 mg, 0.07 mmol) in methanolic HCI
(0.5 M, 1 mL) was subjected to microwave radiation (150 °C) for 1.5 h.
Volatiles were removed under reduced pressure. The resulting black
residue was subjected to gravity column chromatography (MeCN/ H>O
97:3). Collection of the appropriate fractions (Rr=0.37, MeCN/H-O 8:2)
provided compound L-80 (10 mg, 0.05 mmol, 72%) as a brown wax;

[a] 262°C=+5.1 (¢ 0.39 in MeOH).

TH NMR (D0, 400 MHz): § = 4.31 (d, Js3 = 7.1 Hz, 1H, H-3), 4.10 (t,
J=17.1Hz, 1H, H-4), 4.05 (dd, Js:s.5 = 2.7 Hz, Jsa5 = 12.9 Hz, 1H, 5’a),
3.79 (dd, Jsbs = 2.5 Hz, Jsv5a = 12.9 Hz, 1H, 5°b), 3.47 (m, 1H, H-5).

13C NMR (D0, 100 MHz): & = 172.5 (C=0), 75.2 (C-3), 72.3 (C-4),
65.3 (C-5), 57.2 (C-5").

IR (ATR, cm-1): 3295, 2926, 2855, 2358, 1699, 1455, 1349, 1261,
1200, 1095, 909.

HRMS (ESI): m/z [M+H]" calcd. for CsH;10sN2, 163.0719; found,
163.0721.
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(25.,35,4R)-1,3,4-tris(benzyloxy)-4-cyanobutan-2-yl
methanesulfonate (L-87)>*

To a solution of alcohol L-33 (270 mg, 0.65 mmol) and 4 A MS (5 mg)
in DCM (3 mL) was added EtzN (0.14 mL, 1.0 mmol) followed by MsCl
(0.07 mL, 0.90 mmol) at 0 °C under argon. The reaction was stirred at 0
°C for 20 min before addition of sat. aq. NaHCOs3 (6 mL). The aqueous
phase was extracted with DCM (10 mL x 2) and combined organic
fractions were concentrated under reduced pressure. The residue was
subjected to flash column chromatography (Pet. ether/EtOAc 3:1).
Collection of the appropriate fractions (R = 0.40, Pet. ether/EtOAc 3:1)
provided the mesylate L-87 (306 mg, 0.61 mmol, 95%) as a clear
colorless oil; []3°2°C = - 40° (¢ 0.7 in CHCl3), (lit.2*: [a]3° ¢ =-39° (¢
0.6 in CHCI3)) The spectroscopic data were in full accord with the
previously reported data.?%

TH NMR (CDCl3, 400 MHz): § = 7.38-7.24 (m, 15H, ArH), 4.93 (m, 1H,
H-2),4.84 (d,J=11.6 Hz, 1H, CHPh), 4.79 (d,J=11.2 Hz, 1H, CHPh),
4.68 (d,J=11.2 Hz, 1H, CHPh), 4.45 (d, /= 11.6 Hz, 1H, CHPh), 4.44
(d, /= 11.8 Hz, 1H, CHPh), 4.37 (d, J = 11.8 Hz, 1H, CHPh), 4.26 (d,
Jaz =4.5 Hz, 1H, H-4), 4.03 (dd, /34 = 4.6 Hz, J3» = 5.1 Hz, 1H, H-3),
3.73 (dd, Jia2 = 4.5 Hz, Jia1b = 11.0 Hz, 1H, H-1a), 3.58 (dd, Jiv2 = 5.4
Hz, Jiv,1a = 11.0 Hz, 1H, H-1b), 2.96 (s, 3H, CH3).

13C NMR (CDCls, 100 MHz): & = 137.2 (ArC), 136.7 (ArC), 135.0
(ArC), 129.0-128.1 (ArCH), 116.3 (CN), 78.9 (C-3), 76.7 (CH2Ph), 75.6
(CH:Ph), 73.6 (CH,Ph), 72.9 (C-1), 68.3 (C-2), 67.2 (C-4), 38.5 (CHs).
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BnO
\, OMs
""" "NH, HCI
N .NHB
BnO' Sy eoe
OBn

tert-butyl-2-((3S5,4S5)-1-amino-2,3,5-tris(benzyloxy)-4-
((methylsulfonyl)oxy)pentylidene)-1-carboxylate hydrazine
hydrochloride (L-90 + L-Ilyx0-90)

A solution of compound L-87 (100 mg, 0.2 mmol) in EtOH (3.5 mL) was
added a solution of 0.43 M NaOEt in EtOH (0.5 mL, 1.08 equiv.) at 0
°C. The reaction was stirred for 19 h followed by addition of 0.1 M
ethanolic HCI1 (1 mL) to form the corresponding Pinner salt. Volatiles
were removed under reduced pressure. The residue was added 4 A MS
and a solution of tert-butyl carbazate (100mg, 0.76 mmol) in dry THF (4
mL). The reaction was stirred at rt under nitrogen for 45 min before
volatiles were removed under reduced pressure. The residue was
subjected to flash column chromatography (DCM/MeOH (0.1 M HCI),
95:5). Collection of the appropriate fractions (Rr = 0.33; DCM/MeOH,
97:3) provided compound L-90 + L-/yx0-90 (40 mg, 30%) as a clear,
slightly yellow oil.

TH NMR (CDCls, 400 MHz): § = 7.47-7.26 (m, 30H), 5.18 (ddd, J= 1.7,
5.9, 7.4 Hz, 1H, H4, byxo), 4.92 (dd, J= 3.0, 6.7 Hz, 1H, H4), 4.75 (d, J
= 11.5 Hz, 1H), 4.67 (m, 2H), 4.63 (d, J = 3.2 Hz, 1H), 4.53 (d, J=5.2
Hz, 1H), 4.50-4.49 (m, 1H), 4.49-4.45 (m, 2H, H2), 4.41 (d, J=7.3 Hz,
1H), 4.36 (d, J= 11.5 Hz, 1H), 4.05 (dd, J= 1.9, 9.2 Hz, 1H, H3, lyxo),
3.99 (dd, J = 2.9, 6.9 Hz, 1H, H3), 3.79 (dd, J = 7.3, 10.2 Hz, 1H, H5a,
Iyxo), 3.67 (dd, J = 5.8, 10.2 Hz, 1H, H5b, lyxo), 3.60 (dd, J=2.8, 11.6
Hz, 1H, H5a), 3.52 (dd, J = 6.3, 11.6 Hz, 1H, H5b), 3.12 (s, 3H, CHs,
OMs, lyx0), 2.9 (s, 3H, CHs, OMs), 1.53 (br. s, 18H, Boc).

13C NMR (CDCls, 100 MHz): & = 169.9 (C=N), 168.7 (C=N, Iyxo),
155.9 (C=0, Boc), 138.8 (ArC), 138.7 (ArC), 138.3 (ArC), 138.2 (ArC),
137.2 (ArC), 136.7 (ArC), 130.4-129.1 (ArCH), 83.7 (C, Boc), 83.6 (C,
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Boc), 81.5 (C4), 79.5 (C3), 79.2 (C4, Iyxo), 79.0 (C3, lyxo), 76.54 (C2),
76.50, 76.4, 75.7 (C2), 74.4, 74.33, 74.30, 74.1, 69.6 (C5), 69.4 (CS5,
Iyxo), 39.0 (CHs, OMs), 38.7 (CHs, OMs, lyxo), 28.4 (CHs, Boc).

IR (ATR, cm™): 2924, 1735, 1685, 1454, 1341, 1250, 1171, 1093, 1068,
1026, 969, 918.

HRMS (ESI): m/z [M+H]" caled. for C32H420sN3S: 628.2693, found:
628.2688.

OBn

0]

BnO"™ NH,
BnO

2,3,5-Tri-O-benzyl-L-xylono amide (L-94)>%

A solution of L-36 (1.39 g, 3.31 mmol) and 1> (1.22 g, 4.81 g) in 25% aq
NH3 (40 mL) and THF (10 mL) was stirred under argon at rt for 16 h. A
solution of 5% aq. Na;S,0s3 was added to the reaction mixture until the
brown color disappeared. The resulting mixture was extracted with
EtOAc (150 mL x 3). The organic fractions were combined, dried over
NaxSOs, filtered, and concentrated under reduced pressure. The residue
was used directly in the next step without further purification; [a]3%% "¢
=-2.0 (c 1.0 in CHCl3). The spectroscopic data were in full accord with

the previously reported data.?%

IH NMR (CDCls, 400 MHz): & = 7.35-7.25 (m, 15H, ArH), 6.65 (br.s,
IH, NH), 5.87 (br.s, 1H, NH), 4.72 (d, J = 11.2 Hz, 1H, CHPh), 4.60
(app. t, J = 10.8 Hz, 2H, CHPh), 4.47 (d, J = 11.4 Hz, 1H, CHPh), 4.46
(d,J=11.9 Hz, 1H, CHPh), 4.43 (d,J=11.9 Hz, 1H, CHPh), 4.09 (d,
J3=4.3 Hz, 1H, H-2), 4.01 (ddd, Js3 = 4.5 Hz, Jss. = 5.7 Hz, Jasp =
5.7 Hz, 1H, H-4) 3.92 (t, J = 4.4 Hz, 1H, H-3), 3.44 (dd, Jsa4 = 5.6 Hz,
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Jsash = 9.6 Hz, 1H, H-5a), 3.40 (dd, Jsps = 5.8 Hz, Jsb5a = 9.6 Hz, 1H, H-
5b).

13C NMR (CDCls, 100 MHz): & = 173.9 (CO), 138.04 (ArC), 137.99
(ArC), 136.7 (ArC), 128.8-127.9 (ArCH), 81.0 (C-2), 80.2 (C-3), 75.5
(PhCHy), 73.9 (PhCHy), 73.5 (PhCHb), 70.7 (C-4), 70.6 (C-5).

OBn
L, _oms

o
BnO" NH,

BnO

(25,35,45)-5-amino-1,3,4-tris(benzyloxy)-5-oxopentan-2-yl
methanesulfonate (L-95)

A solution of compound L-94 (700 mg, 1.6 mmol), 4 A MS (10 pcs), and
Et;N (0.34 mL, 2.44 mmol) in DCM (7 mL) was added MsCL (0.16 mL,
2.07 mmol) and stirred under argon at 0 °C for 20 min. The reaction
mixture was then added sat. ag. NaHCO; (20 mL) and extracted with
DCM (40 mL x 2). The combined organic fractions were concentrated
under reduced pressure. The residue was subjected to flash column
chromatography (PE/EtOAc, 3:2-2>2:3). Collection of the appropriate
fractions (Rr = 0.25; Pet. ether/EtOAc, 1:1) provided compound L-95
(670 mg, 82%) as a white solid; mp = 104-105 °C; [a]2%7 ¢ =-0.9 (c
8.5 in CHCIs).

TH NMR (CDCl3, 400 MHz): & = 7.37-7.21 (m, 15H, ArH), 6.66 (br.s,
1H, NH), 5.98 (br.s, 1H, NH), 4.86 (ddd, J2,1a = 2.8 Hz, J2,1b = 5.4 Hz,
Jo3 = 7.7 Hz, 1H, H-2), 4.65 (d, J = 10.7 Hz, 1H, CHPh), 4.60 (d, J =
10.7 Hz, 1H, CHPh), 4.59 (d, J=11.5 Hz, 1H, CHPh), 4.45 (d,J=11.9
Hz, 1H, CHPh), 4.33 (d, /= 11.9 Hz, 1H, CHPh), 4.27 (d, J=11.5 Hz,
IH, CHPh), 4.18, (dd Js.4 = 2.7 Hz, J32 = 7.7 Hz, 1H, H-3), 3.97 (d, Ja3
= 2.7 Hz, 1H, H-4), 3.57 (dd, J1a2 = 2.8 Hz, Jia1p = 11.4 Hz, 1H, H-1a),
3.34 (dd, Jib2 = 5.4 Hz, Jiv,1a = 11.4 Hz, 1H, H-1b), 2.89 (s, 3H).
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13C NMR (CDCls, 100 MHz): 8= 172.9 (CO), 137.4 (ArC), 137.3 (ArC),
136.2 (ArC), 128.9-128.1 (ArCH), 81.6 (), 78.8 (), 78.7 (), 76.0 (), 73.53
(), 73.48 (), 68.6 (), 38.4 (CHs).

IR (ATR, cm™): 3384, 3183, 3064, 3032, 2919, 2869, 2809, 1639, 1496,
1454, 1412, 1365, 1347, 1263, 1214, 1164, 1123, 1067, 972, 926, 795,
743.

HRMS (ESI): m/z [M+Na]" calcd. for C27H3107NS: 536.1718; found
536.1715.

OBn
L, _oms

S
BnO" NH,

BnO

(25,35,45)-5-amino-1,3,4-tris(benzyloxy)-5-thioxopentan-2-yl
methanesulfonate (L-93)

A solution of compound L-95 (410 mg, 0.80 mmol) in toluene (5 mL)
was added Lawesson's reagent (325 mg, 0.80 mmol) and stirred under
argon at 65 °C for 30 min. The mixture was then diluted with EtOAc
(100 mL) and washed with sat. aq. NaHCO3 (40 mL) followed by brine
(40 mL). The organic fraction was dried over Na>xSO4 and concentrated
under reduced pressure. The residue was subjected to a short flash
column chromatography (Pet. ether/EtOAc 3:1). Collection of the
appropriate fractions (Rf = 0.66, Pet. ether/EtOAc 3:2) provided
compound L-93 (355 mg, 84%) as a white foam; [a]3° " =-40.0 (c 1.0
in CHCL).

IH NMR (CDCl;, 400 MHz): § = 7.99 (br. s, 1H, NH), 7.61 (br. s, 1H,
NH), 7.39-7.19 (m, 15H, ArH), 4.85 (ddd, Jo.1a = 2.5 Hz, Jo.» = 5.2 Hz,
Jr3=17.7 Hz, 1H, H-2), 4.73 (d, J = 10.6 Hz, 1H, CHPh), 4.60 (d, J =
10.6 Hz, 1H, CHPh), 4.49 (d, /= 11.5 Hz, 1H, CHPh), 4.48 (d, J=11.9
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Hz, 1H, CHPh), 4.39-4.36 (m, 2H, H-3 + H-4),4.30 (d,J=11.9 Hz, 1H,
CHPh), 4.13 (d, J=11.5 Hz, 1H, CHPh), 3.52 (dd, Jia2 = 2.5 Hz, Jia1b
=11.5 Hz, 1H, H-1a), 3.26 (dd, Jiv2 = 5.2 Hz, Jiv,1a = 11.5 Hz, 1H, H-
1b), 2.89 (s, 3H, CH3).

13C NMR (CDCls, 100 MHz): § = 204.0 (C=S), 137.5 (ArC), 137.3
(ArC), 135.8 (ArC), 129.1-128.2 (ArCH), 84.6 (C-4), 82.2 (C-2), 80.1
(C-3), 77.0 (CHPh), 73.5 (CHPh), 72.8 (CHPh), 68.5 (C-1), 38.6 (CHs).

IR (ATR, cm™): 3422, 3306, 3169, 3030, 2924, 2870, 1733, 1606, 1496,
1454, 1412, 1349, 1265, 1234, 1211, 1172, 1113, 1058, 1026, 1001, 970,
916, 882, 836, 805, 774, 734.

LRMS (ESI): m/z [M+H]" calcd. for C27H3:06NS3: 530; found 530.

BnO
\

i1y,

0o
BnG  ‘'OBn
3,4,5-Tri-O-benzyl-L-xylonolactone (L-38)'%

A solution of compound L-36 (1.92 g, 4.57 mmol) in tert-butanol (15
mL) was added > (2.32 g, 2 equiv.) and KoCOs3 (1.26 g, 2 equiv.) at 70
°C. The purple reaction mixture was stirred at reflux for 2 h and then
stirred at 35 °C for 19 h. The reaction was then added EtOAc (50 mL)
and 5% aq. Na2S,03 (50 mL) and stirred at rt until colorless. The aq.
phase was extracted with EtOAc (100 mL x2) and combined organic
fractions were concentrated under reduced pressure. The residue was
subjected to flash column chromatography (Pet. ether/EtOAc 5:1).
Collection of the appropriate fractions (R = 0.40, Pet. ether/EtOAc 4:1)
provided compound L-38 (1.66 g, 87%) as a clear light-yellow oil. The
spectroscopic data for compound L-38 were in full accord with the
previously reported data.!?®
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TH NMR (CDCls, 400 MHz): & = 7.36-7.25 (m, 15 H), 5.05 (d, J=11.5
Hz, 1 H), 4.60-4.50 (m, 5 H), 4.37 (t, J= 7.1 Hz, 1 H), 3.77 (dd, J=2.9
Hz,J=10.8 Hz, 1 H), 3.71 (dd,J=3.2 Hz,J= 10.8 Hz, 1 H).

13C NMR (CDCls, 100 MHz): 5= 173.5 (CO), 137.8 (ArC), 137.4 (ArC),
137.2 (ArC), 128.7-127.7 (ArCH), 79.5, 77.4 (2CHa), 73.8, 72.8, 72.7,
67.3.

OBn

L, oH
0

BnO" n-NH2
BnO H

(2S,3R,45)-2,3,5-tris(benzyloxy)-4-hydroxypentanehydrazide
(L-101)

A solution of HoNNH2*HCI (1.23 g, 18 mmol) and EzN (1.67 mL, 12
mmol) in THF (5§ mL) was stirred at rt for 5 h before a solution of L-38
(1.26 g, 3 mmol) in THF (3 mL) was added. The resulting reaction was
stirred under nitrogen at rt for 45 h. Volatiles were then removed under
reduced pressure. The residue was dissolved in DCM (20 mL), filtered
to remove residual HNNH»*HCI, and the filtrate was concentrated under
reduced pressure. The residue was subjected to flash column
chromatography (PE/EtOAc 1:4 - EtOAc/MeOH 95:5). Collection of
the appropriate fractions (Rr= 0.48, EtOAc/MeOH 95:5) provided L-101
(799 mg, 59%) as a white solid; mp = 126.0-127.8 °C; [a]3>8°¢ =- 6.2
(c 0.65 in CHCIy).

TH NMR (CDCls, 400 MHz): & = 7.74 (br. s, 1H, NH), 7.36-7.27 (m,
15H, ArCH), 4.64-4.58 (m, 3H, PhCH), 4.47-4.45 (m, 3H, PhCH), 4.18
(d, J=4.2 Hz, 1H, H-2), 4.00 (app. dd, J43 = 4.5 Hz, Js5 = 5.7 Hz, 1H,
H-4), 3.92 (app. t, J=4.4 Hz, 1H, H-3), 3.78 (br. s, 2H, NH>»), 3.45 (dd,
Jsaa = 5.6 Hz, Jsa 50 = 9.6, Hz, 1H, H-5a), 3.42 (dd, Jsb4 = 5.8 Hz, Jsb.5a
=9.6, Hz, 1H, H-5b), 2.88 (br. s, 1H, OH).

160



Experimental Methods

13C NMR (CDCls, 100 MHz): & = 171.0 (C=0), 138.0 (ArC), 137.9
(ArC), 136.6 (ArC), 128.7-127.9 (ArCH), 80.4 (C-2), 80.0 (C-3), 75.4
(CHPh), 73.8 (CHPh), 73.4 (CHPh), 70.7 (C-5), 70.4 (C-4).

IR (ATR, cm™): 3294, 3170, 3060, 3028, 2917, 2875, 1655, 1625, 1523,
1495, 1453, 1408, 1365, 1321, 1302, 1118, 1054, 1026, 1001.

HRMS (ESI): m/z [M+Na]" calcd. for C26H30OsN2: 473.2052; found
473.2050.

OBn
L, oH

" O
BnO" N/NHBOC

Bno H

tert-butyl-2-((2S,3R,45)-2,3,5-tris(benzyloxy)-4-
hydroxypentanoyl)hydrazine-1-carboxylate (L-102)

A heterogeneous white suspension of compound L-101 (623 mg, 1.38
mmol) and Boc;O (0.32 mL, 1 equiv.) in MeOH (10 mL) and aq. sat.
NaHCOs (1 mL) was stirred at rt for 16 h. The resulting blank solution
was concentrated under reduced pressure and dried from toluene. The
residue was subjected to flash column chromatography (Pet.
ether/EtOAc 3:2>1:1). Collection of the appropriate fractions (Rr =
0.41; Pet. ether/EtOAc 3:2) provided compound L-102 (690 mg, 91%) as
a white foam.

TH NMR (CDCl3, 400 MHz): § = 8.38 (br. s, 1H, (CO)NH), 7.36-7.31
(m, 15H, ArH), 6.74 (br. s, 1H, (Boc)NH), 4.79 (d, J = 11.3 Hz, 1H,
CHPh), 4.78 (d, J = 11.3 Hz, 1H, CHPh), 4.63 (d, J = 11.3 Hz, 1H,
CHPh), 4.53 (d, /= 11.3 Hz, 1H, CHPh), 4.47 (br. s, 2H, CH2Ph), 4.28
(d, o3 =4.6 Hz, 1H, H2), 4.08 (ddd, J=4.4, 5.8, 9.9 Hz, 1H, H4), 3.94
(t,J=4.4Hz, 1H, H3), 3.46 (d, J= 5.8 Hz, 2H, HS), 3.13 (br.s, 1H, OH),
1.52 (br.s, 9H, CH3, Boc).
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13C NMR (CDCls, 100 MHz): & = 170.5 (CO), 155.2 (CO, Boc), 138.0
(ArC), 137.9 (ArC), 136.7 (ArC), 128.6-127.6 (ArCH), 81.8 (C), 80.0
(C2), 79.7 (C3), 75.1 (CHPh), 73.5 (CHPh), 73.3 (CHPh), 70.6 (C5),
70.0 (C4), 28.2 (CHs).

IR (ATR, cm™): 3336, 2922, 2853, 1786, 1701, 1496, 1453, 1366, 1241,
1157, 1098, 1056, 1026.

HRMS (ESI): m/z [M+Na]" calcd. for C31H33O7N2: 573.2576; found
573.2573.

OBn
L, _oms

(]
BnO" N,NHBOC

BnO H

tert-butyl-2-((28,35,45)-2,3,5-tris(benzyloxy)-4-
((methylsulfonyl)oxy)pentanoyl)hydrazine-1-carboxylate (L-98)

A solution of compound L-102 (600 mg, 1.09 mmol) and EtsN (0.18 mL,
1.18 equiv.) in DCM (6 mL) at 0 °C under nitrogen was added MsCl
(0.09 mL, 1.06 equiv.) dropwise and stirred for 20 min. The reaction
mixture was diluted with DCM (30 mL) and added sat. ag. NaHCO3 (30
mL). The aqueous phase was extracted with DCM (50 mL) and
combined organic fractions were washed with aq. 0.3 M HCI (30 mL),
dried over NaSO4, and concentrated under reduced pressure. The residue
was subjected to flash column chromatography (PE/EtOAc, 3:1->1:1).
Collection of the appropriate fractions provided compound L-103 (Rr =
0.58; Pet. ether/EtOAc, 3:2) (72 mg, 10%) as a white solid; mp = 56-58
°C and compound L-98 (Rr= 0.53; Pet. ether/EtOAc, 3:2) (252 mg, 37%)
as a white solid; mp = 50-51 °C.

[a]269°C =-40° (¢ 0.5 in CHCl5)
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TH NMR (CDCls, 400 MHz): & = 8.12 (br. s, 1H, CH(CO)NH), 7.38-
7.27 (m, 15H, ArCH), 6.24 (br. s, |H, O(CO)NH), 4.88 (ddd, J4.50 = 2.9
Hz, Jas, = 5.7 Hz, Jus = 6.7 Hz, 1H, H-4), 4.77 (d, J = 11.3 Hz, 1H,
CHPh), 4.69 (d, J = 11.2 Hz, 1H, CHPh), 4.59 (d, J = 11.2 Hz, 1H,
CHPh), 4.45 (d, J = 11.8 Hz, 1H, CHPh), 4.36 (d, J = 11.3 Hz, 1H,
CHPh), 4.35 (d,J= 11.8 Hz, 1H, CHPh), 4.14-4.11 (m, 2H, H-2 + H-3),
3.58 (dd, Jsaq = 2.9 Hz, Jsaso = 11.4 Hz, 1H, H-5a), 3.39 (dd, Jsp.4 = 5.7
Hz, Jsb.sa = 11.4 Hz, 1H, H-5b), 2.93 (s, 3H, CHs), 1.50 (s, 9H, CHs).

13C NMR (CDCL, 100 MHz): & = 169.0 (CH(CO)NH), 155.0
(O(CO)NH), 137.4 (ArC), 137.3 (ArC), 136.1 (ArC), 129.0-128.1
(ArCH), 82.0 (C), 81.3 (C-4), 78.6 (CH), 78.5 (CH), 75.9 (CHPh), 73.6
(CHPh), 73.5 (CHPh), 68.6 (C-5), 38.5 (CH), 28.3 (CHa).

IR (ATR, cm™): 3356, 3029, 2976, 2930, 2870, 1701, 1496, 1454, 1351,
1238, 1170, 1069, 1026, 966.

HRMS (ESI): m/z [M+Na]" calcd. for C32H4O9N2S: 651.2352, found:
651.2348.

(l)Bn

., OMs
O
. Eoc
BnO H’ ‘Ms
BnO

tert-butyl-1-(methylsulfonyl)-2-((28,3S5,45)-2,3,5-tris(benzyloxy)-4-
((methylsulfonyl)oxy)pentanoyl)hydrazine-1-carboxylate (L-103)

[a]25°°C =-32 (¢ 0.5 in CHCI5)

IH NMR (CDCls, 400 MHz): § = 8.68 (br.s, 1H, (CO)NH), 7.35-7.25
(m, 15H, ArH), 4.86 (d, J = 11.0 Hz, 1H, CHPh), 4.81 (td, J = 3.5, 6.1
Hz, 1H, H4), 4.74 (d, J = 10.9 Hz, 1H, CHPh), 4.54-4.49 (m, 1H), 4.44
(d, J = 11.3 Hz, 2H, CHPh), 4.37 (d, J = 11.8 Hz, 1H, CHPh), 4.23 (d,
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J3=3.7Hz, 1H, H2),4.15-4.10 (m, 1H, H3), 3.71 (dd, /= 3.4, 11.3 Hz,
1H, H5a), 3.52-3.52 (m, 1H, H5b), 3.48 (br.s, 3H, Ms), 2.91-2.88 (m,
3H, Ms), 1.54 (br.s, 9H, Boc).

13C NMR (CDCl3, 100 MHz): & = 169.8 (CO), 137.6-135.9 (ArC),
128.9-128.0 (ArCH), 80.3 (C4), 78.6 (C2), 78.0 (C3), 75.7 (CHPh), 73.7
(CHPh), 73.4 (CHPh), 68.8 (C5), 42.5 (CH3, Ms), 38.4 (CH3, Ms), 28.1
(CHs, Boc).

IR (ATR, cm™): 3349, 3030, 2927, 2872, 1743, 1706, 1454, 1360, 1240,
1172, 965.

HRMS (ESI): m/z [M+Na]" calcd. for C33H42N2011S2: 729.2127, found:
729.2122.

7.4 Synthesis Towards the Martinella Alkaloids

cr
NO

2
(E)-3-(2-nitrophenyl)prop-2-en-1-ol (198)>%

To a solution of cinnamic ester 200 (304 mg, 1.47 mmol) in DCM (16
mL) at -78 °C under nitrogen was added DIBAL (4.4 mL, 4.4 mmol, 3.0
equiv., 1 M in toluene) dropwise. The reaction was left stirring at -78 °C
for 30 min, and then added EtOH (5 mL) dropwise. After addition, the
reaction mixture was allowed to reach 0 °C before addition of sat. aq.
NH4CI (10 mL). The resultant mixture was kept stirring at rt for 1 h.
After this time, the mixture was filtered through a bed of Celite with the
aid of EtOAc (50 mL). Filtrate phases were separated, and organic layer
was washed with water and concentrated under reduced pressure. The
resulting yellow oil was subjected to flash chromatography (Pet.
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ether/EtOAc 1:1>2:3). Collection of the appropriate fractions (Ry=0.24,
Pet. ether/EtOAc 7:3) provided cinnamyl alcohol 198 (240 mg, 91 %) as
a yellow solid; mp = 62.8-63.1 °C. The spectroscopic data were in full
accord with the previously reported data.?%

TH NMR (400 MHz, CDCl3) & 7.90 (d, J= 8.0 Hz, ArH, 1H), 7.60-7.53
(m, ArH, 2H), 7.40-7.36 (m, ArH, 1H), 7.07 (1H, d, J = 15.9 Hz, -
CH=CH- CH2-OH), 6.35 and 6.31 (d, J=10.5, 15.6 Hz, -CH=CH- CH>-
OH, 1H), 4.37 (dd, J= 1.4, 5.2 Hz, -CH=CH- CH»-OH, 2H), 2.12 (1H,
bs, OH).

13C NMR (100 MHz, CDCls) § 148.0 (-CH=CH- CH,-OH), 134.3 (Ar),
133.2 (A1), 132.6 (Ar), 128.9 (Ar), 128.2 (Ar), 125.9 (-CH=CH- CH,-
OH), 124.6 (Ar), 63.4 (-CH=CH- CH,-OH).

Y

NO

2
((2S,3S5)-3-(2-nitrophenyl)oxiran-2-yl)methanol (199)'°*

m-CPBA (mixture of epimers):

To a solution of compound 198 (130 mg, 0.73 mmol) in DCM (6 mL) at
0 °C was added m-CPBA (235 mg, 1.36 mmol, 1.87 equiv.). The reaction
mixture was warmed to rt and stirred for 16 h before sat. aq. NaHCO3
(10 mL) and EtO (10 mL) was added. The phases were separated, and
organic phase was concentrated under reduced pressure. The residue was
purified by flash column chromatography (Pet. ethe/EtOAc 7:3>1:1).
Collection of the appropriate fractions (Rf = 0.44, Pet. ether/EtOAc
23:17) provided product 199 (130 mg, 92% yield) as a white crystalline
solid.
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Sharpless epoxidation:

To a suspension of activated 4 A MS in DCM under a nitrogen
atmosphere at -20 °C was added Ti(OiPr)4 (33 pL, 20 mol%) and (+)-
DET (29 pL, 30 mol%), and stirred for 30 min. A solution of compound
198 (100 mg, 0.56 mmol) in DCM (0.6 mL) was then added dropwise.
The reaction was stirred for another 45 min and then added TBHP (225
uL, 2.5 equiv.). The resulting reaction was stirred for 6 days at -20 °C.
After this time the mixture was allowed to reach 0 °C (ice bath) and
added a solution of 2.5 M NaOH saturated with NaCl (1 mL). The
heterogeneous mixture was stirred for 1 h and then filtered through Celite
by the aid of DCM. The filtrate was concentrated under reduced pressure
and subjected to flash column chromatography (Pet. ether/EtOAc
3:2>1:1). Collection of the appropriate fractions (Rf = 0.44, Pet.
ether/EtOAc 23:17) provided compound (-)-199 (17 mg, 16%) as a white
crystalline solid; mp = 84.0-84.5 °C; [a]3>7 ™ = - 86.6 (¢ 0.3 in CHCl3)
(1it."%: ([a]p= + 122.64 (c 1.0 in EtOAc) opposite enantiomer); The
spectroscopic data were in full accord with the previously reported
data.!”8

TH NMR (400 MHz, CDCl3) 6 8.17 (dd, J= 1.1, 8.2 Hz, 1H), 7.70-7.63
(m, 2H), 7.51-7.47 (ddd, J = 1.9, 6.7, 7.0 Hz, 1H), 4.47 (d, J= 2.1 Hz,
1H), 4.09 (d, J = 12.7 Hz, 1H), 3.92 (m, 1H), 3.10 (dt, J = 2.6, 4.2 Hz,
1H), 1.91 (bs, 1H).

13C NMR (100 MHz, CDCl3) 8 147.5 (Ar), 134.6 (Ar), 134.1 (Ar), 128.8
(Ar), 127.4 (Ar), 1249 (Ar), 61.9 (CH:CH) , 61.8 (CHCH»), 54.5
(ArCH).

.0

©\/\7/\0TBDPS
NO

2

tert-butyl((rac-(2S5,35)-3-(2-nitrophenyl)oxiran-2-
yDmethoxy)diphenylsilane (209)
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To a solution of compound 198 (110 mg, 0.56 mmol) and imidazole (116
mg, 3.0 equiv.) in DMF (5 mL) was added TBDPS-CI (0.20 mL, 1.4
equiv.) at 0 °C under a nitrogen atmosphere. The reaction was stirred at
rt for 2 h. The mixture was then added brine (60 mL) and extracted with
EtOAc (30 mL x 3). Combined organic fractions were concentrated
under reduced pressure. The residue was subjected to flash column
chromatography (Pet. ether/EtOAc 4:1 > 1:1). Collection of the
appropriate fractions (Rf = 0.36, Pet. ether/EtOAc 4:1) provided
compound 209 (230 mg, 95 %) as a white oil.

TH NMR (400 MHz, CDCl3) & 8.16 (d, J = 8.2 Hz, 1H), 7.76-7.72 (m,
4H), 7.67-7.65 (m, 2H), 7.49-7.39 (m, 7H), 4.53 (d, J=2.2 Hz, 1H), 4.15
(dd, J=12.2,2.2 Hz, 1H), 3.89 (dd, J= 12.2, 4.5 Hz, 1H), 3.08 (quint. J
=2.2 Hz, 1H), 1.08 (s, 9H).

13C NMR (100 MHz, CDCl3) § 147.7 (Ar), 135.8 (A1), 135.4 (Ar), 135.0
(Ar), 134.6 (Ar), 134.4 (A1), 133.3 (Ar), 129.9 (Ar), 129.8 (Ar), 128.6
(Ar), 127.94 (Ar), 127.86 (Ar), 127.4 (A1), 124.8 (Ar), 63.2 (CHo), 62.4
(CH), 53.8 (CH), 26.9 (CHs), 26.7 (CHs), 19.4 (C), 19.2 (C).

IR (ATR, cm™): 3047, 2931, 2900, 2856, 1528, 1471, 1447, 1427, 1342,
1133, 1099, 966, 899, 848.

HRMS (ESI): m/z [M+Na]" caled. for C25sH2704NSiNa: 456.1607; found
456.1609

NO

2
(E)-3-(2-nitrophenyl)allyl acetate (210)*"’

Following the literature procedure,?’® a solution of cinnamyl alcohol 198
(190 mg, 1.06 mmol) and DMAP (7 mg, 5 mol%) in pyridine at 0 °C
under nitrogen was added Ac>O. The resulting mixture was stirred at rt
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for 16 h. After this time the reaction solution was poured into water (15
mL), and the aq. phase was extracted with EtO> (3 x 15 mL). The
combined organic layers were washed with 1 M HCI (15 mL), water (10
mL), dried over MgSOs, and concentrated under reduced pressure. The
residue was subjected to flash chromatography (Pet. ether/EtOAc 3:1).
Collection of the appropriate fractions (Ry= 0.47, Pet. ether/EtOAc 3:1)
provided compound 210 (235 mg, 99%) as a yellow oil. The
spectroscopic data were in full accord with the previously reported
data.?"’

TH NMR (400 MHz, CDCls) & 7.94 (d, 1H, J=8.2 Hz), 7.61-7.55 (m,
2H), 7.44-7.40 (m, 1H), 7.13 (d, 1H, J= 15.7 Hz), 6.26 (dt, 1H, J=15.7,
6.0 Hz), 4.77 (dd, 2H, J= 5.8, 1.0 Hz), 2.12 (s, 3H).

13C NMR (100 MHz, CDCl3) § 170.8 (Ar), 148.0 (C=0), 133.3 (A7),
132.2 (A1), 128.9 (Ar), 128.9 (Ar-CH=CH-CH,), 128.8 (Ar-CH=CH-
CHa), 128.7 (A1), 124.7 (Ar), 64.5 (CH,), 21.0 (CHz).

OH
@(\i/\mc

NG
(2S,3S5)-2,3-dihydroxy-3-(2-nitrophenyl)propyl acetate (211)

To a solution of compound 210 (25 mg, 0.11 mmol) in acetone (3 mL)
and water (1.2 mL) was added NMO (20 mg, 0.17 mmol) and OsO4 (0.07
mL, 5 mol%). The reaction was stirred at rt for 5 h and then quenched
with 0.5 M NaS>03 (1 mL). After quenching, the reaction mixture was
kept stirring for 30 min. Aqueous phase was the extracted with EtOAc
(10 mL x 3). Organic fractions were collected and washed with water (10
mL), dried over MgSOs, and concentrated under reduced pressure. The
residue was subjected to flash column chromatography (Pet.
ether/EtOAc 7:3 = 1:1). Collection of the appropriate fractions (Rf =
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0.27, Pet. ether/EtOAc 1:1) provided compound 211 (27 mg, 96 %) as a
yellow syrup.

Asymmetric:

To a +-BuOH/H>0 (16 mL, 1:1) solution was added AD-mix a (729 mg,
1.56 mmol), (DHQ),PHAL (36 mg, 0.05 mmol, 0.09 equiv.),
K20s502(OH)4 (1.5 mg, 0.004 mmol, 0.008 equiv.), and MeSO>NH> (148
mg, 1.56 mmol). The heterogeneous mixture was stirred for 1 hour. The
resulting clear yellow solution was cooled to 0 °C and was added
cinnamyl acetate 210 (116 mg, 0.52 mmol). The reaction was left stirring
for 18 h at 0 °C. After this time, the reaction was quenched with
Na»S»03°3H20 (1.01 g, 4.07 mmol) and left stirring for 30 min. The
resulting mixture was then diluted with HO (10 mL), extracted with
EtOAc (3 x 15 mL), dried over MgSQOs, and concentrated under reduced
pressure. The residue was subjected to flash column chromatography
(Pet. ether/EtOAc 7:3 - 1:1). Collection of the appropriate fractions (Rr
=0.27, Pet. ether/EtOAc 1:1) provided compound (+)-211 (80 mg, 60%)
as a yellow syrup; [a]3°3° =+12 (c 0.5 in CHCI5).

TH NMR (400 MHz, CDCl3) § 7.99 (dd, J= 8.1, 1.3 Hz, ArH, 1H), 7.82
(dd, J= 7.9, 1.1 Hz, ArH, 1H), 7.67 (td, J = 7.7, 1.1 Hz, ArH, 1H), 7.47
(td, J= 7.7, 1.3 Hz, ArH, 1H), 5.38 (dd, J= 5.0, 3.0 Hz, 1H), 4.27 (dd, J
= 11.5, 5.5 Hz, 1H) 4.22 (dd, J= 11.6, 6.1 Hz, 1H), 4.06 (ddd, J= 9.1,
6.2,3.0 Hz, 1H), 3.35 (d, J = 5.5 Hz, OH, 1H), 2.86 (d, J = 6.3 Hz, OH,
1H), 2.11 (s, 3H).

13C NMR (100 MHz, CDCL3) § 171.8 (C=0), 147.8 (Ar), 136.8 (Ar),
133.6 (Ar), 129.2 (Ar), 128.8 (Ar), 124.8 (Ar), 72.5 (CH,), 68.4 (CHa),
65.7 (CHa), 21.0 (CHz).

IR (NaCl) 3363, 3106, 2933, 1723, 1646, 1563, 1525, 1430, 1398, 1346,
1267, 1112, 1045, 981, 857, 788, 714.
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HRMS (ESI): m/z [M+Na]" calcd. for C11H130¢NNa: 278.0641; found
278.0642.

o

B

i
Methyl (E)-3-(2-bromophenyl)acrylate (222)>%

To a solution of carboxylic acid 215 (200 mg, 0.89 mmol) in DMF
(stored over 4A mol. sieves) (3 mL) at rt was added K,CO3 (123 mg,
0.89 mmol) and iodomethane (0.07 mL, 1.12 mmol, 1.26 equiv.). The
reaction mixture was kept stirring for 3 h. After this time, the “foggy”
reaction mixture was poured into water (10 mL) and extracted with EtoO
(3 x 10 mL). The combined organic fractions were washed with brine (2
x 10 mL) and water (10 mL), dried over MgSOs, filtered, and
concentrated under reduced pressure. The residue was subjected to flash
chromatography (Pet. ether/EtOAc 4:1). Collection of the appropriate
fractions (Rr = 0.46, Pet. ether/EtOAc 4:1) provided methyl ester 222
(190 mg, 88%) as a clear, colorless oil. The spectroscopic data were in
full accord with the previously reported data.?*

TH NMR (400 MHz, CDCls) & 8.04 (d, 1H, J= 15.9), 7.62-7.57 (m, 2H),
7.35-7.29 (m, 1H), 7.25-7.19 (m, 1H), 6.38 (d, 1H, J = 16.0), 3.82 (s,
3H).

13C NMR (100 MHz, CDCl3) 5 166.8(Ar-Br), 143.2 (Ar-CH=CH), 134.5
(C=0), 133.5 (ArCH), 131.2 (ArCH), 127.8 (ArCH), 127.7 (ArCH),
125.3 (ArC), 120.7 (Ar-CH=CH), 51.9 (CHs).

o
Br
(E)-3-(2-bromophenyl)prop-2-en-1-ol (216)>'°
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To a solution of methyl ester 222 (4.10 g, 17.0 mmol) in DCM at -78 °C
under nitrogen was added DIBAL (34 mL, 34 mmol, 1 M in toluene)
dropwise. After addition the solution was kept stirring for 30 min and
then added EtOH (25 mL). The solution was heated to 0 °C and then
added sat. aq. NH4CI (20 mL). The resulting heterogeneous mixture was
stirred for 1 h and then filtered through Celite. The organic fraction was
concentrated under reduced pressure. The residue was subjected to flash
chromatography (Pet. ether/EtOAc 4:1). Collection of the appropriate
fractions (Ry = 0.19; Pet. ether/EtOAc 4:1) provided cinnamyl alcohol
216 (3.20 g, 89%) as a clear, colorless oil. The spectroscopic data were
in full accord with the previously reported data.!°

IH NMR (400 MHz, CDCl3) & 7.55 (dd, J = 1.0, 8.0 Hz, 1H), 7.52 (dd,
J=1.5,7.9 Hz, 1H), 7.27 (t, 1H, J= 7.3 Hz), 7.11 (td, 1H, J = 1.5, 7.7
Hz), 6.96 (d, 1H, J= 15.8 Hz), 6.31 (dt, 1H, J= 6.6, 15.8 Hz), 4.37 (d,
2H, J = 4.9 Hz), 1.56 (bs, 1H).

13C NMR (100 MHz, CDCls) & 136.7 (Ar), 133.1 (Ar), 131.8 (Ar-
CH=CH), 129.9 (Ar-CH=CH), 129.1 (Ar), 127.7(Ar), 127.3(Ar), 123.8
(Ar), 63.7 (CHo).

“O
B

i
((25,35)-3-(2-bromophenyl)oxiran-2-yl)methanol (217)*'!

A solution of cinnamy]l alcohol 216 (3.17 g, 13.72 mmol) in DCM (100
mL) at 0 °C was added m-CPBA (3.75 g, 16.7 mmol) and the reaction
was stirred at rt for 6 h. The reaction was then quenched with sat. aq.
NaHCOs3 (60 mL) and added Et:O (70 mL). The organic phase was
washed with water (30 mL), dried over MgSQOa, filtered, and
concentrated under reduced pressure. The residue was subjected to flash
column chromatography (Pet. ether/EtOAc 4:1). Collection of the
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appropriate fractions (Ry= 0.18, Pet. ether/EtOAc 4:1) provided epoxide
217 (3.06 g, 97%) as a white crystalline solid; mp: 73.0-74.5 °C. The
spectroscopic data were in full accord with the previously reported
data.?!!

H NMR (400 MHz, CDCl3) § 7.54 (dd, J = 8.0, 1.0 Hz, 1H), 7.33-7-25
(m, 2H), 7.19-7.15 (m, 1H), 4.19 (d, J=2.2 Hz, 1H), 4.09 (ddd, J= 12.8,
5.1,2.5 Hz, 1H), 3.86 (ddd, J = 12.8, 7.4, 4.2 Hz, 1H), 3.08 (dt, J= 4.1,
2.4 Hz, 1H), 2.06 (bs, 1H).

13C NMR (100 MHz, CDCl3) § 136.5 (Ar), 132.4 (Ar), 129.5 (Ar), 127.8
(Ar), 126.5 (A1), 122.5 (Ar), 62.1 (CH), 61.6 (CH), 55.7 (CHo).

Asymmetric:

To a suspension of activated powdered molecular sieves (3A, 48 mg) in
DCM (6 mL) under nitrogen at -25 °C was added (+)-DET (120 uL, 0.70
mmol) and Ti(OiPr)s (140 pL, 0.47 mmol) dropwise. The mixture was
kept stirring for 1 h and then added cinnamyl alcohol 216 (500 mg, 2.35
mmol, dissolved in 4 mL DCM with powdered molecular sieves (3 A,
30 mg)) dropwise. The reaction mixture was kept stirring for 1.5 h and
then added tert-butyl hydroperoxide (1.07 mL, 5.88 mmol, 2.5 equiv.)
dropwise over 10 min. The reaction was kept stirring at -25 °C for 13 h.
After this time the reaction was allowed to reach 0 °C and added 2.5 M
NaOH saturated with NaCl (1 mL) and left stirring at rt for 1 h. The
heterogeneous mixture was filtered through Celite and the organic
fraction was concentrated under reduced pressure. The residue was
subjected to flash column chromatography (Pet. ether/EtOAc 3:2).
Collection of the appropriate fractions (Rr= 0.56, Pet. ether/EtOAc 3:2)
provided epoxide (+)-217 (496 mg, 92%) as a white crystalline solid;
mp: 73.6-74.2 °C; [a]3>7 = +17.3 (c = 1.5 in CHCl).
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IH NMR (400 MHz, CDCl3) § 7.54 (dd, J = 8.0, 1.0 Hz, 1H), 7.33-7-25
(m, 2H), 7.19-7.15 (m, 1H), 4.19 (d, J=2.2 Hz, 1H), 4.09 (ddd, J= 12.8,
5.1,2.5 Hz, 1H), 3.86 (ddd, J = 12.8, 7.4, 4.2 Hz, 1H), 3.08 (dt, J= 4.1,
2.4 Hz, 1H), 2.06 (bs, 1H).

13C NMR (100 MHz, CDCl3) § 136.5 (Ar), 132.4 (Ar), 129.5 (Ar), 127.8
(Ar), 126.5 (A1), 122.5 (Ar), 62.1 (CH), 61.6 (CH), 55.7 (CHo).

IR (ATR, cm™): 3361, 3061, 2989, 2922, 2863, 1590, 1567, 1474, 1437,
1068, 1022, 965, 898, 861, 837, 745, 700.

HRMS (ESI): m/z [M+Na]" caled. for CoHoO,BrNa: 250.9684 and
252,9663; found 250.9686 and 252.9669.

B OH

r

Rac-(2R,3R)-3-(allylamino)-3-(2-bromophenyl)propane-1,2-diol
(218)

A solution of epoxide 217 (50 mg, 0.22 mmol) in DCM (1 mL) at rt under
nitrogen was added Ti(OiPr)s (0.25 mL, 1.32 mmol, 4 equiv.). After
stirring for 30 min the reaction mixture was added allylamine (0.045 mL,
0.67 mmol, 3 equiv.), heated to 55 °C, and kept stirring for 17 h. After
this time the reaction mixture was added 2.5 M NaOH saturated with
NaCl (0.5 mL) and the milky white solution was left stirring for 8 h. The
heterogeneous mixture was filtered through Celite by the aid of DCM
and the organic fraction was concentrated under reduced pressure. The
residue  was subjected to flash column chromatography
(DCM/MeOH/Et3N 9:1:0.1). Collection of the appropriate fractions (Ry
=0.33, DCM/MeOH/Et:N 9:1:0.1) provided amine 218 (61 mg, 97%) as
a white solid; mp: 76.2 —76.9 °C.
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TH NMR (400 MHz, CDCl3) § 7.56 (dd, J = 8.0, 1.2 Hz, 1H), 7.47 (dd,
J=17.7,1.6 Hz, 1H), 7.35 (td, J= 7.6, 1.1 Hz, 1H), 7.15 (td, J= 7.7, 1.7
Hz, 1H), 5.85 (dddd, J=17.0, 10.3, 6.4, 5.6 Hz, 1H), 5.12 (ddd, J=17.1,
3.2, 1.6 Hz, 1H), 5.10 (ddd, J = 10.3, 2.8, 1.6 Hz, 1H), 4.45 (d, J= 5.3
Hz, 1H), 4.00 (ddd, J=5.2, 5.2, 4.0 Hz, 1H), 3.61 (dd, J=11.6, 3.9 Hz,
1H), 3.53 (dd, J=11.6, 5.1 Hz, 1H), 3.17 (ddt, J= 14.0, 5.6, 1.4 Hz, 1H),
3.08 (bs, 3H), 3.00 (ddt, J= 14.0, 6.4, 1.3 Hz, 1H).

13C NMR (100 MHz, CDCL) § 138.1 (Ar), 135.8 (CH), 133.4 (Ar),
129.2 (Ar), 128.8 (Ar), 128.0 (Ar), 124.9 (Ar), 117.0 (CHa), 71.9 (CH-
OH), 64.34 (CH-NH), 64.27 (CH,-OH), 49.9 (CHo).

IR (NaCl) 3323, 3077, 2930, 1647, 1560, 1437, 1400, 1269, 1095, 1046,
923, 879, 756.

HRMS (ESI): m/z [M+H]" calcd. for Ci2Hi60:NBrNa: 286.0443 and
288.0422; found 286.0446 and 288.0423.

0]
o) Ph
Br CFs

((28,35)-3-(2-bromophenyl)oxiran-2-yl)methyl-($)-3,3,3-trifluoro-2-
methoxy-2-phenylpropanoate (+)-223

A solution of epoxide (+)-217 (3.5 mg, 0.015 mmol) and pyridine (7 pL,
6 equiv.) in CDCI3 (300 pL) was added (S)-(+)-MTPA-CI (10 pL, 3.5
equiv.) and stirred for 3 h at rt before volatiles were removed by reduced
pressure. The residue was subjected to flash column chromatography (in
a glass pipette) (Pet. ether/EtOAc 6:1). Collection of the appropriate
fractions (Rr = 0.72, Pet. ether/EtOAc 4:1) provided compound (+)-223
(6.0 mg, 87%) as a clear colorless oil; [a]3® = + 47.3 (¢ = 0.55 in
CDCl).
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TH NMR (400 MHz, CDCls) & 7.57-7.52 (m, 3H, ArH), 7.42-7.39 (m,
3H, ArH), 7.31-7.28 (m, 1H, ArH), 7.23-7.17 (m, 2H, ArH), 4.76 (dd, J
=3.1,12.4 Hz, 1H), 4.43 (dd, J= 5.8, 12.4 Hz, 1H), 4.08 (d, /= 2.0 Hz,
1H), 3.61-3.60 (m, 3H), 3.18-3.13 (m, 1H).

13C NMR (100 MHz, CDCls) § 166.5 (CO), 135.7, 132.5, 132.2, 129.9,
129.8, 128.7, 127.9, 127.5, 126.4, 124.8, 122.5, 121.9, 85.0 (C), 65.5
(CHa), 58.3 (CH), 56.2 (CH), 55.8 (CH3).

IR (ATR, cm™): 3065, 2949, 2848, 1751, 1449, 1269, 1238, 1167, 1120,
1021, 753.

HRMS (ESI): m/z [M+H]" calcd. for C19H;7BrF304: 445.0262, sample
sent for analysis.

0]
\ Ph
Br CFs

(Rac-(2S5,35)-3-(2-bromophenyl)oxiran-2-yl)methyl-(S$)-3,3,3-
trifluoro-2-methoxy-2-phenylpropanoate (223)

A solution of epoxide 217 (3.5 mg, 0.015 mmol) and pyridine (7 pL, 6
equiv.) in CDCl; (300 pL) was added (S)-(+)-MTPA-CI1 (10 pL, 3.5
equiv.) and stirred for 3 h at rt before volatiles were removed by reduced
pressure. The residue was subjected to flash column chromatography (in
a glass pipette) (Pet. ether/EtOAc 6:1). Collection of the appropriate
fractions (R = 0.72, Pet. ether/EtOAc 4:1) provided compound 223 (6.2
mg, 90%) as a clear colorless oil.

TH NMR (400 MHz, CDCls) & 7.57-7.52 (m, 3H, ArH), 7.42-7.39 (m,
3H, ArH), 7.31-7.28 (m, 1H, ArH), 7.23-7.17 (m, 2H, ArH), 4.08 (dd, J
=3.0, 12.4 Hz, 1H, R), 4.76 (dd, J= 3.1, 12.4 Hz, 1H, S), 4.43 (dd, J =
5.8, 12.4 Hz, 1H, S), 4.41 (dd, J= 5.4, 12.5 Hz, 1H, R), 4.10 (d, J= 2.0
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Hz, 1H, R), 4.08 (d, J=2.0 Hz, 1H, S), 3.61-3.60 (m, 3H), 3.18-3.13 (m,
1H).

13C NMR (100 MHz, CDCl3) § 166.5 (CO), 135.7, 132.5, 132.2, 129.9,
129.8, 128.7, 127.9, 127.5, 126.4, 124.8, 122.5, 121.9, 85.0 (C), 65.5
(CHa), 58.3 (CH), 56.2 (CH), 55.8 (CH3).

IR (ATR, cm™): 3065, 2950, 2849, 1751, 1449, 1269, 1238, 1167, 1120,
1021, 753.

HRMS (ESI): m/z [M+H]" calcd. for Ci19H;7BrF304: 445.0262, sample
sent for analysis.

HN/\/

(j\/'\A OBoc
Br OBoc

Rac-(2R,3R)-3-(allylamino)-3-(2-bromophenyl)propane-1,2-diyl di-
tert-butyl bis(carbonate) (225)

To a solution of compound 218 (130 mg, 0.45 mmol) in DCM (1.5 mL)
was added DMAP (2 mg, 0.016 mmol) and Boc,O (0.21 mL, 2.03
equiv.). The reaction was stirred at rt under nitrogen for 2 h and then
concentrated under reduced pressure. The residue was subjected to flash
column chromatography (Pet. ether/EtOAc 9:1->85:15). Collection of
the appropriate fractions (Rr = 0.36, Pet. ether/EtOAc 18:2) provided
compound 225 (166 mg, 76%) as a clear colorless oil.

IH NMR (400 MHz, CDCls) & 7.54 (dd, J = 8.0, 1.3 Hz, 1H), 7.53 (dd,
J=178, 1.4 Hz, 1H), 7.31 (td, J= 7.5, 1.3 Hz, 1H), 7.13 (td, J= 7.6, 1.7
Hz, 1H), 5.82 (dddd, J=17.0, 10.3, 6.4, 5.3 Hz, 1H), 5.29 (ddd, J = 8.4,
5.7,3.0 Hz, 1H), 5.12 (ddd, J = 17.3, 3.4, 1.7 Hz, 1H), 5.06 (ddd, J =
10.2, 3.0, 1.4 Hz, 1H), 4.47 (d, J = 5.5 Hz, 1H), 4.30 (dd, J = 11.9, 2.9
Hz, 1H), 4.17 (dd, J= 11.9, 8.2 Hz, 1H), 3.09 (ddt, /= 14.2, 5.3, 1.6 Hz,
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1H), 2.99 (ddt, J = 14.2, 6.4, 1.3 Hz, 1H), 1.73 (br. s, 1H), 1.44 (br. s,
9H), 1.42 (br. s, 9H).

13C NMR (100 MHz, CDCL3) § 153.3(CO), 152.8 (CO), 137.6 (Ar),
136.4 (CH=CHa), 133.3 (Ar), 129.9 (Ar), 129.3 (A1), 127.8 (Ar), 124.9
(Ar), 116.3 (CH=CH,), 82.5 (C), 82.2 (C), 75.2 (CH), 65.6 (CH), 61.3
(CH) 49.7 (CHa), 27.9 (CH3), 27.8 (CHs).

IR (ATR, cm™): 2980, 2933, 1740, 1369, 1269, 1247, 1154, 1090, 1043,
1022, 933, 916, 858, 845, 788, 733.

HRMS (ESI): m/z [M+H]" calcd. for C2H3306NBr: 486.1491 and
488.1471; found 486.1495 and 488.1484.

Y OAc

Br OAc
Rac-(2R,3R)-3-(allylamino)-3-(2-bromophenyl)propane-1,2-diyl
diacetate

To a solution of compound 218 (100 mg, 0.35 mmol) in DCM (0.8 mL)
under nitrogen at rt, was added pyridine (0.4 mL, 4.95 mmol), a solution
of DMAP (2 mg, 0.016 mmol) in DCM (0.2 mL), followed by acetic
anhydride (0.08 mL, 2.4 equiv.). The reaction was stirred at rt for 1 h.
After this time the reaction mixture was diluted with DCM (10 mL),
washed with water (10 mL), dried over MgSQyg, filtered and concentrated
under reduced pressure. The residue was subjected to flash column
chromatography (Pet. ether/EtOAc 7:3->3:2). Collection of the
appropriate fractions (Rf = 0.27, Pet. ether/EtOAc 3:1) provided
compound 226 (111 mg, 86%) as a clear colorless oil.

TH NMR (400 MHz, CDCl3) § 7.54 (dd, J = 8.0, 1.2 Hz, 1H), 7.46 (dd,
J=178, 1.6 Hz, 1H), 7.31 (td, J= 7.6, 1.2 Hz, 1H), 7.13 (td, J= 7.7, 1.8
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Hz, 1H), 5.82 (dddd, J = 16.9, 10.2, 6.3, 5.5 Hz, 1H), 5.40 (td, J = 7.0,
3.0 Hz, 1H), 5.13 (ddd, J = 17.2, 3.3, 1.7 Hz, 1H), 5.08 (ddd, J = 10.2,
2.9, 1.4 Hz, 1H), 4.46 (d, J = 6.5 Hz, 1H), 4.38 (dd, J = 12.0, 3.0 Hz,
1H),4.20 (dd, J=12.0,7.3 Hz, 1H), 3.11 (ddt,J=14.2, 5.4, 1.6 Hz, 1H),
3.09 (ddt, J=14.2, 6.4, 1.3 Hz, 1H), 2.01 (s, 3H), 1.95 (s, 3H), 1.66 (br.
s, IH).

13C NMR (100 MHz, CDCls) & 170.9 (CO), 170.0 (CO), 138.2 (Ar),
136.4 (CH), 133.2 (Ar), 129.3 (Ar), 127.8 (Ar), 125.2 (Ar), 116.4 (CH),
72.9 (CH), 63.3 (CHo), 61.0 (CH), 49.8 (CH>), 20.9 (CH3).

IR (ATR, cm™): 2979, 2934, 1751, 1458, 1368, 1247, 1154, 1090, 1022,
915, 886, 788, 753.

HRMS (ESI): m/z [M+H]" calcd. for C2H3306NBr: 370.0654 and
372.0634; found 370.0659 and 372.0638.

BN

T OBz
Br OBz
Rac-(2R,3R)-3-(N-allylbenzamido)-3-(2-bromophenyl)propane-1,2-
diyl dibenzoate (227)

To a solution of compound 218 (163 mg, 0.57 mmol) in DCM was added
DMAP (3 mg, 0.025 mmol) and Et3N (0.79 mL, 5.7 mmol) followed by
dropwise addition of benzyl chloride (0.40 mL, 6.05 equiv.) at 0 °C under
nitrogen. The reaction was stirred at rt for 48 h. After this time the
reaction mixture was added water (15 mL) and extracted with EtOAc (15
mL x 3). Organic fractions were collected and concentrated under
reduced pressure. The residue was subjected to flash column
chromatography (Pet. ether/EtOAc 4:1). Collection of the appropriate
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fractions (Rr= 0.56, Pet. ether/EtOAc 4:1) provided compound 227 (227
mg, 67%) as a white foam.

IH NMR (400 MHz, CDCls) § 8.11-7.92 (m, 5H), 7.59-7.36 (m, 12 H),
7.30 (td, J = 7.7, 1.4 Hz, 1H), 7.14 (td, J= 7.5, 1.7 Hz, 1H), 6.72-6.69
(m, 1H), 6.20 (d, J=10.2 Hz, 1H), 5.57 (ddt, J = 16.9, 12.5, 6.3 Hz, 1H),
4.94-4.91 (m, 1H), 4.87 (ddd, J = 10.2, 2.7, 1.3 Hz, 1H), 4.81 (ddd, J =
16.9, 2.7, 1.4 Hz, 1H), 4.79-4.74 (m, 1H), 3.79-3.63 (m, 1H).

13C NMR (100 MHz, CDCls) & 172.9 (CO), 166.4 (CO), 165.7 (CO),
136.7 (A1), 136.1 (Ar), 133.7 (CH), 133.5 (Ar), 133.3 (A1), 133.2 (Ar),
130.7 (A1), 130.3 (A1), 130.1 (A1), 130.0-129.9 (Ar), 129.7 (Ar), 128.6-
128.5 (A1), 128.0 (Ar), 126.5 (Ar), 126.4 (Ar), 118.8 (CHa), 71.6 (CH),
64.6 (CH,), 58.4 (CH), 51.0 (CHa).

IR (ATR, cm™): 3048, 2963, 2930, 2898, 2857, 1611, 1527, 1470, 1426,
1342, 1132, 1100, 1001, 967, 898, 848, 824, 790, 738.

HRMS (ESI): m/z [M+H]" calcd. for C33H29OsNBr: 598.1229 and
600.1209; found 598.1228 and 600.1212.

BN

v~ TOH
Br OH
N-allyl-N-(rac-(1R,2R)-1-(2-bromophenyl)-2,3-
dihydroxypropyl)benzamide (228)

A solution of compound 227 (280 mg, 0.47 mmol) in MeOH (2.6 mL)
was added a solution of 0.13 M NaOH in MeOH (1.9 mL) and stirred for
3 h. The reaction mixture was then diluted with DCM (20 mL), added
water (15 mL) and neutralized by dropwise addition of 1 M aq. HCI. The
aqueous phase was extracte3d with DCM (30 mL). Combined organic
fractions were concentrated under reduced pressure and the residue was
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subjected to flash column chromatography (Pet. ether/EtOAc 7:13>3:7.
Collection of the appropriate fractions (Rr= 0.30, Pet. ether/EtOAc 7:13)
provided compound 228 (140 mg, 76%) as a white solid; mp = 111-112
°C.

TH NMR (400 MHz, CDCls) § 7.68-7.65 (m, 2H), 7.44-7.387 (m, 6H),
7.26-7.22 (m, 1H), 5.77 (d, J = 10.1 Hz, 1H), 5.37 (dddd, J = 17.3, 10.1,
7.6, 5.3 Hz, 1H), 4.93 (d, J = 10.2 Hz, 1H), 4.70 (d, J = 17.1 Hz, 1H),
435 (t,J="7.7 Hz, 1H), 4.25-4.22 (m, 1H, OH), 3.90-3.74 (m, 3H), 3.28
(dd, J=16.3, 7.6 Hz, 1H), 3.02 (d, J = 8.8 Hz, 1H, OH).

13C NMR (100 MHz, CDCls) § 174.0 (CO), 135.9 (ArC), 135.5 (ArC),
133.78 (CH=CH.), 133.76 (ArCH), 131.2 (ArCH), 130.0 (ArCH), 129.9
(ArCH), 128.7 (2ArCH), 127.4 (ArCH), 1272 (ArC-Br), 126.5
(2ArCH), 118.7 (CH,=CH), 69.2 (CH), 62.2 (CHa), 59.2 (CH), 49.7
(CH2).

IR (ATR, cm™): 3310, 3155, 2816, 1668, 1629, 1389, 1345, 1045, 1000.

HRMS (ESI): m/z [M+H]" calcd. for CioH2103NBr: 390.0705 and
392.0695; found 390.0708 and 392.0691.

BN

-~ ~OTBDMS

H
BrO

N-allyl-N-(rac-(1R,2R)-1-(2-bromophenyl)-3-((tert-
butyldimethylsilyl)oxy)-2-hydroxypropyl) benzamide (229)

A solution of compound 228 (100 mg, 0.26 mmol) in DMF (1.6 mL) was
added a solution of imidazole (138 mg, 1.5 mmol), DMAP (5.5 mg,
0.037 mmol), TBDMS-Cl (60 mg, 1.5 equiv.) in DMF (0.6 mL)
dropwise. The resulting reaction was stirred at rt for 20 h before adding
sat. aq. NaHCOs3 (5 mL) and DCM (10 mL). The aq. phase was extracted
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with DCM (20 mL x 2) and combined organic fractions were
concentrated under reduced pressure. The residue was subjected to flash
column chromatography (Pet. ether/EtOAc 4:1). Collection of the
appropriate fractions (Rf = 0.43, Pet. ether/EtOAc 4:1) provided
compound 229 (94 mg, 73%) as a clear colorless oil.

TH NMR (400 MHz, CDCL3) 5 8.00 (d, J = 7.8 Hz, 1H), 7.58 (d, J=7.9
Hz, 1H), 7.38-7.33 (m, 6H), 7.20-7.16 (m, 1H), 5.62 (app. ddd, J= 16.2,
10.8, 5.7 Hz, 1H), 5.54 (d, J = 5.3 Hz, 1H), 5.07 (d, J= 10.3 Hz, 1H),
5.01 (d, J=17.2 Hz, 1H), 4.61-4.59 (m, 1H), 4.21 (br. s, 1H), 3.82-3.66
(m, 4H), 0.94 (s, 9H), 0.12 (s, 3H), 0.10 (s, 3H).

13C NMR (100 MHz, CDCL3) § 173.3 (CO), 137.3 (ArC), 137.1 (ArC),
133.6 (CH=CH,), 133.0 (ArCH), 132.2 (ArCH), 129.7 (ArCH), 129.6
(ArCH), 128.6 (2ArCH), 127.6 (ArCH), 1263 (2ArCH), 118.2
(CH»=CH), 72.9 (CH), 64.1 (CHa), 61.8 (CH), 52.5 (CH,), 26.0 (CHs),
18.3 (C), -5.2 (CHs).

IR (ATR, cm™): 3325, 3200, 2970, 2926, 1655, 1621, 1415, 1389, 1340,
1264, 1201, 1120, 1020.

HRMS (ESI): m/z [M+H]" calcd. for CasH3s03NBr: 504.1564 and
506.1550; found 504.1565 and 506.1553.

AN F
OH

BI_OH

N-allyl-N-(rac-(1R,2R)-1-(2-bromophenyl)-2,3-dihydroxypropyl)
acetamide (232)

To a solution of amine 218 (2.70 g, 9.4 mmol) in Ac2O (12 mL) at rt was
added p-TsOH (2.20 g, 11.6 mmol). The reaction was kept stirring for 5
h until TLC analysis indicated full conversion of starting material.
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Excess AcoO was removed under reduced pressure and the triacetylated
product was dissolved in MeOH (30 mL) followed by addition of 25%
aq. NH3 (10 mL). After addition the reaction was kept stirred at rt for 5
h before a second addition of 25% aq. NHs (10 mL). After stirring for
another 5 h, volatiles were removed under reduced pressure. The residue
was subjected to flash chromatography (DCM/MeOH 9:1) to afford,
after concentration of the appropriate fractions (Rr= 0.33, DCM/MeOH,
9:1) acetamine 232 (2.33 g, 76%) as a white solid; mp = 93.7-94 °C.

TH NMR (400 MHz, CDCls) & 7.60 (m, 2H), 7.36 (td, 1H, J= 7.7, 1.2
Hz), 7.19 (td, 1H, J= 7.7, 1.5 Hz), 5.68 (d, 1H, J= 10.2 Hz), 5.35-5.25
(dddd, J=17.0, 10.3, 6.3, 5.4 Hz, 1H), 5.00 (ddd, J= 10.3, 2.6, 1.4 Hz,
1H), 4.93 (ddd, J=17.1, 2.7, 1.5 Hz, 1H), 4.15-4.11 (m, 1H), 4.07-4.03
(m, 1H), 3.76-3.61 (m, 3H), 3.52 (ddt, J = 17.1, 6.4, 1.5 Hz, 1H), 2.81-
2.79 (m, 1H), 2.18 (s, 3H).

13C NMR (100 MHz, CDCl3) & 173.3 (CO), 135.6 (Ar), 133.7 (Ar),
1332 (Ar), 131.0 (CH=CHa), 129.8 (Ar), 127.44 (Ar), 127.39 (Ar),
118.1 (CH=CH), 69.1 (CH), 62.2 (CH,), 58.5 (CH), 48.4 (CHz), 22.2
(CH3).

IR (ATR, cm™): 3300, 3150, 2816, 1671, 1629, 1389, 1354, 1147, 1045,
1005, 872, 797.

HRMS (ESI): m/z [M+Na]" caled. for C14H;sOsNBr: 350.0367 and
352.0347; found 350.0360 and 352.0334.

AN

-~ OTBDMS

H
BrO

N-allyl-N-(rac-(1R,2R)-1-(2-bromophenyl)-3-((tert-
butyldimethylsilyl)oxy)-2-hydroxypropyl) acetamide (233)
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To a solution of diol 232 (2.10 g, 6.4 mmol) in DMF (15 mL) at 0 °C
under nitrogen was added imidazole (1.36 g, 20.0 mmol), and DMAP
(10 mg, 1.3 mol%) followed by TBDMS-CI (1.27 g, 8.43 mmol). The
reaction was heated to rt and stirred for 1 h. After this time the reaction
was quenched with sat. ag. NaHCOs3 (20 mL). The reaction mixture was
extracted with EtOAc (50 mL x 3). Combined organic fractions were
concentrated under reduced pressure and the residue was subjected to
flash chromatography (Pet. ether/EtOAc 7:3->3:2). Concentration of
appropriate fractions (Ry = 0.24, Pet. ether/EtOAc 3:1) provided silyl
protected product 233 (2.41 g, 85 %) as a white foam.

H NMR (400 MHz, CDCL3) § 7.86 (d, J = 7.9 Hz, 1H), 7.55 (d, J=7.9
Hz, 1H), 7.30 (t, J= 7.6 Hz, 1H), 7.14 (t, J= 7.7 Hz, 1H), 5.59-5.50 (m,
2H), 5.08 (d, J = 10.0 Hz, 1H), 5.05-5.04 (m, 1H), 4.39-4.34 (m, 1H),
3.93 (d, J= 3.1 Hz, 1H), 3.87-3.74 (m, 2H), 3.66 (dd, J = 10.1, 6.4 Hz,
1H), 3.56 (dd, J= 10.1, 5.8 Hz, 1H), 2.12 (br.s, 3H), 0.90 (br.s, 9H), 0.07
(s, 3H), 0.06 (s, 3H).

13C NMR (100 MHz, CDCL3) § 172.1 (CO), 137.0, (Ar), 133.3 (CH),
133.0 (A1), 132.3 (A1), 129.5 (A1), 127.4 (A1), 126.3 (A1), 117.2 (CHo),
72.9 (CH), 64.2 (CHo), 61.2 (CH), 51.1 (CHo), 26.0 (CH3), 22.8 (CH3),
18.3 (C), -5.2 (CHs), -5.3 (CHa).

IR (ATR, cm™): 3331, 3205, 2971, 2926, 1663, 1611, 1464, 1412, 1387,
1340, 1264, 1189, 1123, 1020, 922, 827, 731.

HRMS (ESI): m/z [M+Na]" calcd. for C20H32,03NSiBrNa: 464.1233 and
466.1212; found 464.1237 and 466.1224.
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AN

OTBDMS
Br ©

N-allyl-N-(1-(2-bromophenyl)-3-((tert-butyldimethylsilyl)oxy)-2-
oxopropyl)acetamide (234)

To a solution of compound 233 (940 mg, 2.12 mmol) in DCM (10 mL)
at 0 °C under nitrogen was added Dess Martin Periodinane (1.09 g, 2.58
mmol, 1.2 equiv.). The reaction was stirred at rt for 1 h before volatiles
were removed under reduced pressure. The residue was subjected to
flash column chromatography (Pet. ether/EtOAc 9:1->8:2). Collection
of the appropriate fractions (Rr = 0.41, Pet. ether/EtOAc 8:2) provided
compound 234 (735 mg, 80%) as a clear colorless oil.

TH NMR (400 MHz, CDCL3) § 7.61 (d, J = 7.9 Hz, 1H), 7.30-7.26 (m,
1H), 7.23-7.19 (m, 1H), 7.16-7.14 (m, 1H), 6.58 (s, 1H, H-7), 5.49-5.40
(m, 1H, H-15), 4.97-4.89 (m, 2H, H-16), 4.30 (d, J = 5.3 Hz, 2H, H-9),
3.87 (dd, J = 5.6, 17.7 Hz, 1H, H-14a), 3.75 (dd, J = 5.7, 17.7 Hz, 1H,
H-14b), 2.16 (s, 3H, COCHs), 0.78 (s, 9H), -0.01 (s, 3H), -0.07 (s, 3H).

13C NMR (100 MHz, CDCls) § 206.9 (COCH,), 171.6 (COCH3), 133.8
(Ar), 133.7 (Ar), 133.68 (CHCH,), 130.9 (Ar), 130.4 (Ar), 127.7 (A1),
127.0 (Ar), 116.7 (CHCH,), 68.8 (COCHa), 64.3 (NCH), 49.3 (NCH>),
25.8 (COCH3), 21.9(CCH3), 18.4 (CCH3), -5.6 (CH3).

IR (ATR, cm™): 2926, 2855, 1732, 1630, 1470, 1445, 1400, 1344, 1321,
1258, 1216, 1151, 1101, 1027, 929, 837, 790, 751, 730.

HRMS (ESI): m/z [M+H]" calcd. for C20H3103NSiBr: 440.1257 and
442.1236; found 440.1259 and 442.1246.
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AN F

OH
BrO

N-allyl-N-(1-(2-bromophenyl)-3-hydroxy-2-oxopropyl)acetamide
(238)

To a solution of compound 234 (160 mg, 0.36 mmol) in MeCN was
added KF (58 mg, 1.0 mmol) followed by TMS-CI (0.1 mL, 2.2 equiv.)
at rt. The reaction was stirred at rt for 20 h. Volatiles were then removed
under reduced pressure and the residue was subjected to flash column
chromatography (DCM/MeOH 1:0->95:5). Collection of the appropriate
fractions (R = 0.21; DCM/MeOH 95:5) provided compound 238 (100
mg, 85%) as a clear light-yellow oil.

TH NMR (400 MHz, CDCls) & 7.55 (dd, J= 7.8, 1.2 Hz, 1H), 7.28-7.16
(m, 3H), 5.88 (s, 1H), 5.57-5.47 (m, 1H), 5.07 (dd, J=17.2, 1.1 Hz, 1H),
5.01 (dd, J=10.3, 1.1 Hz, 1H), 4.19 (s, 2H), 3.87 (ddt, J=17.5, 5.0, 1.7
Hz, 1H), 3.67 (ddt, J = 17.5, 5.8, 1.5 Hz, 1H), 3.15 (br.s, 1H), 2.11 (s,
3H).

13C NMR (100 MHz, CDCl3) § 205.1 (COCHa), 171.8 (COCH3), 133.6
(Ar), 132.8 (Ar), 132.6 (CH), 130.8 (Ar), 130.7 (A1), 128.1 (A1), 126.3
(Ar), 117.8 (CH,), 67.4 (CHa), 64.9 (CH), 50.1 (CHa), 21.6 (CHs).

IR (ATR, cm™): 3368, 3070, 2921, 1726, 1624, 1468, 1405, 1255, 1207,
1120, 1042, 1024, 985, 929, 826, 753, 731.

HRMS (ESI): m/z [M+Na]" calcd. for C14H;60sNBrNa: 348.0211 and
350.0191; found 348.0214 and 350.0192.
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AN"F
H

Br ©
N-allyl-N-(1-(2-bromophenyl)-2-oxoethyl)acetamide (232)

To a solution of diol 232 (105 mg, 0.33 mmol) in DCM (2 mL) at 0 °C
was added NalOs (210 mg, 0.98 mmol, 2.97 equiv.) followed by
dropwise addition of sat. aq. NaHCOs. The reaction was kept stirring at
rt for 20 h before volatiles were removed under reduced pressure. The
residue was subjected to flash column chromatography (Pet.
ether/EtOAc 1:1). Collection of the appropriate fractions (Rr= 0.40, Pet.
ether/EtOAc 1:1) provided aldehyde 240(74 mg, 78%) as a clear
colorless oil.

TH NMR (400 MHz, CDCls) § 9.61 (s, 1H), 7.62-7.60 (m, 1H), 7.36-
7.31 (m, 2H), 7.25-7.21 (m, 1H), 5.78-5.69 (m, 1H), 5.33-5.21 (4m, 2H),
5.30 (s, 1H), 4.12-4.06 (2m, 1H), 3.79-3.73 (2m, 1H), 2.21 (s, 3H).

13C NMR (100 MHz, CDCl3)  193.1 (CHO), 171.5 (CO), 133.6 (ArC),
133.3 (ArC), 132.1 (CH=CHb), 130.5 (ArC), 130.4 (ArC), 128.2 (ArC),
125.4 (ArC), 118.3 (CH>=CH), 68.5 (CH-CHO), 51.4 (CH>-N), 21.2
(CH3).

IR (NaCl) 3067, 2926, 2851, 1731, 1643, 1470, 1428, 1322, 1250, 1197,
1025, 931, 750.

HRMS (ESI): sample sent for analysis.
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ABSTRACT: The synthesis of two polyhydroxylated pyrrolidines
as 1,4-dideoxy-1,4-imino-p-arabinitol (DAB) analogues bearing a
hydrazide moiety is described. The DAB analogues act as selective
and potent inhibitors of @-mannosidase in the submicromolar
concentration ranges (K, values ranging from 0.23 to 1.4 uM).

B INTRODUCTION

Glycosidases represent a group of enzymes that is abundant in
essentially all living organisms, in which they catalyze the
hydrolysis of glycosidic bonds." Such hydrolases are, for
instance, involved in the intestinal digestion of starch, the
biosynthesis of oligosaccharide chains, and the hydrolysis of
glycoconjugates in the lysosomes. Thus, the diverse biological
roles of glycosidases have labeled glycosidase inhibitors as
attractive pharmaceutical targets.”

The most common type of glycosidase inhibitor is azasugars
(such as isofagomine (1) (Figure 1)) and iminosugars, in

(t)’/ .\\\OH H2®
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OH OH OH OH HO' OH
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Figure 1. Compounds 1—3 and the target compounds 4—6 in this
project.

which a carbon atom or the endocyclic oxygen atom in a
saccharide has been replaced by a nitrogen atom, respectively.’
Currently, three iminosugars, namely, Glyset (N-(2-hydrox-
yethyl)-1-deoxynojirimycin),” Zavesca (N-butyl-1-deoxynojir-
imycin),” and Galafold (1-deoxyzcgalactonojirimycin),6 are
marketed for the treatment of type 2 diabetes, Gaucher
disease, and Fabry disease, respectively. In addition, due to
their glycosidase inhibitory properties, aza- and iminosugars
serve as lead compounds for the treatment of diseases such as
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diabetes, cancer, viral infections, and lysosomal storage
disorders.” However, in many cases, a limitation of iminosugars
as drug candidates is that they display low glycosidase
inhibition selectivity and thus they interact with glycosidases
that are not involved in the disease that they are targeted to
tackle;® as a result, severe side effects can be triggered when
this lack of selectivity is present.

Aza- and iminosugars are believed to act as glycosidase
inhibitors due to their ability to be protonated at physiological
pH and thus resemble the charge in the transition state of
glycosidase-catalyzed cleavage of glycosidic bonds.” Aza- and
iminosugars have therefore been used as tools to explore the
mechanism of glycosidases.'” Thus, many aza- and iminosugars
have been designed and synthesized to resemble the charge
and/or shape of the transition state of catalyzed cleavage of
glycosidic bonds."”"" One such example is isofagomine (1),
which was found to be a very potent inhibitor of -glucosidase
(K, 0.11 uM)."” Interestingly, X-ray analysis of a cellobio-
derived isofagomine in complex with CelSA confirmed that the
isofagomine derivative is bound to the enzyme in its
protonated form and as such establishes an ion—ion interaction
with the catalytic nucleophile."> The importance of ion—ion
interactions between the enzyme and the inhibitor and Ganem
et al’s hypothesis that sugar amidines behave as broad
spectrum glycosidase inhibitors because they resemble the
shape of the transition state of enzymatic cleavage of
glycosides,'* even though the full understanding of the features
of the transition state of such enzymes is missing,"* led to the

Received: May 26, 2020 Sieca
Accepted: June 30, 2020
Published: July 15, 2020

https://dx.doi.org/10.1021/acsomega.0c02466
ACS Omega 2020, 5, 18507—18514


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marianne+B.+Haarr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="O%CC%81scar+Lope%CC%81z"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ljupcho+Pejov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+G.+Ferna%CC%81ndez-Bolan%CC%83os"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Emil+Lindba%CC%88ck"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magne+O.+Sydnes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Magne+O.+Sydnes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c02466&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/29?ref=pdf
https://pubs.acs.org/toc/acsodf/5/29?ref=pdf
https://pubs.acs.org/toc/acsodf/5/29?ref=pdf
https://pubs.acs.org/toc/acsodf/5/29?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c02466?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c02466?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html

ACS Omega

http://pubs.acs.org/journal/acsodf

synthesis of an amidine analogue of isofagomine, namely,
isofagomidine (2).'® This compound was found to display a
very narrow glycosidase inhibitory spectrum along with a very
different glycosidase inhibition profile compared to isofago-
mine (1). Indeed, 2 was found to be a selective inhibitor (K;
0.75 uM) of jack-bean a-mannosidase, which is a member of
the retaining glycosidase hydrolase family 38 that includes a-
mannosidases with medicinal relevance.'” The difference in the
glycosidase inhibition profile between 1 and 2 was supported
by DFT calculations and was attributed to a very different
charge distribution within the two compounds in their
protonated forms.'

Many polyhydroxylated pyrrolidines such as 1,4-dideoxy-1,4-
imino-p-arabinitol (DAB, 3) (Fi§ure 1) have been found to be
potent glycosidase inhibitors.”'® In addition, many of them
inhibit a rather broad spectra of glycosidases, which has been
attributed to the flexibility of the five-membered ring system'’
including, in some cases, their ability to form a half chairlike
conformation.”’

DAB (3) has been found to display inhibition of various
types of a-glucosidases.”’ However, it has been shown that
selectivity for other glycosidases can be achieved upon
chemical modifications.”” Thus, as part of our ongoing
research on sugar hydrazide imides,”* we wanted to investigate
whether the insertion of a hydrazide imide moiety into DAB to
obtain arabinohydrazide imides 4 and § would have any impact
on the inhibition profile as was the case when isofagomine (1)
was converted into its corresponding amidine 2. In this paper,
we present the synthesis of 4, 5, and 6 and DFT calculations
shedding light on their charge distribution, in addition to their
glycosidase inhibitory activity.

B RESULTS AND DISCUSSION

The synthesis of hydrazide imides 4Cl and 5Cl commenced
from 2,3,5-tri-O-benzyl-L-xylofuranose (7) (Scheme 1), which
in turn was obtained from L-xylose in three steps by following
reported procedures.”* Thus, by following a protocol reported
by Ermert and Vasella for the synthesis of 2,3,4,6-tetra-O-

Scheme 1. Synthesis of p-Arabinohydrazide Imides 4Cl and
5Cl1

BnO BnO BnO
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\//,, o ) ZRT \//’/ (o) (@] \ OH N
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BnO | e BnO _NHBoc
N NH, HN™ N
1) TFA, CH,Cl,, RT =
DA S R
2) HCl
11 OBn 88% BnO 10 OBn

benzyl-p-glucononitrile,”” condensation of 7 with hydroxyl
amine to provide an aldoxime intermediate followed by
dehydration under Appel conditions provided nitrile 9 in
52% vyield along with known vL-xylonolactone 8.° In the
subsequent step, compound 9 underwent stereospecific
hydrazidation into hydrazide 10 in 54% yield involving
triflation of the free hydroxyl group on C4 followed by
treatment with Boc-hydrazide. TFA-promoted removal of the
Boc-protective group activated the cyclization into hydrazide
imide 11 after treatment with HCI. The benzyl protective
groups were removed by palladium-catalyzed hydrogenation in
EtOH/TFA to provide hydrazide imide 4Cl after counterion
exchange with HCL In order to exclude any unexpected
epimerization in the synthesis of 4Cl, a NOESY experiment
was conducted, which showed interaction between the protons
in the 2- and 4-position as expected. Interestingly, when the
hydrogenation time was extended from 19 to 48 h, the N-ethyl
hydrazide imide SCI was obtained in 85% yield. Similar N-
ethylation observations have been made both by Jensen and
co-workers’” and Sydnes and Isobe”® when ethanol was
employed as a solvent for palladium-catalyzed hydrogenation
to remove benzyl groups from iminosugars and to reduce
nitrobenzenes, respectively. In the latter case, it was proposed
that acetaldehyde was the alkylating agent formed through a -
hydride elimination mechanism, first proposed by Sajiki and
co-workers.””

We also attempted to obtain sugar hydrazide imide 12
(Scheme 2), with a six-membered ring system. Thus, the

Scheme 2. Synthesis of Hydrazide 6HCI and Attempted
Synthesis of Hydrazide Imide 12

BnO NHBoc BnO BN NHBoc
HN™ __ N~ PhCOH, Na(OAc);BH N” N 1) TFA, CH,Cl,
= AcOH, DCE - RT
_—
5 RT B0 Yogn 2MC
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HO | gm HO | 2l HNT 2
NNz pgthanolic HCI N0
-~ oH
R MW: 150 °C : H
HO 4 OH 60% HO gnueioH  |OF OH

12
Not obtained target

amino group of hydrazide 10 was benzyl-protected into
compound 13 upon reductive amination with benzaldehyde
and sodium triacetoxyborohydride. Unfortunately, TFA-
promoted removal of the Boc-protective group triggered the
cyclization into the five-membered ring system 11 and not the
six-membered ring as anticipated. We also envisaged that 4Cl
should rearrange into 12 via an imidate intermediate upon
treatment with HCI in methanol. However, when 4Cl was
treated with methanolic HCI at elevated temperature, we did
not observe any reaction. When we attempted the same
reaction in the microwave at 150 °C, we realized that 4Cl
underwent hydrolysis into the corresponding hydrazide 6HCl
in 60% yield.
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Compounds 4Cl, 5Cl, and 6HCI, in addition to positive
reference compounds isofagomine (1) and 1-deoxynojirimycin
(DNJ), underwent screening as glycosidase inhibitors on a
panel of commercial glycosidases including a-glucosidase (
Saccharomyces cerevisiae), f-glucosidase (almonds), a-galacto-
sidase (green coffee beans), [-galactosidase (Aspergillus
oryzae), [-galactosidase (Escherichia coli), a-mannosidase
(jack beans), and f-mannosidase (Helix pomatia) (Table 1).
The inhibition data demonstrate clearly that the inhibition
profile for hydrazide imides 4Cl and 5CI and compound 6HCI
is very different from that of DAB (3) with respect to f-
glucosidase activity. In contrast to 3, which behaves as a
micromolar inhibitor for ﬂ—glucosidase,22 4Cl, 5Cl, and 6HCI
display no or very low inhibition of that enzyme. Comparison
of the inhibition profiles for 4Cl and SCl with isofagomidine
(2) demonstrates that they are very similar and display
competitive inhibition of a@-mannosidase down to the
submicromolar concentration range (K; = 0.23 uM for 4Cl),
indicating the profit of a hydrazide imide or amidine moiety for
the binding to the enzyme. The only difference in the
inhibition profile between hydrazide imides 4Cl and SCI
differing in only one N-ethyl group is that the former behaves
as a competitive inhibitor for a-glucosidase in the micromolar
concentration range. Moreover, alkylation of the exocyclic
nitrogen atom furnishes a roughly 6-fold impairment in the
activity against a-mannosidase. These data mean that a high
degree of selectivity was achieved in both DAB analogues, with
a selectivity index ranging from 22 to >400; accordingly, severe
side effects derived from the unselective inhibitory profile of
many other iminosugars can be avoided. The selectivity toward
a-mannosidase inhibition by 4Cl and 5Cl is interesting from a
medicinal perspective, given that a-mannosidase is a relevant
target against tumorigenic processes.‘?’0

In order to gain more insight into the different inhibition
profile for hydrazide imides 4Cl and SCI compared to 6HCI,
the charge distribution within the systems 3—6 was calculated
employing the Mulliken partitioning scheme as well as by
fitting atom-centered point charges to reproduce the molecular
electrostatic potential with different schemes (Table 2). Due to
the electronic similarities between sugar amidrazones with a
pK, of 8.7 and our hydrazide imides 4 and 5,”' we assumed
that they exist in their acidic forms in the calculations since the
glycosidase inhibitory testing was performed at 6.8 > pH (6.8
for glucosidases and galactosidases and 5.6 for mannosidases).
For compounds 4—6, the atomic charge for N1 varied from
essentially zero up to positive values. The functional group
charges for NH,1’ in 4 and 6 and NH1' in § were less
consequent as they varied from negative up to positive values.
The most striking difference between hydrazide amides 4 and
S compared to hydrazide 6 is that 4 and $ host a positively
charged NH,5 group in the position in which 6 contains an
oxygen (OS) with a negative atomic charge. Thus, the
difference in charge distribution between 4 and § compared
to 6 might be the reason for their different inhibition profiles.
In addition, because 4 and 5 possess very similar charge
distributions, we propose that the N-ethyl group of 5 disrupts
its binding to a-glucosidase as 4 binds to the same enzyme in
the micromolar concentration range. Another interesting
observation was made when 4 and $ was compared with
isofagomidine (2),'° another a-mannosidase selective inhib-
itor; it was observed that this compound in line with 4 and §
also possesses an exocyclic NH, group (NH,2), which hosts a
positive functional group charge. Note that the atomic charges
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Table 1. Screening of Compounds 4Cl, 5Cl, and 6HCI as Glycosidase Inhibitors
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Table 2. Calculation of Charge Distribution within 2—6

comp.  NI/NH,1°  NH,1’‘/NH1'? cs NH,5¢/05

4 +0.16° —-0.01 +0.54 +0.16
+0.18" 0.00 +0.22 +0.17
+0.08' +0.18 +0.27 +0.37

5 +0.07 —-0.31 +0.54 +0.10
—0.05 —0.27 +0.53 +0.10
+0.23 +0.14 +0.46 +0.36

6 +0.29 —0.12 +0.50 —-0.55
+0.08 —0.08 +0.51 —-0.56
—0.09 +0.29 +0.28 —-0.33

3 +0.21 —0.04
+0.20 0.09
+0.61 —0.40

2 —0.1' (NH1) 0.5 (C2) 0.1 (NH,2)

“4—6. 3. 4 and 6. ¥5. °4 and 5.76. SHLY. "CHelpG. ‘Mulliken. "Ref
16. All calculations have been done at the B3LYP/6-311++G(d,p)
level of theory (for the geometries optimized at the same level, see the
Experimental Section for further technical details).

reported for 2'® have been computed with the same DFT
method but using a smaller basis set for orbital expansion (6-
31G) so that a direct comparison with the data from our
current study is somewhat hampered.

Based on the calculated charge distributions and the
coupling constants between the ring protons in the 'H NMR
spectra, we expect compounds 4Cl and 5Cl to anticipate a °E
conformation (Figure 2). However, the coupling constants

OBn
BnO 1’T'H2 P
2 N NH, Bro\2 1 NH;
5 = H H 1@ P
3‘_ 4 3 4 5 \NH
BnO OBn Bno H 2
M Jy3=Js4=34Hz E,
OH
HO 1’T'HR o . H
2 N O NH, HO 2 ' _NHR
HO =N
5 = 4 \@ Cle
3 4 HS
HH” NH,
HO OH Y
NOESY 3

4CIR=H; Jp3=J54=7.0 Hz
5CIR =Et; Jy3=6.7 Hz Jy 4 = 6.9 Hz

Figure 2. Suggested envelope conformations of compounds 4Cl, 5CI,
and 11.

between the ring protons in the benzyl-protected counterpart
11 are significantly smaller, which could signify an E;
conformation. A more in-depth study of conformational
dependence on charge distribution and spin—spin coupling
constants in the present molecular systems is in progress.

B CONCLUSIONS

In the work presented herein, we obtained two 1,4-dideoxy-
1,4-imino-p-arabinitol (DAB) analogues 4Cl and SCI possess-
ing a hydrazide imide. These two compounds behave as
selective a@-mannosidase inhibitors down to K; = 230 nM.
When comparing 4Cl and 5Cl, two observations were made:
the N-ethyl group of 5CI slightly impaired the inhibition of a-
mannosidase and the same group had a positive influence for
the selectivity toward a@-mannosidase.

B EXPERIMENTAL SECTION

General Information. All chemicals were obtained from
Sigma Aldrich/Merck or VWR and used as supplied. When
specified, solvents were dried by storing over 4 A molecular
sieves. For petroleum ether (PE), the 40—65 °C fraction was
used. All reactions were carried out under a nitrogen or argon
atmosphere, unless otherwise specified. TLC analyses were
performed on Merck silica gel 60 F254 plates using UV light,
KMnO,, or heat for detection. Silica gl NORMASIL 60 40—
63 pum was used for flash column chromatography. Nuclear
magnetic resonance (NMR) spectra were recorded on a Bruker
AscendTM 400 series, operating at 400.13 MHz for 'H and
100.61 MHz for *C in CDCl;, CD,0D, D,0, or DMSO-d;.
The assignment of signals in all NMR spectra was assisted by
conducting '"H—"H correlation spectroscopy, 'H—"*C/'H-"*N
heteronuclear single-quantum correlation spectroscopy, and/or
'"H-"C/'"H-"N heteronuclear multiple bond correlation
spectroscopy. Chemical shifts (5) are reported in ppm relative
to an internal standard of residual chloroform (6 = 7.26 ppm
for "H NMR; & = 77.16 ppm for '*C NMR), residual methanol
(6 = 3.31 ppm for '"H NMR; 6 = 49.00 ppm for *C NMR),
residual dimethyl sulfoxide (6 = 2.50 ppm for 'H NMR; § =
39.52 ppm for *C NMR), or residual water (§ = 4.79 ppm for
'"H NMR). Infrared spectroscopy (IR) was performed on a
Cary 360 FTIR spectrophotometer. High-resolution mass
spectra (HRMS) were recorded from MeOH solutions on a
JMS-T100LC AccuTOFTM in positive electrospray ionization
(ESI) mode. The microwave-assisted experiments were
performed in a CEM Focused Microwave Synthesis System,
model type Discover, operating at 0—300 W at a temperature
of 118 °C and a pressure range of 0—290 psi, with reactor vial
volumes of 10 mL.

2,3,5-Tri-O-benzyl-L-xylofuranose (7). Step 1: To a solution
of AcCl (0.29 mL, 4 mmol) in MeOH (40 mL) was added L-
xylose (3 g 20 mmol) at rt. The reaction mixture was kept
stirring at rt for 5.5 h. The reaction mixture was then cooled to
0 °C, and pH was adjusted to ca. 9 with NaOH (1 M). The
solvent was then removed under reduced pressure, and the
resulting residue was suspended in toluene (6 X 10 mL) and
concd to dryness. Step 2: The residue from step 1 was
dissolved in dry DMF (64 mL), and NaH (4.24 g, 5.3 equiv)
was added at rt. The reaction mixture was then cooled to 0 °C
prior to addition of BnBr (11.9 mL, S equiv). The reaction
mixture was stirred at rt for 23 h before being extracted with
EtOAc (2 X 75 mL). The combined extracts were dried over
MgSO, and concd in vacuo. Step 3: The residue from step 2
was dissolved in dioxane (60 mL) and HCI (60 mL, 4 M) and
stirred at 65 °C for 4 days. The reaction mixture was then
extracted with EtOAc (2 X 75 mL), and the combined organic
fractions were concentrated and subjected to flash column
chromatography (PE/EtOAc, 17:3 — 3:1). Collection of the
appropriate fractions (R; = 0.25; PE/EtOAc, 3:1) provided
compound 7 (4.97 g, 59%) as a clear light-yellow oil. The
spectroscopic data were in full accord with the previously
reported data.”’

2,3,5-Tri-O-benzyl-t-xylononitrile (9). Step 1: To a solution
of Na (315 mg, 13.7 mmol) dissolved in absolute EtOH (60
mL) was added NH,OH-HCl (1.77 g, 27.5 mmol). The
reaction mixture was stirred at rt for 5 min before a solution of
furanose 7 (1.44 g, 3.42 mmol) in absolute EtOH (11 mL) was
added. The resulting reaction mixture was stirred at rt for 1 h
before volatiles were removed by reduced pressure. To the
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residue were then added water (50 mL) and EtOAc (50 mL).
The two phases were separated, and the aq phase was extracted
with EtOAc (2 X 50 mL). The combined organic fractions
were dried with MgSO,, filtered, and concentrated in vacuo.
The residue (R; = 0.4; PE/EtOAc, 3:2) was dissolved in
toluene, concentrated, and used directly in the following step.
Step 2: To a solution of PPh; (1.89 g, 6.84 mmol, 2 equiv) in
MeCN (27 mL) at rt was added the residue from step 1. The
reaction mixture was stirred at rt for 20 min before a solution
of CBr, (2.84 g, 8.55 mmol, 2.5 equiv) in MeCN (11 mL) was
added. The reaction mixture was then stirred at rt for 20 min
before adding a solution of PPh; (472 mg, 1.71 mmol, 0.5
equiv) in a 1:5.5 mixture of MeCN/MeOH (45 mL). The
reaction mixture was then stirred for an additional 15 min
before the solvent was removed under reduced pressure. The
residue was subjected to flash chromatography (silica; PE/
EtOAc, 1:0 — 9:1). Collection of the first fraction (R; = 0.6;
PE/EtOAc, 3:1) provided lactone 8 (286 mg, 20%) as a clear
colorless oil. Collection of the appropriate fractions (R; = 0.4;
PE/EtOAc, 3:1) provided nitrile 9 (741 mg, 52%) as a clear
colorless oil. [a]f¢°¢ —29 (¢ 0.5 in CHCly); 'H NMR
(CDCl,, 400 MHz): 6 = 7.37—7.24 (m, 15 H, Ar-H), 4.88 (d, J
= 11.5 Hz, 1H, CHPh), 4.82 (d, ] = 11.2 Hz, 1H, CHPh), 4.60
(d, J = 11.2 Hz, 1H, CHPh), 4.55 (d, J = 11.5 Hz, 1H, CHPh),
4.45 (d, ] = 1.5 Hz, 2H, CHPh), 4.43 (d, ] = 6.6 Hz, 1H, H-2),
411 (m, 1H, H-4), 3.88 (dd, J5, = 2.9 Hz, J;, = 6.6 Hz, 1H, H-
3), 3.45 (ddd in 1:2:2:1 ratio, J5,, = 6.0 Hz, ] = 9.5 Hz, Jg,, =
16.3 Hz, 2H, H-5), 2.29 (d, ] = 7.2 Hz, 1H, OH); *C NMR
(CDCl,, 100 MHz): § = 137.7 (Ar), 137.3 (Ar), 135.7 (Ar),
128.8—128.0 (Ar), 116.8 (CN), 78.1 (C-3), 75.2 (CH2), 73.4
(CH2), 73.0 (CH2), 70.4 (C-S), 69.6 (C-4), 69.3 (C-2). IR
(ATR, cm™): 3470, 3065, 3032, 2920, 2870, 1955, 1882,
1812, 1554, 1497, 14SS, 1398, 1353, 1250, 1210, 1096, 1028,
1002, 913, 821, 738; HRMS (ESI): m/z [M + Na]* calcd for
C,H,,0,NNa, 440.1832; found, 440.1827. Data for 8: 'H
NMR (CDCL, 400 MHz): & = 7.36—7.25 (m, 15H), 5.05 (d, J
= 11.5 Hz, 1H), 4.60—4.50 (m, SH), 4.37 (t, ] = 7.1 Hz, 1H),
377 (dd, ] =2.9 Hz, ] = 10.8 Hz, 1H), 3.71 (dd, J = 32 Hz, ] =
10.8 Hz, 1H). *C NMR (CDCI,, 100 MHz): § = 173.5, 137.8,
137.4,137.2, 128.7—127.7,79.5, 77.4 (2 X C), 73.8, 72.8, 72.7,
67.3. The spectroscopic data for compound 8 were in full
accord with the previously reported data.”
2,3,5-Tri-O-benzyl-4-(2-tert-butoxycarbonyl)hydrazinyl-4-
deoxy-p-arabinonitrile (10). Step 1: To a solution of alcohol 9
(200 mg, 0.48 mmol) in DCM (4 mL) at 0 °C was added
pyridine (0.1 mL, 1.24 mmol, 2.6 equiv). The mixture was
stirred for 10 min prior to dropwise addition of triflic
anhydride (0.1 mL, 0.60 mmol, 1.25 equiv). The reaction
mixture was further stirred at 0 °C for 15 min before being
diluted with DCM (20 mL), washed with cold HCI (10 mL, 1
M) and saturated aq NaHCO; (12 mL), dried over MgSO,,
and filtered. The residue (R; = 0.71; PE/EtOAc, 7:3) was
concentrated under reduced pressure and used directly in the
following step. Step 2: To a solution of the triflate from step 1
in THF (1.5 mL) at 0 °C was added tert-butylcarbazate (320
mg, 2.42 mmol, S equiv). The reaction mixture was stirred at rt
for 44 h before volatiles were removed under reduced pressure.
The residue was subjected to flash column chromatography
(PE/EtOAc, 95:5 — 9:1). Collection of the appropriate
fractions (R; = 0.28; PE/EtOAc, 9:1) provided hydrazide 10
(138 mg, 54%) as a clear white oil. '"H NMR (CDCl,, 400
MHz): & = 7.36—7.28 (m, 15H), 5.77 (brs, 1H, NH), 4.88 (d,
J = 11.5 Hz, 1H, CHPh), 4.84 (d, J = 11.1 Hz, 1H, CHPh),
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473 (d, J,; = 3.7 Hz, 1H, H-2), 464 (d, ] = 11.1 Hg, 1H,
CHPh), 4.57 (d, ] = 11.5 Hz, 1H, CHPh), 4.52 (d, ] = 11.8 Hz,
1H, CHPh), 4.45 (d, ] = 11.8 Hz, 1H, CHPh), 3.82 (dd, J,; =
3.7 Hz, J;, = 7.0 Hz, 1H, H-3), 3.71 (dd, J, 4 = 4.4 Hz, J5, 5, =
9.7 Hz, 1H, H-5a), 3.60 (dd, J54 = 5.7 Hz, Jg 5, = 9.7 Hz, 1H,
H-5b), 3.27 (ddd, J,, = 4.4 Hz, J,5, = 5.7 Hz, J,; = 7.0 Hz,
1H, H-4), 1.44 (s, 9H); 3C NMR (CDCl;, 100 MHz): § =
156.7 (C=0), 137.9 (Ar), 137.5 (Ar), 136.0 (Ar), 128.8—
128.0 (Ar), 117.8 (CN), 80.6 (C(CH3);), 78.1 (C-3), 74.9
(CH,), 73.5 (CH,), 72.9 (CH,), 68.3 (C-2), 67.8 (C-5), 60.5
(C-4), 28.4 (CH;); IR (ATR, cm™): 3339, 3014, 2979, 2929,
2870, 1718, 1497, 1454, 1393, 1367, 1249, 1216, 1157, 1088,
1073, 1028; HRMS (ESI): m/z [M + H]' caled for
C;H33O5N;, 532.2806; found, 532.2802.
(2R,3R,4R)-1-Amino-3,4-bis(benzyloxy)-2-((benzyloxy)-
methyl)-5-iminopyrrolidin Hydrochloride (11). To a solution
of nitrile 10 (140 mg, 0.26 mmol) in DCM (10 mL) at rt was
added TFA (2 mL) dropwise. The reaction mixture was stirred
at rt for 3 h before toluene was added, and the volatiles were
removed in vacuo. The residue was then purified by flash
column chromatography (DCM/MeOH (0.1 M HCI), 94:6).
Collection of the appropriate fractions (R; = 0.35; DCM/
MeOH (0.1 M HCI), 9:1) provided the title compound (98.3
mg, 88%) as a clear colorless oil. [@]F?°¢ —11 (¢ 0.20 in
MeOH); 'H NMR (MeOD, 400 MHz): § = 7.34=7.25 (m,
1SH, ArH), 4.82 (d, J,; = 3.9 Hz, 1H, H-4), 473 (d, ] = 11.5
Hz, 1H, CHPh), 4.63 (d, ] = 11.5 Hz, 1H, CHPh), 5.59 (d, ] =
11.8 Hz, 1H, CHPh), 4.48 (bs, 2H, CHPh), 447 (d, ] = 11.8
Hz, 1H, CHPh), 4.25 (t, ] = 3.9 Hz, 1H, H-3), 3.96 (m, 1H, H-
2), 3.89 (dd, Jemonp = 34 Hz, Jomon,cavon = 10.9 Hz, 1H,
CHaOH), 3.63 (dd» Jemvonz = 32 Hz, Jemvon,craon = 10.9
Hz, 1H, CHbOH); *C NMR (MeOD, 100 MHz): § = 166.7
(C=N), 138.9 (Ar), 138.4 (Ar), 138.1 (Ar), 129.6—129.1
(Ar), 82.3 (C-4), 79.6 (C-3), 742 (CH,), 740 (CH,),
73.3(CH,), 71.0 (C-2), 66.3 (CH,0H); IR (ATR, cm™):
3029, 2929, 2110, 1953, 1882, 1811, 1702, 1624, 1495, 1453,
1362, 1261, 1209, 1121, 1099, 1063, 1028, 971, 915; HRMS
(ESI): m/z [M + H]" caled for C,4H;,0;N;, 432.2282; found,
432.2276.
(2R,3R,4R)-1-Amino-3,4-dihydroxy-2-(hydroxymethyl)-5-
iminopyrrolidine Hydrochloride (4Cl). A degassed suspension
of per-O-benzylated hydrazide imide 11 (98 mg, 0.23 mmol)
and Pd/C (280 mg) in EtOH/TFA (10 mL, 9:1) was
hydrogenated at 1 atm at rt for 19 h. The reaction mixture was
then filtered through Celite and washed with EtOH before the
filtrate was concentrated in vacuo. The residue was dissolved in
methanolic HCI (0.5 M) and evaporated to dryness to afford
the HCI salt. The salt residue was purified by flash column
chromatography (MeCN/H,0, 92:8). Collection of the
appropriate fractions (R; = 0.42; MeCN/H,O (0.1 M HCl),
85:15) provided pyrrolidine 4Cl (40 mg, 90%) as a yellow
solid; mp 156.0—156.2 °C (decomposes); [a]y?°¢ — 5.7 (c
0.35 in MeOH); 'H NMR (D,0, 400 MHz): & = 4.83 (d, ], ; =
7.0 Hz, 1H, H-4), 427 (t, ] = 7.0 Hz, 1H, H-3), 4.13 (dd,
Jetsotz = 2:6 Hz, Jemon.cion = 13.3 Hz, 1H, CHaOH), 3.87
(dd, Jemvon = 2-5 Hz, Jemsoncraon = 13.3 Hz, 1H, H-6b),
3.72 (app. dt, J,chon = 2.5 Hz, J,3 = 7.0 Hz, 1H, H-2); BC
NMR (D,0, 100 MHz): § = 167.4 (C=N), 74.1 (C-4), 72.7
(C-3), 68.7 (C-2), 55.5 (CH,OH). IR (ATR, cm™): 3369,
2125, 1724, 1624, 1205, 1109, 1063 cm™'; HRMS (ESI): m/z
[M + H]* caled for CH;,05N;, 162.0873; found, 162.0871.
(2R,3R,4R)-1-(Ethylamino)-3,4-dihydroxy-2-(hydroxy-
methyl)-5-iminopyrrolidine Hydrochloride (5Cl). A degassed
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suspension of pyrrolidine 11 (95 mg, 0.20 mmol) and Pd/C
(235 mg) in EtOH/TFA (2 mL, 9:1) was hydrogenated at 1
atm at rt for 48 h. The reaction mixture was then filtered
through Celite and washed with EtOH before the filtrate was
concentrated in vacuo. The residue was dissolved in
methanolic HCI (0.5 M) and evaporated to dryness to afford
the HCI salt. The salt residue was purified by flash column
chromatography (MeCN/H,O, 88:12). Collection of the
appropriate fractions (R; = 0.44; MeCN/H,0, 9:1) provided
the title compound (39 mg, 85%) as a yellow solid; mp 130.2—
130.4 °C (decomposes); [a]3*°C + 12.0 (¢ 0.17 in MeOH)
'"H NMR (D,0, 400 MHz): & = 4.90 (d, J,; = 6.9 Hz, 1H, H-
4), 431 (app. t, ] = 6.8 Hz, 1H, H-3), 4.07 (dd, Jepone =
13.0 Hz, Jeppom, = 2.6 Hz, 1H, CHaOH), 4.03 (dt, ], = 6.7
Hz, ] crvon = 2.7 Hz, ] caon = 2.6 Hz, 1H, H-2), 3.90 (dd,
Jeron,craon = 13.0 Hz, Jemom, = 2.7 Hz, 1H, CHbOH), 3.04
(dq, Jia1 = 11.7 Hz, ], = 7.3 Hz, 1H, H-1'a), 2.91 (dq,
Jiwya = 11.7 Hz, ]y, = 7.1 Hz, 1H, H-1'b), 1.09 (app. t, ] =
7.2 Hz, 3H, H-2'); C NMR (D,0, 100 MHz): § = 167.9
(C=N), 73.9 (C-4), 73.0 (C-3), 64.8 (C-2), 56.0 (CH,OH),
42.0 (C-7), 11.8 (C-8); IR (ATR, cm™): 3215, 2977, 2934,
2878, 2110, 1702, 1637, 1454, 1383, 1332, 1276, 1201, 1103,
1063, 905; HRMS (ESI): m/z [M + H]" calcd for C,H,;,O;N;,
190.1186; found, 190.1184.
(3S,4R,5R)-1-Amino-3,4-dihydroxy-5-(hydroxymethyl)-2-
pyrrolidinone Hydrochloride (6HCI). A solution of pyrrolidine
4Cl (8 mg, 0.04 mmol) in MeOH (0.05 M HC], 1 mL) was
subjected to microwave radiation (150 °C) for 90 min. The
reaction mixture was then cooled to ambient temperature
before volatiles were removed by reduced pressure. The
residue was evaporated to dryness to afford the HCI salt. The
salt residue was subjected to gravity column chromatography
(MeCN/H,0, 98:2). Collection of the appropriate fractions
(R; = 0.41; MeCN/H,O, 85:15) provided hydrazide amide
6HCI (4.7 mg, 60%) as a white wax. [a]§"* °© — 5.1 (¢ 0.39 in
MeOH); 'H NMR (D,0, 400 MHz): 6 = 431 (d, J,; = 7.1
Hz, 1H, H-3), 4.10 (t, ] = 7.1 Hz, 1H, H-4), 4.05 (dd, Jcx.om2
= 2.7 Hz, Jemoncmon = 129 Hz, 1H, CHaOH), 3.79 (dd,
Jemvon = 2-5 Hz, Jemvon,creon = 12.9 Hz, 1H, CHbOH), 3.47
(m, 1H, H-5); *C NMR (D,0, 100 MHz): § = 172.5 (C=
0), 752 (C-3), 72.3 (C-4), 65.3 (C-5), 57.2 (CH,OH); IR
(ATR, cm™'): 3295, 2926, 2855, 2358, 1699, 1455, 1349,
1261, 1200, 1095, 909. LRMS (ESI): m/z [M + H]* calcd for
C.H,,0,N,, 163.0719; found, 163.0721.
2,3,5-Tri-O-benzyl-4-(1-N-benzyl-(2-tert-butoxycarbonyl)-
hydrazinyl)-4-deoxy-p-arabinonitrile (13). To a solution of
compound 10 (104 mg, 0.20 mmol) in DCE was added
Na(OAc);BH (116 mg, 2.7 equiv) followed by benzaldehyde
(0.04 mL, 2.0 equiv) and AcOH (0.07 mL, 6.2 equiv). The
reaction mixture was stirred at rt for 18 h. The reaction mixture
was then quenched with saturated aq NaHCO; (5 mL), and
EtOAc (10 mL) was added. The two phases were separated,
and the aq phase was extracted with EtOAc (2 X 10 mL). The
combined organic fractions were evaporated to dryness in
vacuo. Excess of benzaldehyde was removed under vacuum at
60 °C for 1 h. The residue was purified by flash column
chromatography (PE/EtOAc, 9:1). Collection of the appro-
priate fractions (R; = 0.25; PE/EtOAc, 9:1) provided
compound 13 (89 mg, 73%) as a light-yellow oil. "H NMR
(CDCl,, 400 MHz): 6 = 7.41-6.96 (m, 20H, ArH), 6.28 and
5.84 (brs, 1.4:1, 1H, NH), 5.52 and 5.22 (br.s, 1.5:1, 1H, H-
2),4.98 (d, ] = 10.9 Hz, 1H, CHPh), 4.84 (d, ] = 10.3 Hz, 1H,
CHPh), 4.60 (d, J = 10.8 Hz, 1H, CHPh), 4.58 (d, ] = 10.3 Hz,

1H, CHPh), 4.49 (d, ] = 11.2 Hz, 2H, 2CHPh), 4.00—3.68 (m,
SH, 2CHPh, H-5a, H-Sb, H-3), 3.34 (brs, 1H, H-4), 1.32—
1.24 (m, 9H); *C NMR (CDCl,, 100 MHz): § = 155.9 (C=
0), 137.8—136.1 (Ar), 130.0—127.5 (Ar), 118.9—118.6 (CN),
80.8 and 80.0 (C), 78.4 (C-3), 75.2 and 74.9 (CH,), 73.8 and
73.6 (CH,), 73.2 and 72.8 (CH,), 67.6 and 66.7 (C-2), 67.0
(CH2), 63.6 and 61.9 (C-S), 61.6 and 60.7 (C-4), 28.3 and
28.1 (CH,); IR (ATR, cm™): 3355, 3031, 2925, 2866, 1950,
1725, 1706, 1496, 1454, 1392, 1243, 1160, 1124, 1072, 1027,
913; HRMS (ESI): m/z [M + Na]* calcd for C;3H,;04N;Na,
644.3095; found, 644.3088.

Glycosidase Inhibition Assays. Inhibition assays for
glycosidases were accomplished using the methodology
reported by Bols and co-workers.”> The percentage of
inhibition was measured by preparing two 1.2 mL samples in
PS cuvettes containing 0.1 M phosphate buffer (pH 6.8 or 5.6
for mannosidases) and the corresponding o- or p-nitrophenyl-
glycopyranoside at a concentration equal to the expected value
of Ky [S] = 025 mM for a-glucosidase, 4.0 mM for f-
glucosidase; 0.60 mM for a-galactosidase, 0.51 mM for f-
galactosidase (E. coli), 1.5 mM for S-galactosidase (A. oryzae),
0.90 mM for @-mannosidase, and 0.58 mM for -mannosidase.
DMSO (control) or inhibitor solution (DMSO) plus water
was added up to a constant volume of 1.14 mL. Screenings
were conducted using a 100 M final inhibitor concentration.

Reactions were started by adding 60 uL of properly diluted
enzyme solution at 25 + 0.1 °C or 35 = 0.1 °C (for
mannosidases), and the formation of the corresponding o- or
p-nitrophenolate was monitored for 125 s by measuring the
increase in absorbance at 400 nm (glucosidases and a-
galactosidase) or 420 nm (f-galactosidases) for 125 s. For a-
and f-mannosidases, an aliquot (200 L) was taken every 60 s
and added to a 1 M Na,CO; solution (1.8 mL), and the
absorbance was measured at 400 nm over a period of 4 min.

Initial rates (slopes of the plots Abs vs t) were used for
calculating %I, according to the following expression:

vy — v

% inhibition = X 100

Yo

where v, is the reaction rate for the enzyme solution and v is
the reaction rate for the reactions incorporating an inhibitor.

DMSO concentration was maintained at 5% (v/v) of the
total assay mixture for glycosidases.

The inhibitory constants (K;) were determined using five
different substrate concentrations, ranging from 0.25 to 4.0 Ky
at a fixed inhibitor concentration (two to three different
inhibitor concentrations). The mode of inhibition was
determined using the Cornish-Bowden method,>® which
involves the use of two different plots: 1/v vs [I] (Dixon
plot) and [S]/v vs [I]. For the calculation of kinetic parameters
(Kyp Vinax), 2 nonlinear regression analysis (least-squares fit)
was used.

Compounds 4Cl and SCI turned out to be competitive
inhibitors (binding only to the free enzyme), and the
corresponding inhibition constants (K;) were calculated using
the following equation:

K =

]
ia Kntapp _
Ky 1

Computational Details. Geometries of the investigated
molecular systems were optimized with Schlegel’s gradient

optimization algo1‘ithm.3’4 Subsequent to geometry optimiza-
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tion, the second derivative Hessian matrices were evaluated
analytically for the located stationary points on the explored
potential energy surfaces (PESs). The absence of negative
eigenvalues of the Hessians (and consequently, imaginary
harmonic vibrational frequencies) indicated that true minima
have been located.

Throughout the study, the hybrid HF-DFT approach was
implemented, using the combination of three-parameter
adiabatic connection exchange functional constructed by
Becke (B3)™ with the Lee—Yang—Parr correlation functional
(LYP;*® B3-LYP). The Pople-style triple-zeta quality 6-311+
+G(dp) basis set was used for orbital expansion. Numerical
integration was performed using a pruned “ultrafine” (99,590)
grid, constituted by 99 radial shells and 590 angular points per
shell.

Charge distribution for the structure corresponding to the
located minima on the studied PESs was investigated
employing a variety of methods for computation/assignment
of atomic charges. Aside from the widely used Mulliken
partitioning scheme and the Weinhold’s natural population
analysis,”” also several electrostatic potential-based (ESP)
schemes were employed.”® "' The ESP schemes are based
on computation of molecular ESP from the DFT density
(which is an exact procedure) followed by assignment of
charges to atomic centers within the molecule, such as
reproducing the exactly computed ESP at series of chosen
points. The second segment of the overall task is a fitting
procedure. As the ESP fit does not lead to a unique solution of
the problem (neither does any of the algorithms for charge
assignments), we have used many different algorithms for
choosing the set of points for fitting the charges (MK, CHelp,
CHelpG, etc.; see the results in Table 2 within the main text).
This was done in order to get a wider overview of the
performances of different methods. We have also focused on
trends throughout the series of investigated compounds
instead of the absolute values of the charges.
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Abstract: Natural products are rich sources of interesting scaffolds possessing a plethora of biological
activity. With the isolation of the martinella alkaloids in 1995, namely martinelline and martinellic
acid, the pyrrolo[3,2-c]quinoline scaffold was discovered. Since then, this scaffold has been found
in two additional natural products, viz. incargranine B and seneciobipyrrolidine. These natural
products have attracted attention from synthetic chemists both due to the interesting scaffold they
contain, but also due to the biological activity they possess. This review highlights the synthetic
efforts made for the preparation of these alkaloids and formation of analogues with interesting
biological activity.

Keywords: natural product synthesis; hexahydropyrrolo-[3,2-c]-quinoline; scaffold; martinelline;
martinellic acid; incargranine B; seneciobipyrrolidine

1. Introduction

Natural products have been and continue to be an immense source of inspiration for
organic chemists looking for challenging synthetic targets to test new synthetic strategies
and methodologies [1-9]. In addition, natural products are good sources for discovery
of novel scaffolds, which is important inspiration for new structural motifs in medicinal
chemistry and eventually for drug discovery [10-12]. As of today, approximately 50% of
all drugs approved by the US Food and Drug Administration (FDA) are based on natural
products or derived from a natural product scaffold [13-16]. Many natural products
are rich in stereocenters and possess a high degree of unsaturated carbon bonds. These
properties are highly desirable in the development of pharmaceutically active compounds,
since the clinical success of drug candidates directly correlates to their three-dimensional
structure [17,18].

One such scaffold comprised of three stereocenters is the hexahydropyrrolo[3,2-
c]quinoline scaffold, which was first discovered in the martinella alkaloids in 1995 (Figure 1)
by Witherup and co-workers at the Merck laboratories [19]. They isolated martinelline
(1) and martinellic acid (2) from the roots of the tropical plants Martinella iquitosensis and
Martinella obovata. In 2016, martinelline (1) was also isolated from the leaves of Emilia
coccinea (Sims) G Dons originating from Southern Nigeria [20]. The same year, martinellic
acid (2) was identified in the Australian cane toad skin Bufo marinus [21], as well as in
the flowering plant Elephantopus scaber [22]. The biological properties displayed by the
martinella alkaloids included high binding affinity to bradykinin-, x;-adrenergic-, and
muscarinic receptors, as well as antimicrobial activity [19]. In fact, the juice from the
martinella and emilia plants have been used by South American natives and Nigerians,
respectively, to treat eye infections [23,24]. The emilia leaves have also traditionally been
used in Southern Nigeria for birth control [20].
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Figure 1. The structure of martinelline (1), martinellic acid (2), incargranine B (3) (originally proposed structure and revised
structure), and seneciobipyrrolidine (4). The pyrrolo[3,2-c] scaffold is highlighted in red with atom numbering.

Since the discovery of the martinella alkaloids, the partially reduced pyrrolo[3,2-
c]quinoline scaffold has been found in two additional natural products, namely incargra-
nine B (3) and seneciobipyrrolidine (4) (Figure 1). Incargranine B (3) was isolated from
Incarvillea mairei var. grandiflora by the Zhang group in 2010. They incorrectly identified the
alkaloid as comprising an indolo-[1,7]-naphthyridine core structure [25]. The Lawrence
group suggested that incargranine B (3) contained a dipyrroloquinoline scaffold after struc-
tural revision of the alkaloid [26]. A second dipyrroloquinoline alkaloid was isolated in
2013 from Senecio scandens and termed seneciobipyrrolidine (4) [27]. Despite the fact that
Senecio scandens is a common Chinese herbal medicine used for treatment of a variety of
ailments [28], neither of the dipyrroloquinolines have been assessed for biological activity.

All four natural products (1-4) have been isolated with an exo-stereochemistry, i.e., a
trans-relationship between protons H-8 and H-9 and a cis-relationship between protons
H-9 and H-10 (see martinelline (1) in Figure 1). Witherup and co-workers reported optical
rotation values of « = +9.4 (c = 0.02, MeOH) and o = —8.5 (¢ = 0.01, MeOH) for martinelline
(1) and martinellic acid (2), respectively. From synthetic preparation of the enantiopure
alkaloids accompanied by reports of their optical rotation values (Table 1), one may con-
clude that the isolated compounds consisted of epimeric mixtures [29-32]. After synthetic
preparation of incargranine B ((£)3), the Lawrence group also concluded that the aglycon
of the isolated alkaloid 3 was a mixture of epimers [26]. No values for optical rotation have
been reported for synthetically prepared seneciobipyrrolidine (4). However, the x-value
for the isolated seneciobipyrrolidine (4) reported by the Tan group («x = —72.9 (c = 0.10,
MeOH)) may suggest that this alkaloid was of higher enantiopurity than the three other
isolated natural products (1-3).

This review will highlight the synthetic efforts made for the preparation of these alka-
loids, with particular focus on the assembly of the partially reduced pyrroloquinoline core
structure, and formation of analogues with interesting biological activity. The review does
not include synthetic approaches towards the structurally related hexahydroindolo-[3,2-c]-
quinoline or the hexahydropyrrolo-[3,4-c]-pyrrole structures. Synthetic routes towards the
martinella alkaloids have been reviewed in 2004 by Nyerges and in 2008 by Lovely and
Bararinarayana [33,34]. Since 2008, new approaches towards the alkaloids have emerged,



Molecules 2021, 26, 341 3 of 45

and medicinal applications of this core structure have been developed. Apart from specific
prerequisite information, this review will not cover literature prior to the review in 2008.

Table 1. Reported optical rotation for the isolated and synthetically prepared natural products
martinelline (1), martinellic acid (2), incargranine B (3), and seneciobipyrrolidine (4).

Compound Optical Rotation [p] Concentration (mg/ 10 cm?) Reference
1 (isolated) +9.4 0.02 [19]
(—)1 —108.0 0.09 [30]
(+)-1 +98.6 0.02 [30]
2 (isolated) —8.5 0.01 [19]
(—)-2 -122.7 0.37 [29]
(—)-2 —118 0.3 [32]
(—)-2 —164.3 0.14 [30]
(+)-2 +165.5 0.11 [30]
(—)-2 —164.8 0.33 [31]
3 (isolated) —-12 0.275 [25]
(£+)-3 —16.7 0.275 [26]
4 (isolated) -729 0.10 [27]

2. Total and Formal Synthesis of Martinellic Acid (2)

Synthesis of martinellic acid (2) has consistently been divided into two parts, namely
assembly of the tricyclic scaffold and attachment of the galegine (5) side chains (Scheme 1).
These guanidine-containing side chains were first isolated from Verbesina encelioiodes (Aster-
aceae) [35], and later identified as a toxic and antidiabetic component from Galega officinalis
(Goat’s Rue) [36]. Guanylation of the martinella scaffold has been conducted under differ-
ent reaction conditions [30,37-39], one of which is presented below in Ma and coworkers’
asymmetric synthesis of (—)-martinellic acid ((—)-2) from 2001 (Scheme 2) [29,37]. The pre-
cursor for the guanylation reaction in Ma and coworkers’ protocol, namely triamine 6, has
since 2001 been referred to as Ma’s intermediate (6) and has been a key target compound
in a handful of total and formal total syntheses of the martinella alkaloids [30,32,38—47].
We have therefore included a description of Ma and coworkers’” asymmetric synthesis of
(—)-martinellic acid ((—)-2) in this review.

HN

H "N 0.C
Me
H02C\©§ H 2
HoN_ N
\ ,,///\/Nﬁ/N\/Y N N o~ NHz

NH galegine (5) Ma's intermediate (6)
Martinellic acid (2)

Scheme 1. Retrosynthesis of the final assembly of Ma’s intermediate (6) and the galegine (5) side chains to form martinellic.
acid (2).

In their 2001 publication, Ma and co-workers reported the first total synthesis of
martinellic acid (2) [37]. The report was followed up in a full account in 2003 (Scheme 2) [29].
The synthesis was initiated from chiral 3-amino ester 7, which was obtained from 1,4-
butandiol using a chiral auxiliary, following a procedure developed by Davies and co-
workers [48]. Copper catalyzed coupling of 1,4-diiodobenzene with 3-amino ester 8
provided acid 9. In the following N-, O-acylation step, predominance of O-acylation over
N-acylation of amino acid 9 was observed. It was thus found that the acid first had to be
converted to the corresponding methyl ester 10 before treatment with acetic anhydride at
elevated temperature facilitated acylation of both the amino- and hydroxy functionalities.
The resulting N-, O-acylated methyl ester was then hydrolyzed to the corresponding acid
followed by a re-acylation of the free hydroxyl group. This provided acid 11 in 84% yield
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from methyl ester 10. Formation of the acyl chloride upon treatment with oxalyl chloride
followed by an aluminum chloride (AlCl3) mediated intramolecular acylation provided
ketone 12 in 62% yield.

H 1) Pd/C, H, (50 atm), EtOH

_~.,.-Bn

1) 1,4-diiodobenzene

Ph" N HCI (aq.), 50 °C, 8 h NH, Cul, KoCO3
BnO._~_-~_-CO:Me 2)pd/c, H, (50 atm) HO o~ COMe  pyE H,0
7 EtOH, 50 °C, 8 h, 97% 8 100 °C, 2 days

1) (COCI);, DCM
0°C-rt,1h

2) AICl3, DCM
0°C-rt,12h
62%

|
45 COCFs

1
2
3
4

H
MeS__N
X
HN \ﬂ/ \/Y
MeO,C “xHCI NBoc .
N~ NH2 - AgNO3, EtgN
H MeCN/MeOH (2:1)
6°xHCI rt, over night, 65%

Ma's intermediate

COzH
\©\ J/ /\/OAC

1) Ac,0, 100°C, 2 h
2) NaOH (aq.)/MeOH, 20 h

3) Ac,0, 80 °C, 2 h, 84%

CO,R
\©\ J//\/OH
9,R=H
10, R = Me

1 2) SOCl,, MeOH, 0 °C - rt, over night
72% (over 2 steps)

1) Pd(OAc),, dppp, CO (1 atm), MeOH 0

EtsN, DMF, 80 °C, 12 h

1, ~OH  3) (CF,C0),0, Et;N, DMAP

2) HCI, MeOH, rt, over night
3) TBDMSCI, DMAP, Et3;N, DCM

N~~~ OTBDMS
H

r, 6 h, 79% 13
1) LIHMDS, -78 °C - -40 °C
BrCH,CH,OTf, THF, 1 h
2) NaNa, DMF, rt, 10 h
3) PhsP, HoO, THF, rt, 14 h, 48%

MeOZC
..., _~_ OTBDMS

1) TBAF, HOAc, THF, 6 h
2) NaBHy4, HOAc, THF
0°C,4h

DCM, rt, over night, 94%

) MsCl, EtzN, DMAP, DCM, rt, 1 h

) NaN3, DMF, 10 h, 88%

) PPh3, H,O, THF, rt, 14 h

) HCI, H,O, MeOH, over night, 81%

1) aq. NaOH/MeOH, reflux, 10 h
2) TFA/anisole, DCM, rt, 14 h
91%
(-)-2-xTFA
Martinellic acid

Scheme 2. Ma and co-workers’ synthesis of Ma’s intermediate and the endgame to martinellic acid ((—)-2).

Palladium-catalyzed carbonylation of the iodide moiety within compound 12 followed
by deacetylation and silyl protection of the hydroxyl group provided ketone 13. Alkylation
of ketone 13 was conducted by enolization with lithium bis(trimethylsilyl)amide (LiHMDS)
followed by addition of 2-bromoethy] triflate as the alkylating agent. Ma and co-workers
found that the resulting ethyl bromide product was unstable and therefore converted
the bromide directly to the corresponding azide with sodium azide. Reduction of the
azide with triphenyl phosphine and water provided imine 14 in 48% yield from ketone 13.
Reduction of imine 14 was found to work selectively with sodium borohydride only after
deprotection of the O-silyl group. Protection of the resulting diamine with trifluoroacetic
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anhydride provided compound 15 in 94% yield from imine 14. A reaction sequence
including mesylation, azidation, azide reduction, and N-deprotection gave triamine 6
(Ma’s intermediate) as the HCl salt.

To further convert the triamine 6 to martinellic acid, the primary amine and the
hindered secondary amine functionality in the pyrrolidine ring was guanylated. Through
experimentation, the Ma group found that the most efficient guanylation agent was N-
Boc-protected methylisothiourea 16. Since elevated temperatures led to decomposition of
the triamine 6, silver nitrate was used to promote the substitution of methanethiol in the
guanylation reaction. By changing the solvent from acetonitrile to a mixture of acetonitrile
and methanol (2:1), the yield for the reaction could be improved from 20% to 65%. This
effect was most likely due to the poor solubility of triamine 6 in acetonitrile. The methyl
ester 17 was finally converted to martinellic acid ((—)-2), as the TFA salt in 91% yield
through base catalyzed hydrolysis of the ester and subsequent treatment with TFA.

In 2013, Davies and co-workers published their own synthesis of (—)-martinellic acid
((—)-2) and (—)-epi-martinellic acid ((—)-epi-2) (Scheme 3) [32,40]. The synthesis began with
a Heck cross-coupling between 2-iodo-4-bromoaniline 18 and tert-butyl acrylate, followed
by bis-N-allyl protection, which provided ester 19 in 90% yield. Conjugate addition of (R)-
lithium amide 20 to o, -unsaturated ester 19 by means of a diastereoselective aza-Michael
reaction was used to install the C-10 stereogenic center. Subsequent alkylation with methyl
bromoacetate gave compound 21 as a single diastereomer.

1) Pd(OAC),, P(o-Tol /L
)t—bL(Jt Iaz:2 Ia(te & PMP” N J\ AN
vl acry L 20 PMP” N
Br | EtsN, MeCN Br ~_CO,Bu 1) THF, -78°C,2h  Br CO,fBu
\@ 70°C, 16 h \©\/\/ el mal :
_ 0 .
NH, 2) KsPOs, allyl iodide NAllyl, 2)LDA, THF, -78 °C, 1 h N Co,Me
18 acetone, reflux, 48 h 19 then t-BuO,CCH_Br 21 Allyl
90% 78°C-1t, 16 h
81%
1) Pd(PPhg)s, DMBA | 3) Boc,0
DCM, 35°C, 16h | DMAP, DCM
2) PhCO,H, PhMe 35°C, 16 h
reflux, 16 h 49%
1) CAN, MeCN/H,0 (1:1)
i, 1h ,( 0 ) /( O
2) BHa+THF, reflux, 3 h PMP— N 1) LIAOt-Bu)sH, THF  PMP™R
then MeOH, reflux, 48h g, 0°C,1h Br
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2) NaOH (0.2 M aq.), MeOH, reflux, 16 h
3) TFA, anisole, DCM, rt, 16 h, 34%

(-)-2-TFA

Scheme 3. The Davies group’s synthesis of (—)-martinellic acid (2).
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In preliminary studies, the Davies group attempted to form the pyrrolidine ring
through a free amine (N-10a) by conducting a hydrogenolysis of all N-protecting groups.
Neither acid promoted reaction of the free amine with tert-butyl ester nor did the methyl
ester provide the desired five-membered cyclized product. However, upon removal of only
the N-allyl groups with Pd(PPhs)4 and N,N-dimethylbarbituric acid (DMBA), followed
by benzoic acid promoted cyclization of both rings, simultaneously, pyrroloquinolinone
22 was obtained. In order to further regioselectively reduce the six-membered lactam
over the five membered lactam moiety in compound 22, the electron withdrawing Boc-
protecting group was introduced onto the N-8a nitrogen. The activated carbonyl group
in compound 23 was then reduced with lithium tri-t-butoxyaluminum hydride LiAl(Ot-
Bu)sH to form the hemiaminal. Treating the hemiaminal with phosphorane 24 allowed for
olefination and an intramolecular aza-Michael addition to give compound 25 in 75% yield
as a single diastereomer. Phosphorane 24 was used in the olefination reaction instead of
the corresponding Wittig reagent due to issues with separating the reaction product from
triphenylphosphine ylide residues.

The p-methoxyphenyl (PMP)-protection group within compound 25 could be removed
upon treatment with ceric ammonium nitrate (CAN). The resulting substrate was then
treated with borane (BH3) to reduce the amide and ester functionalities to the corresponding
amine and alcohol moieties, respectively. The amine was Boc-protected, and the alcohol
was tosylated, which provided pyrroloquinoline 26 in 41% yield over four steps. Treatment
of compound 26 with sodium azide in N-methyl-2-pyrrolidinone (NMP) followed by
methoxycarbonylation provided methyl ester 27. The nitrile group in compound 27 was
then reduced to the corresponding amine upon treatment with sodium borohydride, and
the resulting product was immediately Boc-protected in order to avoid formation of a
tetracycle. Deprotection of the three N-Boc groups with methanolic HCI provided Ma'’s
intermediate (60xHCI) in 91% yield. (—)-Martinellic acid ((—)-26TFA) was finally obtained
from the salt 6exHCl in 49% yield using Ma’s guanylation procedure [37].

Initial studies by Davies and co-workers showed that a strong base, such as NaH, led
to equilibration between diastereomers 25 and epi-25 (Scheme 4). Since this would provide
access to the C(4)-epimer of martinellic acid 2exHCI, the Davies group also synthesized
compound (+)-epi-6exHCl by an analogous series of steps to the ones used for the synthesis
of Ma’s intermediate (—)-6exHCI from pyrroloquinoline 25, in 18% overall yield (Scheme 3).
The corresponding guanylated product was provided in 45% yield by following Ma’s
protocol [37]. However, hydrolysis of the methoxy ester gave (—)-4-epi-Martinellic acid
epi-2exTFA in only 2% yield, accompanied by quinoline 29exTFA in 16% yield. By using
the procedure reported by Snider et al., epi-martinellic acid (epi-2exTFA) was isolated in 3%
yield over the three steps, and no formation of the quinoline 29exTFA was observed [45].

The Hamada group employed a previously reported asymmetric tandem Michael—-
aldol reaction using (S)-diphenylprolinol triethyl silyl ether 30 as an organocatalyst in the
presence of sodium acetate (NaOAc) and four A molecular sieves (4 A MS) as starting point
for their synthesis [42,49]. During optimization studies for the reaction between substrates
31 and 32 (obtained in 5 steps from pyrrole 33), the group found that when performed
in acetonitrile at —20 °C, the reaction proceeded smoothly without NaOAc and 4 A MS
(Scheme 5). By using two equivalents of the alkene 32, due to slow reaction rate, together
with 20 mol% of organocatalyst 30, quinoline 34 was obtained in quantitative yield from
compound 31 and high enantiomeric excess. The aldehyde moiety in compound 34 was
further reduced to the allyl alcohol with sodium borohydride and cerium chloride.
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Scheme 4. The Davies group’s synthesis of epi-(—)-martinellic acid (epi-(—)-2).

After several failed attempts to introduce the N-8a nitrogen to the allylic alcohol,
Hamada employed a route to Ma’s intermediate (6) previously reported in their group [50].
The allylic alcohol was treated with m-chloroperbenzoic acid (m-CPBA) to form epoxide 35.
Iodination of compound 35 and subsequent treatment with zinc and acetic acid to cleave the
epoxide ring gave an allylic alcohol that was further oxidized to ketone 36 with activated
manganese dioxide. The «,[3-unsaturated ketone 36 was subjected to hydrocyanation
to provide quinolone 37 in 90% yield and 94:6 dr. Only after formation of (—)-epi-Ma’s
intermediate ((—)-epi-6) through a series of reduction and N-deprotection reactions could
Hamada and co-workers conclude that cyano-quinolone diastereomer 37 exhibited cis-
configuration. In their 2004 publication the Hamada group reported that the “2,3-trans
arrangement was ambiguously confirmed by NMR” [50].

Base-promoted racemization of the cyano-sidechain with sodium naphthalenide and
simultaneous N-tosyl-deprotection produced compound 38 as a diastereomeric mixture.
The mixture was subjected to hydrogenation and reductive amination of the resulting imine
followed by N-Boc protection. A final deprotection with methanolic HCI formed (—)-Ma’s
intermediate as its HCI salt ((—)-603HCI). Hamada and co-workers hypothesized that the
N-protecting group (Ts) controls the cis/trans isomer formation during cyanation, through a
pseudo-1,3-diaxial interaction between the N-toluenesulfonyl group and 3-cyanomethylone.
Without the tosyl group, they imagined that the isomerization of the 3-cyanomethyl group
takes place during the hydrogenation reaction, and that the trans-product 6 is more stable
due to torsional strain between the 2-(3-tert-bytoxycarbonylaminopropyl) group and the
pyrrolidine ring in a cis-product.
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Scheme 5. Hamada and coworkers’ synthesis of Ma’s intermediate (6).

Another approach towards martinellic acid was presented by Pappoppula and Apon-
ick in 2015 [51]. Their synthesis commenced from quinoline 39, which was synthe-
sized in two steps from benzocaine (40) in 79% yield following a literature procedure
(Scheme 6) [52]. The key step in this synthesis was a copper-catalyzed alkynylation reaction
with alkyne 41, developed in the group, using (R)-StackPhos to set the C-8 stereochemistry.
Their further strategy was to use an x-allylation reaction to diastereoselectively install the
allyl group at C-9 [53]. To facilitate that chemistry, they therefore needed to convert ketone
39 to an aromatic enol.
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Scheme 6.

18 h, 70%

Synthesis of (—)-martinellic acid ((—)-2exTFA) by Pappoppula and Aponick.

In preliminary studies conducted by Pappoppula and Aponick, they wanted to see
if it was possible to obtain alkyne 42 directly from quinoline 39, by forming the corre-
sponding carbonate in situ. This route gave the alkynylated product 42 in 40% yield and
88% ee. Attempts to increase the yield were, however, unsuccessful, because once the
carbamate was formed, the quinolone did not undergo further alkynylation, resulting in
the formation of an unreactive biproduct, viz. N-protected quinoline. Instead, the group
prepared allylcarbonate 43 by treating quinolone 39 with alloc chloride. Stereoselective
alkynylation of carbonate 43 at 0 °C for 15 h using (R)-StackPhos provided alkyne 44 in 95%
yield and 86% ee. By running the reaction at —25 °C for 48 h and increasing the reaction
concentration from 0.1 to 0.4 M, the title compound 44 was obtained in 90% ee, however at
a lower conversion (70% yield). When scaling up the reaction, the copper bromide catalyst
loading could be reduced from 5 to 2 mol% without affecting the yield and stereoselec-
tivity, providing alkyne 44 in 73% yield and 91% ee. Diastereoselective decarboxylative
a-allylation of allyl carbonate 44 further provided ketone 45 in 80% yield with a >25:1
diastereomeric ratio. Allyl 45 was then treated with ozone followed by a double reductive
amination of the resulting 1,4-diacarbonyl using benzyl amine and sodium cyanoborohy-
dride to provide the tricycle 46. Reduction of the alkyne functionality upon treatment with
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51

NOBn

CO,Et
MeO,C / 2= BusSnH, AIBN, Me0,C
benzene, 29%
NT

Pd(OH); and hydrogen (50 psi) while simultaneously removing three N-protecting groups
resulted in the formation of amine 47 in 82% yield. Treating amine 47 with the di-Boc
protected reagent 48 resulted in guanidinylation of the primary amine and formation of
compound 49. The sterically hindered secondary amine was then guanidinylated with the
more reactive guanidine 16 to provide compound 50 in 74% yield. Finally, the TFA salt
of martinellic acid ((—)-2exTFA) was obtained upon base catalyzed ethyl ester hydrolysis
followed by deprotection of the N-Boc groups with TFA.

In 2008, Naito and co-workers presented the synthesis of (—)-martinellic acid ((—)-2),
where the key reaction was a radical addition—cyclization—elimination (RACE) reaction
with a chiral oxime ether 51 forming lactam 52. Lithium borohydride reduction of lactam
52 afforded pyrroloquinoline 53 (Scheme 7), which was brought forward to (—)-martinellic
acid ((—)-2) over seven steps [31]. A full report of this method has been covered in the
review by Lovely and Bararinarayana [34]. The approach unfortunately experienced
some unsatisfactory yields and stereoselectivity, which prompted a second approach to
martinellic acid.

M9020
LiBH,4, THF

MeOH, 66 °C
Sml2 THF )J 76%
t-BUOH, 41% 52 O

Scheme 7. The key step in the Naito group’s first approach to (—)-martinellic acid ((—)-2), namely the radical addition-

cyclization-elimination (RACE) reaction.

CHO BnHN H r, 3 h, 98% _t,24h
Et3N, toluene 2) MnOy Et,0 2) BH3+Py
reflux, 5 h, 78% rt, 20 h, 68% 10% HCI, EtOH

Br:

A formal synthesis of ()-martinellic acid was further reported by the Naito group
together with Miyata in 2010 using a new approach based on ring expansion of an oxime
ether through a domino reaction, including elimination of an alcohol, rearrangement of a
metal aryl methylamide, and addition of an organomagnesium reagent (Scheme 8) [54].

) NH,0Me+HCl
CO H 2
2 Bn 1) K,CO5 MeOH Bn AcONa MeOH

-10°Ctort, 48 h NHOM

36%

AllylMgBr (3 equiv.)
Ety0, rt, 30 min., 94%

BnN BnN
1) NBS, DMF, rt, 24 h, 79%
OH  2) ThexylBH,, THF, 0°C, 3 h P
ﬁ T 5 NaOH, HyO, t, 3 h, 70% N
59
l ref 45
(+)-2

Scheme 8. The Naito group’s second approach to martinellic acid in collaboration with Miyata.

The work commenced by the condensation of aldehyde 54 with N-benzylglycine
hydrochloride followed by a spontaneous [3+2] cycloaddition of the resulting azomethine
ylide gave indenopyrrolidine 55 in 78% yield [54]. Acetate hydrolysis and manganese
dioxide (MnO,) oxidation of the resulting alcohol provided ketone 56. Condensation with
O-methylhydroxylamine hydrochloride followed by borane reduction gave oxime ether 57
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in 36% yield. A domino reaction with allylmagnesium bromide proceeded stereoselectively
from oxime ether 57 to afford amine 58 in 94% yield. Bromination was followed by
hydroboration-oxidation of the alkene. The resulting pyrroloquinoline 59 is an intermediate
in the synthesis of (£)-martinellic acid reported by Snider et al. [45], in which compound
59 was converted to (£)-martinellic acid over six steps.

During their synthetic studies of poly-substituted pyrroles such as pyrrole 60 from
amine 61 and aldehyde 62 using silver acetate (AgOAc) as oxidant, Jia and co-workers
unexpectedly observed formation of quinoline 63 (Scheme 9) [41]. They proposed that
formation of the quinoline 63 occurred in a Povarov reaction.

1\ Meo/©\lng

N c

O 8 SE
AgOAc, NaOAc ©\OM MeO H 0, NN
0 e
THF, 60 °C 10 h 60 12%

63 57%

+ 1 0 :

R/©\NH2 04\/\/R THF, 60 °C BocHN ';IH
1 10 h, 79% NPhth
61 R=OMe 62 R' = (CH2),CHs
- . . NPhth
64 R = NHBoc 65 R' = NPhth BocHN N7 NP
66 H
NBS, DCM

-40 °C, 10 min., 80%

1) NgHgeHo0
CF3OCN EtOH, 60 °C, 4 h

Br 2) HCI (1 M), 20 °C, 7 days Br. : NPhth
by NHCOCF
BocHN N7 ¥ 3) (COCF3),0, Et;N, DCM BocHNm NPhth
COCF,4 DMF, -78 °C, 4 h H
68 42% 67

1) TFA, DCM, 0°C -1, 1 h
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3) H3PO,, 0°C, 1 h, 76%

CF30CN

Br

Pd(OAc),, Xantphos, NaOAc
CO (1 atm) , MeOH, 90 °C, 20 h, 98%  Me02C

CF3;0CN

N~ #~~NHCOCF; N~~~ NHCOCF3
) |
COCF
69 3 70 COCF3
HCI, MeOH
20°C,48h
quant.
(£)-6+-xHCI

(Ma's intermediate)

Scheme 9. Jia and coworkers’ approach to (£)-Ma'’s intermediate ((£)-6exHCI).

On further inspection the Jia group found that the reaction proceeded in THF at ele-
vated temperature without any additional reagents, in high yield and high stereoselectivity
with various R groups. To utilize this reaction in the synthesis of Ma’s intermediate (6),
N-Boc protected amine 64 was reacted with N-phthaloyl protected aldehyde 65 to give
quinoline 66 in 79% yield. In order to attach a handle for installing the methyl ester in Ma’s
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intermediate (6), the quinoline 66 was treated with N-bromosuccinimide (NBS) for 10 min
to form bromide 67 in 80% yield.

N-phthaloyl groups were removed from bromide 67 upon treatment with hydrazine
hydrate followed by treatment with HCl to facilitate ring closure of the five-membered ring.
The resulting pyrroloquinoline was N-protected with trifluoroacetic anhydride to provide
compound 68. The bromo quinoline 69 was obtained by N-Boc deprotection followed by
reductive removal of the resulting amine. Carbonylation of the bromo quinoline 69 to form
the corresponding methyl ester 70, followed by N-COCF; deprotection with HCI, afforded
(£)-Ma’s intermediate ((£)-6exHCI).

3. Tricyclic Core Scaffold Synthesis

In addition to synthetic preparation of the martinella alkaloids the synthesis of the
tricyclic core of the natural products has also attracted significant attention. To this day, no
studies of how the hexahydropyrrolo[3,2-c]quinoline structure has arisen biosynthetically
in nature have been published. However, in their synthesis of the martinella alkaloids,
Batey and Powell put together the tricyclic core structure 71 in an acid catalyzed two-
component Povarov reaction between aniline 72 and enamide 73a (Scheme 10) and sug-
gested that the martinella alkaloids may be naturally assembled in a related biosynthetic
process [38,55]. The Povarov reaction (also known as the aza-Diels Alder reaction) has been
a prevalent method for synthesizing N-heterocycles [56], including the pyrroloquinoline
core structure [57]. Particularly, the assembly of the scaffold 74 from the aromatic imine
75 and the enamide 73 has been a well-studied reaction (Scheme 11) and will be firstly
discussed in this section. However, other strategies have also been developed for the
construction of the pyrroloquinoline scaffold, and these syntheses will further be presented
in chronological order.

Cbz
N
MeO,C 5mal% CSA  \e0,C
_THF, 11,48 h
Q 4% N 1, ~~_-NHCbz
dr=89:11 74 H

Scheme 10. Scaffold assembly by Batey and Powell.

Table 2. Reaction conditions and outcome from the Povarov reaction between the aromatic imine 75 and enamide 73a-d

(Scheme 11).

Entry Reaction Conditions R! R? Enamide Yield Endo:Exo Reference
1 . . H H 73b 41% 1:1
’ InCl; (2 equiv.), MeCN, rt, 30 min H 2-NO, 73b 50% 21 [58]
3 Zn(OT#), (10 mol%), DCM, rt H 2-OH 73c 42% >20:1 [59]
76 (10 mol%), 5 A MS, n-hexane o )
4 e H H 73a 94% >20:1 [60]
5 77 (10 mol%), MeCN, rt, 0.5-1 h H H 73a 95% 43:57 [61]
6 78 (10 mol%), MeCN, rt, 27 h O H 73d 86% 53:47 [62]
7 Micellar-SO3H, H,O, 25 °C, 18 h H 4-O-DNA 73d >90% NR [63]

NR = Not reported.

The formation of the 8-phenyl-pyrroloquinoline 74 from the Povarov reaction between
aromatic imine 75 and N-protected enamide 73 has been a popular reaction for constructing
the pyrroloquinoline scaffold (Scheme 11, Table 2). The reaction was first reported by
Hadden and Stevenson in 1999 [58]. They enabled the reaction with indium chloride to
obtain the pyrroloquinoline 74 in a 1:1 mixture of endo/exo isomers (Table 2, Entry 1).
The use of a 2-nitro phenyl aromatic imine 75 in the reaction favored formation of the
endo-product 74b (Table 2, Entry 2). The endo-compound 74c was also obtained from
the zinc triflate catalyzed Povarov reaction conducted by Wang and co-workers (Table 2,
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Entry 3) [59], as well as from the cobalt catalyzed reaction employing catalyst 76, presented
by Gong and co-workers (Table 2, Entry 4) [60]. Other catalysts that have been explored
for this reaction are the iodo catalyst 77 (Table 2, Entry 5) and helquat catalyst 78 (Table 2,
Entry 6), both of which facilitated formation of approximately 1:1 mixtures of endo/exo
isomers [61,62]. Synthesis of a DNA-barcoded library that included the pyrroloquinoline
scaffold has also utilized the Povarov reaction to assemble the scaffold 74d, using a micellar
sulfonic acid to catalyze the reaction [63].

X
10
R ©\ i~ R3N
N/\@ . Q Table 2 R
,\/Rz %
75

73a R®=Cbz

73b R® = propionyl
73¢ R®=Bz

73d R® = Boc

77 78

Scheme 11. Formation of 8-phenyl pyrroloquinoline 74a—d in the Povarov reaction between the
aromatic imine 75 and enamide 73a—d. For more information, see Table 2.

The Jacobsen group produced the martinella scaffold in their experimental and com-
putational study of Brensted-acid promoted asymmetric Povarov reactions between N-aryl
imines and electron rich alkenes [64]. They explored an anion-pathway for catalysts, such
as urea (R)-79, in which the catalyst binds to the positively charged substrate through its
counterion. They further showed that both the urea and sulfonyl functionalities where
required for the catalyst 79 to facilitate the Povarov reaction. The exo-8-phenyl pyrrolo-
quinoline 74a was obtained as the major stereoisomer (94-98% ee) in the reaction between
N-aryl imines 75 and enamide 73a in the presence of urea (R)-79 and ortho-nitrobenzene
sulfonic acid (NBSA) (Scheme 12). Stereoselectivity was flipped when reacting glyoxylate
imine 80 with the enamide 73a in analogous conditions. In this case, the endo-isomer 81
was obtained as the major product in 95% enantiomeric excess.

The synthetic method developed in the Jacobsen laboratory (Scheme 12) was further
utilized together with Marcaurelle and co-workers to set up a 2328-membered library
consisting of four pyrroloquinoline stereoisomers flanked with a variety of side chains and
functional groups for a Stereo/Structure—Activity—Relationship (SSAR) study [65]. The
library was assembled in two consecutive parts, namely, asymmetric synthesis of the four
possible pyrroloquinoline stereoisomers (Scheme 13) followed by a solid phase synthesis
for further diversification of the pyrroloquinoline scaffold (Scheme 14).
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Scheme 12. Organocatalytic scaffold synthesis developed in the Jacobsen group.
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Scheme 13. Large scale scaffold synthesis by Marcaurelle and co-workers.

The pyrroloquinoline scaffold was synthesized via the urea 79 catalyzed Povarov reac-
tion between aromatic imine 82 and dihydropyrrolidine 73a or 73e (Scheme 13). Fmoc- and
Cbz-protected pyrroloquinolines 83 and 84 were obtained in high yield and enantiomeric
ratio. The imine 82 tended to hydrolyze when the reaction was run at larger scale. To solve
this hydrolysis issue, the Breonsted acid NBSA initially used in the Jacobsen group was
replaced by anhydrous p-toluene sulfonic acid (p-TsOH) when the reaction was conducted

on gram scale.
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Scheme 14. Solid support scaffold diversification by Marcaurelle and co-workers.

The tricycle mirror images ent-83 and ent-84 were obtained in the presence of urea
catalyst (S)-79. To include all possible stereoisomers in the study, the group conducted
an epimerization of the N-Cbz protected endo-isomers 84 and ent-84, employing sodium
methoxide in methanol to afford the more thermodynamically stable exo-products 85 and
ent-85. Reduction of the ester group in compound 85 with lithium borohydride followed by
protecting group exchange from Cbz to the base labile Fmoc, a protecting group that was
compatible with the following solid phase library synthesis, resulted in the formation of
alcohol 86. The endo-pyrroloquinoline 83 was reduced with lithium borohydride to afford
the corresponding alcohol 87. The N-Fmoc protected pyrroloquinolines 86 and 87 could be
recrystallized to afford the enantiopure compounds in up to 97:3 and 99:1 er, respectively.

The quinoline amine in compounds 86 and 87 was the first site for the planned diversi-
fication of the scaffold. Marcaurelle and co-workers found that this secondary amine could
be alkylated with only a limited number of aldehydes. The four enantiomers 86/ent-86 and
87 /ent-87 were therefore N-alkylated prior to the solid phase diversification (Scheme 14),
in a reductive amination reaction with formaldehyde, to afford N-methyl pyrroloquino-
lines 88/ent-88 and 89/ent-89. This first step of diversification afforded two groups of
compounds that consisted of amines 86/ent-86 and 87/ent-87 and methylamines 88/ent-88
and 89/ent-89, which were referred to as the NH and NMe sublibraries, respectively.

All four stereoisomers of the NH and NMe sublibraries were further diversified by
amine capping of the secondary pyrrolidine amine and cross-coupling of the aryl bromide
moiety with selected building blocks (Scheme 14). To find appropriate building blocks for
the amine capping, Marcaurelle and co-workers firstly conducted a feasibility study with
54 pre-selected substituents, including sulfonyl chlorides, isocyanates, carboxylic acids,
and aldehydes. They then observed bis-capping of the NH sublibrary in the presence of
isocyanates, and decomposition in the NMe sublibrary during reductive amination with
aldehydes. Therefore, isocyanates (building blocks 43-54) were removed from the NH
sublibrary design and aldehydes (building blocks 1-7) were removed from the design of
the NMe sublibrary. This was followed by a feasibility study of palladium cross-coupling
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reactions. Since the Sonogashira cross-coupling conditions led to poor conversion, Suzuki-
Miyaura cross-coupling conditions were further explored. A variety of ligands ((P(t-Bu)s),
PEPPS], and S-Phos), palladium-catalysts (PdCl, (PPh3), and Pd(dba);), bases (TEA, K3POy,
and CsCO3), and solvents (EtOH, PhMe, 1,4-dioxane, and THF) were tested in order to
minimize byproduct formation in the Suzuki-Miyaura cross-coupling reaction. Finally,
appreciable conversion to the coupling products was achieved by using the Buchwald
precatalyst 90 [66].

Based on the feasibility study, a virtual library including all possible combinations of a
master list of building blocks was constructed, generating approximately 2400 compounds
for each stereoisomer. A filter that excluded building block combinations with undesirable
physicochemical properties (desirable properties: MW < 500, ALogP —1 to 5, H-bond
acceptors + donors <10, rotatable bonds <10 and TPSA < 140) was then applied to the
dataset. This finally brought together a library of 274 compounds for each of the NH
scaffolds and 310 compounds for each of the NMe scaffolds.

The 2328-membered library was finalized in a solid support synthesis (Scheme 14).
The SynPhase Lanterns were activated by triflic acid (TfOH), and alcohols 86-89 were then
loaded onto the solid support in the presence of 2,6-lutidine. Removal of the N-Fmoc group
with piperidine in DMF afforded amines 91 and 92, which were subjected to N-capping
with the 54 pre-selected building blocks. Suzuki-Miyaura cross-coupling of the resulting
bromoanilines 93 and 94 with 14 different boronic acid building blocks in the presence of the
Buchwald catalyst 90 afforded coupling products 95 and 96 [66]. The diversified products
95 and 96 were subsequently liberated from the solid support upon treatment with HF and
pyridine to afford compounds 97 and 98. Analysis of the finalized library confirmed that
the compounds exhibited suitable physicochemical properties for further biological testing.
For this purpose, Marcaurelle and co-workers submitted the diversified pyrroloquinoline
library to the NIH molecular library small molecule repository (NIH MLSMR).

Hou and co-workers obtained the exo-diastereomer of phenyl-pyrroloquinoline 99 in
93% ee by kinetic resolution (Scheme 15) [67]. Quinoline 100 was subjected to a palladium
catalyzed asymmetric allylic alkylation reaction with 50 mol% of allyl reagent 101 and
6 mol% of catalyst 102 in the presence of lithium bis(trimethylsilyl)amide (LiHMDS). These
conditions favored formation of the trans-enantiomer 103, which at the same time enabled
recovery of the close-to enantiopure hydroquinolone 104. Alkene 103 was further converted
to the pyrroloquinoline 99 by first performing an ozonolysis to afford aldehyde 105, which
was followed by a double reductive amination reaction with benzylamine and sodium
cyanoborohydride as reducing agent to provide the tricyclic scaffold 99 in 85% yield.

102 (6 mol%) o)
[Pd(C3Hs)Cllz (3 mol%) @fi ©\)ﬁ/\/ L = j
LIHMDS, THF, -50 °C, 16 h | 3 P/NEtzph

/\/OPO (OEt), E - “OR
1M 104 103 | (S, Rohos: R)-102
45%, 99% ee 48%, 93% ee + R=(R)-1,1"-bi-2-naphtol
1) Oz, DCM, -78 °C, 10 min.
2) Me5S, 0°C (10 min) -rt, 1.5 h
70%
Bn_
N
BnNH,+HCI
NaBH3CN @fﬁ/\/
N "/Ph MeOH rt
| over nlght
85%
99 105
93% ee

Scheme 15. Scaffold synthesis by Hou and co-workers.
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Gilliaizeau and Gigant synthesized a variety of nitrogen-fused tetrahydroquinolines,
such as pyrroloquinoline 106 (Scheme 16), from benzyl azide 107 and cyclic non-aromatic
enamides [68]. A similar assemble of the corresponding indoloquinoline had previously
been reported by the Zhai group [69]. The pyrroloquinoline 106 was obtained with a cis
relationship between the two chiral centers, by reacting benzyl azide 107 with pyrrole 73f
in the presence of triflic acid in toluene. This synthesis, based on Aube and co-workers’
discovery of acid, promoted benzyl azide to imine rearrangement [70], included two
sequential Pictet-Spengler reactions upon in situ formation of an iminium intermediate
108 from benzyl azide 107.

PhO,S,
N
PhO,S, . TfOH, toluene
NQ . ©\/N H*, -Ny @L@/ i, 2 h. 31%
X 3 ref70 N
73f 107 108 1 N
106

Scheme 16. Scaffold synthesis by Gilliaizeau and Gigant.

Masson and co-workers synthesized the endo-martinella scaffold in a chiral phospho-
ric acid-catalyzed enantioselective three-component Povarov reaction (Scheme 17) [71].
Aniline 40, enamine 73g, and aldehyde 109 or 110 were stirred together in the presence of
phosphoric acid catalyst (R)-111 to provide endo-martinella scaffolds 112 and 113 in high
enantiomeric excess. A similar multicomponent reaction between aniline, benzaldehyde,
and pyrrolidine 114, catalyzed by lanthanide triflate to assemble the martinella scaffold
was reported by Batey and Powell in 2001 [47]. Batey and Powell’s incentive for using
the thiourea-protected pyrrolidine 114 was to provide the martinella scaffold with the
guanidine precursor moiety pre-installed on the sterically hindered pyrrolidine nitrogen.
In addition to this, Batey and Powell found that using thiourea 114 as the dienophile,
instead of N-CBz enamide 73a, favored formation of the exo-pyrroloquinoline scaffold.

NHBn NHBn
S
739\ ., R-111 (10 mol%,)  EtO2C
DCM, -30°C, 15 h R
+ R ’ ’ N
P OM H
109, R = N, 112, R = N3, 81%, >95:5 dr, 92% ee
110, R = (CH,),CHs 113, R = (CH,)»CH3, 93%, 7:1 dr, 93% ee
i-Pr.

O g
~ “OH
73a C Ofpr
NN
i-Pr
R111

Scheme 17. Scaffold synthesis by Masson and co-workers.

In the phosphoric acid (R)-111 catalyzed reaction, Masson and co-workers hypoth-
esized that the benzyl-NH function of thiourea 73g participated together with the in
situ formed imine in hydrogen bonding interactions with the phosphoric acid (R)-111.
This dual activation thereby enhanced enantioselectivity of this reaction to provide endo-
stereoisomers 112 and 113 in high ee.
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Roy and Reiser assembled the pyraoloquinoline scaffold 115 in a scandium triflate
catalyzed Povarov reaction between aldimine 116 and enamide 117 at ambient temperature
(Scheme 18) [72]. Upon applying heat to the reaction, they obtained 4,5-cis-disubstituted
pyrrolidinone 118, a lead structure for pharmaceutical compounds that target diseases such
as osteoporosis [73], in 82% yield. They further proposed a reaction mechanism for the
formation of the pyrrolidinone 118 that included assembly of the tetracycle 115 in a Povarov
reaction, which, upon ring opening of the cyclopropane, provided an iminium compound
(such as imine 119). Further migration of the furan group, followed by aromatization of
the quinoline structure and lactamization of the pyrrolidine moiety upon Boc-deprotection,
could then provide pyrrolidinone 118. In the proposed mechanism, the cis-relationship
between substituents on the pyrrolidinone 118 arose from the Povarov product endo-
115. This proposal was confirmed when heating of tetracycle exo-115 in the presence of
scandium triflate provided pyrroloquinoline 119, and not the pyrrolidinone 118.

H Sc(OTf)3 (5 mol%)
CO,Me 4 AMS, MeCN

117
endo-115 exo-115
77% 22%
S0(0Ti)s MeCH Sc(OTf)s, MeCN
microwave: 125 °C reflux, 2 h, 72%

5h, 82% (from 116)

7]

0 NH
o

=

|

N 118

Scheme 18. Assembly of the pyrroloquinoline scaffold by Roy and Reiser.

Another asymmetric approach towards the pyrroloquinolines was presented by Zhou
and co-workers in 2013 [74]. The stereochemistry was installed in a palladium catalyzed
asymmetric intermolecular cyclization reaction between triflate 120 and Boc-protected
pyrrolidine 73d to obtain the tricyclic alkene 121 in 76% yield and excellent ee (Scheme 19).
The following treatment with ozone afforded ketone 122. Condensation of O-methyl
hydroxylamine with the carbonyl moiety in ketone 122 followed by reduction of the
resulting O-methyl oxime with sodium cyanoborohydride afforded amine 123. With
compound 123 in hand, the further plan was to use Miyata and co-workers’ strategy
(Scheme 8) for ring expansion to finalize the tricyclic scaffold 124 [54]. However, only
upon N-Boc deprotection did ring expansion occur under Miyata and co-workers’ reaction
conditions. Thus, after removing the Boc group by treatment with trifluoroacetic acid
(TFA), pyrroloquinoline 124 was obtained in 86% yield with retained enantioselectivity.
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Pd(dba); (2.5 mol%) I 03, MeOH/DCM \

OTf Boc N N
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NaOAc, MeOH, rt, 1 day
2) NaBH3;CN, AcOH

rt, 16 h, 76%
Boc
HN HN N
@9 1) TFA, DCM, 1t, 2 h
N "/,/\ N/ 2) fltll):lsl(l;llgBr, Et20
H , 30 min.
124 123 NHOMe

86%
99% ee
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Scheme 19. Scaffold synthesis by Zhou and co-workers.

In a previously reported strategy, included in the 2008 review by Lovely and Barari-
narayana [34], Daich and co-workers reported the synthesis of the pyrroloquinoline scaffold
125 from «-bromoacetamide 126 and Michael acceptor 127 (Scheme 20a) [75]. In 2013, Daich
and co-workers reported an extension of this method in the synthesis of pyrroloquinoline
128 from bromoethyl carbamate 129 and diethyl malonate 127 (Scheme 20b) [76]. The reac-
tion between carbamate 129 and Michael acceptor 127 in the presence of sodium hydride
provided pyrrolidine 130 through an aza-Michael/intramolecular substitution reaction
tandem sequence. The group experienced that all attempts to hydrogenate pyrrolidine
130 failed. They thus obtained the martinella scaffold 128 by iron-catalyzed reduction of
nitrobenzyl-pyrrolidine 130 followed by acidic deprotection of the N-Cbz group.

a)
Br EtOQC COzEt
| 1) NaH, THF, rt
o 12h, 53%
.
HN 2) Fe, ACOH
Bn NO, 80°C, 3 h, 93% N
126 127 (+)-125
b)
CO,Et
Br B0 COE EtO,C 1) Fe, AOH, 80 °C M
S | NaH, THF, t, 4-6 h . 5 h, 99%
+ —_— > —_—
2) HBr, AcOH, t CO,Et
i 63% Goz 24 83% ’
Cbz NO, NO, , 83% N"So
129 127 (2 equiv.) 130 128

Scheme 20. Scaffold synthesis by Daich and co-workers: (a) 2008 approach; (b) 2013 approach.

Bao and co-workers applied oxidative conditions to aniline and electron deficient
anilines 131 dissolved in lactam 132 to form the tricyclic scaffold 133 (Scheme 21a) [77]. By
using iron trichloride (FeCls) as catalyst and tert-butylperoxide (t-BuOOH) as oxidant in
the presence of acetic acid (AcOH), the pyrroquinoline 133 was formed in 30-50% yield.
Bao and co-workers further presented a plausible mechanism for the formation of the
tricyclic scaffold 133 (Scheme 21b). The mechanism commenced with a single electron
transfer (SET) oxidation of lactam 132 to the corresponding iminium ions. One C—C and one
C-N bond was further formed upon addition of aniline 131. Elimination of a 2-pyrrolidone
followed by an SET oxidation provided the pyrroloquinoline 133. Further reduction of the
lactam moiety, using lithium aluminum hydride, afforded the hexahydropyrroloquinoline
structure 134 in 85% yield.
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Scheme 21. (a) Reaction conditions and (b) the proposed mechanism for scaffold assembly by Bao and co-workers.

Shi and co-workers obtained the tricyclic scaffold 135 from silver catalyzed amination
of inert CH-bonds (Scheme 22) [78]. The synthesis commenced from ketone 136, which was
alkylated with ethyl iodide, followed by a lithium aluminum hydride (LiAlH4) reduction
of the ketone and ester moieties. The resulting diol 137 was converted to the corresponding

azide 138 via mesylation with mesyl chloride

followed by treatment with sodium azide.

Reduction of the diazide 138 with LiAlH, followed by N-triflation wth triflic anhydride
(Tf,0) afforded diamine 139 with a 10:4 cis/trans relationship between the benzylic amine
and the adjacent ethyl chain. The purity of the cis-isomer cis-139 was further enhanced
to approximately 90% by crystallizing out its isomer trans-139. Pyrroloquinoline 135 was
finally obtained from diamine 139 by a silver catalyzed amination reaction employing
silver acetate (AgOAC) as the silver source, phenathroline 140 as the ligand, PhI(OTFA); as

the oxidant, and potassium carbonate as the ba

se in a 1:1 solvent mixture of chlorobenzene

(PhCl) and dichloroethane (DCE). The reaction was run at reflux for 10 h to afford the

tricyclic scaffold 135 in 30% yield.

H H
9 1) EtONa, Etl, EtOH, rt, 6 h oH 1) MsCl, EtsN, DCM, rt, 2 h Na
@E\ 2) LIAH,, THF, rt, 4 h 2) NaN3, DMF, 100 °C, 6 h
H COEt % H “OH 72% H Ny
136 137 138
1) LiAHg; THF, 1t, 2 h | g0,
2) Tf,0, iProNEt (10:4, cis/trans)
DCM, -78 °C, 2 h
: H
' TN ) NHTf
/ N\ | AgOAc (2 equiv.), 140 (40 mol%)
= : PhI(OTFA), (4 equiv.), KoCO3 (4 equiv.)
3.4.7 8-tetramethyl1.10 | N PhCI/DCE (1:1), reflux, 10 h, 30% H NHT
-phenanthroline (140) | 135 139

Scheme 22. Scaffold synthesis by Zhang and co-workers.

In 2014, Hui and co-workers employed a stereoselective N-heterocyclic carbene 141 cat-
alyzed cascade reaction between ortho-aromatic aldimines (such as 142) and 2-bromoenals
(such as 143) to form the martinella scaffold in high yield and excellent enantioselectivity

(Scheme 23a) [79]. They hypothesized that this

one-pot cascade reaction includes a Michael

addition followed by a Mannich reaction and a lactamization to produce the pyrroloquino-

line scaffold with the formation of three stereoc

enters in the sequence. In their optimization

studies, the group found that superior stereoselectivity of the reaction was observed when
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using DABCO as the base rather than 1,8-diazabicyclic[5.4.0Jundec-7-ene (DBU), triethyl
amine, or cesium carbonate. They also experienced that the choice of solvent was crucial
for the stereoselective outcome of the reaction, with 1,2-dichloroethane (DCE) favoring
the reaction with highest diastereoselectivity. A scope study revealed the generality of
the reaction. The applicability of the reaction was finally demonstrated with a gram scale
synthesis of the bromo-phenyl pyrroloquinoline 144 in 93% yield and >25:1 dr. The carbene
catalyzed reaction was also explored by Jin, Chi, and co-workers in 2018 (Scheme 23b) [80].
Instead of the diester imine 142 employed by Hui and co-workers, the p-nitro benzyl imine
145 was reacted with bromoenal 143 to form the pyrroloquinoline scaffold 146 in moderate
to high yield and diastereomeric ratio.

2
a) CO,Et R

| CO,Et :
N‘ CO,Et @ ;
2r]Cl (10 mol% 4 ;
R1_\\ + Br~ —>[ 2ol dl ‘H \ /\/RZE
L DABCO, DCE, 1t, 1 h o) : N ©
NHTs CHO 63-04%, >25:1 dr E My
142 143 144 5 N-n/
R'=H, 5-Cl, 5-Br R'=H,R2=4-Br | Mes”®
R? = H, 3- 4-F, 2- 3- 4-Cl, 3- 4-Br, 4-NO,, 4-CF3, 4-OMe 93% yield (1.789g) ! 141
>25:1 dr, >99% ee
b) NO,
RZ
N |
X [2r]BF 4 (20 mol%), EtsN
N I s B 4 AMS, THF, 50 °C, 12 h "
RU tho 66-95%, 2:1 - >20:1 dr
Z>NHBoc
145 143

R'=H, 4- 5-Cl, 4- 5-Br
R2 = H, 2- 3-F, 2- 3- 4-Cl, 2- 3-Br, 2- 4-NO,, 3-CF3, 2- 4-OMe, 4-N(CH3),

Scheme 23. Scaffold synthesis by (a) Hui and co-workers and (b) Jin, Chi, and co-workers.

Schneider and co-workers assembled the martinella scaffold in a sequential vinylogous
Mannich-Mannich-Pictet-Spengler reaction [81]. Addition of bis-silyl dienediolate 147 to
imine 148 in a vinologous Mannich reaction followed by a second addition of imine 148
provided pyrroloquinoline 149 in high yield and high diastereoselectivity (Scheme 24). In
their proposed mechanism, the imine was added to silyl enol 150 in a Mannich reaction to
form a diamino-x-keto ester. This reactive intermediate could then spontaneously cyclize
to an imine followed by a Pictet-Spengler reaction with the neighbouring anisidine to form
pyrroloquinoline 149.

In a scope study, they observed that low diastereoselectivity was induced in the reac-
tions between intermediate 150 and the electron poor imines, such as imine 151. Through
further work, they found that the diastereomeric outcome of the reaction could be flipped
by altering reaction conditions. When acetonitrile was used as solvent, instead of 1,2-
dimethoxyethane, and by altering the Brensted acid from trifluoroacetic acid (TFA) to
diphenyl phosphate, in addition to running the reaction at low temperature (—20 °C), they
obtained diastereomer 152 with 85:15 dr in 84% yield.

The Schneider group reported a follow-up of this synthesis in 2018 [82]. When in-
termediate 150 was subjected to a Brensted acid, such as HCl, dipyrroloquinolines 153
and 154 were formed in a combined yield of 69% and a ratio of 50:28:22 (153:154:other
diastereomers) (Scheme 24). The group proposed that the cylic imine formed from inter-
mediate 150 in an acid catalyzed reaction reacted with its enamine tautomer in a Mannich
reaction to form a dimer. This was then followed by a Pictet-Spengler cyclization to
form the dipyrroloquinoline scaffold 153 and 154, with the major diastereomer 153 in
endo-configuration.
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Scheme 24. Synthesis of the pyrroloquinoline and the dipyrroloquinoline scaffolds by Schneider and co-workers.
Bakthadoss and co-workers obtained the martinella scaffold from Bayliss Hillman
derivatives via a 1,3-dipolar cycloaddition [83]. N-tosyl-N-allyl-2-aminobenzaldehyde
(155) was treated with N-methyl glycine (156) to form pyrroloquinoline 157 in 94% yield

through imine formation and decarboxylation followed by a 1,3-dipolar cyclization reaction
(Scheme 25).

0 H
‘ _N__COOCH ‘
L, o | (L
MeCN, reflux
’?‘m 6h, 94% NS
Ts CN Ts CN

155

H \®/®
(P _N__COOH ‘N
MeCN, reflux
N & 6 h, 94% N Z
Ts CO,Me Ts CO,Me
158

H 161

@
Q @
S
N =

Ts CO,Me

MeCN, reflux
10 h, 88%

160

Scheme 25. Scaffold synthesis by Bakthadoss and co-workers.
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Pyrroloquinoline 157 comprised a trans-relationship between the nitrile and benzyl
functionality. The reaction between N-allylated aldehyde 158 and glycine 156 provided
pyrroloquinoline 159 with the benzyl moiety in cis-configuration to the methyl ester. The
authors remark that the stereoselective outcomes coincide with the nature of the 1,3-
dipolar addition reaction, with the cis- and trans-products 157 and 159 originating from
cis-alkene 155 and trans-alkene 158, respectively. The group further produced tetracyclic
pyrrolizinoquinoline 160 by treating aldehyde 158 with L-proline (161), using the same
conditions as previously described.

Xiang and co-workers produced the martinella scaffold in an intramolecular [3+2]
annulation of an acceptor-donor cyclopropane and an imine formed in situ [84]. Amide
functionalized cyclopropane 162 was treated with aniline, initially at room temperature for
48 h, followed by addition of titanium tetrachloride (TiCly) to provide pyrolloquinoline 163
in 40% yield and 8:2 dr (Scheme 26). The product 163 was obtained in 93% yield and 95:5 dr,
and reaction time was decreased to 24 h when the reaction temperature was increased
to 60 °C and using toluene sulfonic acid (TsOH) as an additive in the first reaction in
the sequence.

0 Ph, Fh
1) PhNH,, TsOH [:l’\
@H DCE, 60 °C, 24 h 0
NH OMe  2)TiCl,, DCE, rt ©\/ICO2M6
10 min. H o
0 0 93%, 95:5 dr
162 Bh 163

Scheme 26. Scaffold synthesis by Xiang and co-workers.

A similar version of the pyrroloquinoline scaffold 163 presented by Xiang and co-
workers was also formed by Trushkov and co-workers as part of their combinatorial
synthesis of di- and tetrahydropyrrole scaffolds (Scheme 27) [85]. The formation of the
pyrroloquinoline scaffold commenced from azide 164, a building block formed from
cyclopropane 165 by a ring opening procedure developed in the Trushkov group [86].
The pyrroline 166 was further formed from azide 164 in a domino reaction including a
Staudinger reduction of the azide functionality in compound 164, followed by condensation
with p-nitro benzaldehyde 167 and finally a reduction of the resulting iminium intermediate
to the corresponding amine. Zink mediated nitro reduction of the domino reaction product
166 facilitated the amidative ring closure and thus the formation of pyrroloquinoline 168.

0
Tol
" p-
HN
NO,
CO,Me  NaNg, EtzN+HCI p-Tol COxMe 167 CO,Me
>< o . o M
o COMe  pMF, 100 °C, 5 h, 81% Ny CO,Me PPh3, DCM Ngzoz €
p-1o 165 164 microwave: 40 °C 166
22h,73% >95:5 dr
Zn, NH,4CI
EtOH:H,0 (4:1)
reflux, 1 h, 44%
p-Tol
HN
COZME
N0
H
168
73:27 dr

Scheme 27. Scaffold synthesis by Trushkov and co-workers.

As part of a study on 3-amino alkyne reactivity, Li and co-workers produced the
martinella scaffold in a copper catalyzed cascade reaction including hydroamination of
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a p-amino alkyne followed by a Povarov reaction (Scheme 28) [87]. The 3-amino alkyne
169 was activated with copper triflate to form the corresponding cyclic enamine, which
in a Povarov reaction with the aromatic imine 170, formed pyrroloquinoline 171, with
the major diastereomer in endo-configuration. The group further examined the reaction
outcome from replacing copper triflate with other catalysts. Comparable results were
obtained with copper chloride and iron triflate (Fe(OTf)3); however, using zinc triflate
or mercury triflate did not provide the desired product. The protic catalysts triflic acid
and benzoic acid had no effect on the reaction. In work aimed at broadening the scope of
the reaction the group observed that different R-groups on the aromatic rings facilitated
variations in the endo/exo preference of the reaction products, exemplified here with
the two diastereoselective reactions that generated the endo-171 and exo-172 products,
respectively.

R
2 DA
/\@

170 171 R = 4-Me, 92%, 62:38 dr
R = 2-Br, 56%, 100:0 dr

OMe

Cu(OT),, MeOH
50 °C, 5-6 h, 52%

e
4\©/CN

174 CN
172

100:0 ar

Scheme 28. Pyrroloquinoline scaffold synthesis by Li and co-workers.

Li and co-workers further extended the utility of the copper catalyzed reaction to
include synthesis of dipyrroloquinolines (such as 175) from aminoalkynes (such as 176)
(Scheme 29) [88]. Instead of using an aromatic imine 170 in a Povarov reaction, the
dipyrroloquinoline 175 was formed as a dimer. The proposed mechanism for this dimer-
ization was a formal [4+2]-cycloaddition of the enamine formed in situ from the copper
catalyzed hydroamination of aminoalkyne 176, to its imine tautomer. The group also
showed that this method could be used to synthesize the aglycon moiety of Incargranine B
(177) from aminoalkyne 178.
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Scheme 29. Dipyrroloquinoline scaffold synthesis by Li and co-workers.

In a scope study of their synthetic route to multisubstituted 3-prolinols such as 179, the
Zhang group put together the tricyclic scaffold 180 (Scheme 30) [89]. A [3+2] cycloaddition
mediated by silver acetate provided cyanoester 181 from imine 182 and Michael acceptor
183. Cyanoester 181 was then converted to prolinol 179 via ester reduction and concomitant
reductive decyanation. For the reduction reaction, Zhang and co-workers explored a variety
of reducing agents, including lithium aluminum hydride (LiAlHy), diisobutylaluminium
hydride (DIBAL-H), borohydride (BH3), sodium borohydride (NaBHj,), and combinations
of these. A combination of lithium aluminum hydride and borane provided prolinol
179 in highest yield. The N-tosylated prolinol 184 was obtained upon treatment with
tosyl chloride, and further converted to the N-tosylated diamine 185 in a substitution
reaction with N-Boc-toluenesulfonamide. A final aromatic C—-H amination facilitated by
1,3-diiodo-5,5-dimethylhydantoin (DIH) furnished pyrroloquinoline 180 in 76% yield.

o AgOAc (10 mol%) BH3*THF, LiAlH4, THF HY
. / Cs2C05 (20 mol%) 0°C,25h,83% _ ©
O OMe toluene, rt, 5h, 87% OMe OH
83

J TsCl, pyridine

tt, 7h, 89%
DIH, Na,SO3, DCE TN 1) DIAD, PPhs, TsNHBoc Tl
reflux, 22 h, 76% B THF, rt, over night ~ °"
NHTs 2) TFA, DCM OH
185 t, 6 h, 93% 184

Scheme 30. Scaffold synthesis by Zhang and co-workers.

Xiang and co-workers formed the tricyclic scaffold from azomethine ylides
(Scheme 31) [90]. Ylide 186 was prepared by coupling of 2-fluotobenzaldehyde 187 with
N-methyl allylamine followed by condensation of the resulting aldehyde 188 with methy-
lamine. The pyrroloquinoline 189 was formed as a mixture of enantiomers in moderate
yield in a 1,3-dipolar cycloaddition between azomethine ylide 186 and benzaldehyde, while
removing water by azeotropic distillation. Xiang and co-workers further observed that the
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yield from the cycloaddition reaction was somewhat enhanced (53-56%) when the aromatic
ring in aniline 186 contained electron withdrawing substituents, such as a chloro or nitro
group. Conversely, they observed a decreased reaction yield (19%) when applying said
reaction conditions to the m-methoxy derivative of aniline 186.

Ph
MeN’<
o~ 1) MeNH,, AcOH, PhCHO, toluene T
MeHN™ ™7 _ EtOH,1t,25h_ NHMe reflux, 1.5 h, 42% ©\/j
chos H2O /\/ 2) NaBH,4, 0.5 h N/\/ -H,0 N
reflux 36 h 60% Me Me
90% 186 189

Scheme 31. Scaffold synthesis by Xiang and co-workers.

Another method for preparation of the tricyclic scaffold was presented by Huang and
co-workers [91]. They treated cyclopropyl amine 190 and aniline 191 with ammonium
bromide to promote formation of imine 192 in a condensation reaction (Scheme 32). Further
catalytic isomerization of the cyclopropylimine 192 to dihydropyrrolidine 193 followed by
a Povarov reaction between the imine 192 and the enamine 193 afforded pyrroloquinoline
194. When conducting the reaction with halide-substituted anilines, the group found
that the p-anilines provided the pyrroloquinolines in highest yield. Nearly all reactions
provided the product in approximately 1:1 diastereomeric mixtures, except in the case
of p-CO,;Me-aniline 72, which afforded the product 195 with the major stereoisomer in
exo-configuration.

R

Q

N

NH4Br (20 mol%)
MeOH, 120 °C, 14 h [

QG}

R > R
+ ! ’ \ N —
[>—cHo N—Ph “Ph
NH, N
190 192 193 b

191R=H

72 R = CO,Me 194 R = H, 90%, 1:1 dr

195 R = CO,Me, 85%
3:1dr

Scheme 32. Scaffold synthesis by Huang and co-workers.

Tatsuta and co-workers at Waseda University together with Kondo at Takeda Phar-
maceutical company developed a method for the synthesis of pyrroloquinoline 196 via
an asymmetric hydrogenation reaction using a thodium catalyst together with the ferro-
phosphine ligand 197 (Scheme 33) [92,93]. The synthesis commenced from PMB-protected
pyrrolidone 198, which was alkylated with methyl methoxyacetate to form methoxy ke-
tone 199. Enamine 200 was obtained from the acid catalyzed condensation of ketone 199
with aniline. Rhodium-catalyzed asymmetric reduction of the enamine 200 followed by
recrystallization in isopropylether and n-hexane afforded the enantiopure amine 201. The N-
protecting group was then converted from p-methoxybenzyl (PMB) to t-butyloxycarbonyl
(Boc) to form compound 202, which was compatible with the following amide reduction
by lithium triethyl borohydride (LiBHEt3). Acid catalyzed intramolecular cyclization of
the reduced product afforded pyrroloquinoline 203 in 94% yield over two steps. The final
enantiopure product 196 was obtained in 21% overall yield as the HCl-salt upon acidic
Boc-deprotection of carbamate 203.
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Scheme 33. First generation rhodium catalyzed asymmetric synthesis of the pyrroloquinoline scaffold by Tatsuta and
co-workers at Waseda University together with Kondo at Takeda Pharmaceutical company.

A second generation asymmetric synthesis of the pyrroloquinoline methyl ether 196
(Scheme 33) was reported by Yamada and co-workers at Takeda Pharmaceutical company
(Scheme 34) [94]. To avoid the need for changing the protecting group during the synthetic
pathway, pyrrolidone 204 was protected with a benzyloxy carbonyl (Cbz) group. The result-
ing N-protected pyrrolidone 205 was acylated with methoxyacetyl chloride and converted
to the more stable potassium salt 206 by treatment with potassium carbonate in ethanol
followed by a recrystallization step. The salt 206 was liberated to the corresponding ketone
by treatment with hydrochloric acid and then condensed with aniline to afford enamine
207 in 74% yield. Asymmetric hydrogenation of enamine 207 with rhodium catalyst 208 in
the presence of cyanuric acid and 2,2-dimethoxypropane provided pyrroloquinoline 209,
which was converted into 209ep-TsOH by treatment with p-toluenesulfonic acid. The direct
conversion of enamine 207 to the cyclized product 209 under said reduction conditions was
a fortunate surprise for Yamada and co-workers. They hypothesized that the cyclization
process proceeded in a four-step domino cascade. In their proposed mechanism, asym-
metric hydrogenation of enamine 207 followed by a carbonyl reduction of the pyrrolidone
formed the corresponding N,O-acetal, which was dehydrated and sulfonated with triflate
present in the mixture. Finally, the triflate participated in a cis-selective intramolecular
cyclization reaction with the aniline moiety to assemble the pyrroloquinoline scaffold 209.
Amine 196 was obtained in 88% yield and 80% ee upon removal of the N-Cbz protecting
group. Further chiral resolution with L-tartaric acid afforded the enantiopure tartrate salt
196eL-tartrate. The reaction which was conducted in large scale gave 62 kg of the final
product 196eL-tartrate.
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Scheme 34. Second generation rthodium catalyzed asymmetric synthesis of the pyrroloquinoline scaffold by Yamada and
co-workers at Takeda Pharmaceutical company.

In our group, we investigated the applicability of Sharpless’ asymmetric strategies to
obtain the tricyclic scaffold stereoselectively without the use of chiral building blocks or chi-
ral auxiliary (Scheme 35) [95]. Allylamine 210 was converted to cyano-epoxide 211 by treat-
ment with sodium azide followed by m-chloroperbenzoic acid (m-CPBA) epoxidation. Ring-
opening of the epoxide 211 with sodium iodide followed by azide reduction and resulting
quinoline cyclization afforded quinoline-3-ol 212. The quinoline amine 212 was then acety-
lated and the alcohol functionality was oxidized with 2-iodoxybenzoic acid. By treating
the resulting ketone 213 with triflating agent N-phenyl-bis(trifluoromethanesulfonimide),
using lithium bis(trimethylsilyl)amide as the base, gave triflate 214 in 71% yield. The
Sharpless dihydroxylation substrate, namely alkene 215, was obtained from a sequential
reaction entailing the hydroboration of N-Cbz-protected allylamine 216 followed by a
Suzuki-Miyaura cross-coupling of the resulting boron 217 with triflate 214. The alkene 215
was further subjected to Sharpless asymmetric dihydroxylation (AD) conditions, using
(DHQ),PHAL as the chiral ligand, to enantioselectively afford diol 218 in 64% yield.

The stereochemistry of the diol 218 was assigned by using Sharpless mneumonic
device, which is a tool that can rationalize face selectivity of the AD reaction [96]. The
stereochemical outcome from the AD reaction was later confirmed by HPLC analysis of
N-Cbz protected pyrroloquinoline 219 on a chiral column. Acid catalyzed acetylation
of diol 218 facilitated formation of the tricyclic structure 220 via an intramolecular sub-
stitution reaction. Based on the mechanism proposed by Jagadeessh and Rao [97], we
hypothesized that the diacetate first underwent an intramolecular Sy1 reaction, forming an
acetoxonium ion intermediate. The cyclized cis-product 220 was subsequently generated
from a nucleophilic attack on the acetoxonium ion by the Cbz-protected amine. Ester 220
was reduced with sodium borohydride to the corresponding alcohol and then dehydrated
to alkene 221 by treatment with MsCl and Hunig’s base (DIPEA). Hydrogenation of the
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alkene 221 followed by acid promoted removal of the N-protecting groups, afforded the
final product 222.

1) Nal, AcONa 1 Aiza; BICH

1) NaNO,, HCI, H,0 AcOH, EtOAc 0°C-rt,6h

| 0°C, 15 min o —M36noe% _1,36h,96% OH 9%
NH. 2) NaNg 2) SnCly, EtOH/THF 2) IBX, 2) IBX, EtOAC
2 N
213

0°C, 30 min s 0°C-rt,3h ;%fl;lx 75h
210 3y ;.cPBA, DCM 21 3) NaHCO3, EtOH o
0°C-rt, 12 h, 81% rt, 36 h, 81%
1) LHMDS, THF
NN )
N NHCbz -78°C, 15 min
216 2) Ph(CF3S0,),N
) 9-BBN, THF 789G - 1t
i, 3 h . .
CbzHN over night, 71%
Ko0s05(OH),, (DHQ),PHAL B/\/\NHCbz
MeSO,NH,, KsFe(CN)g 217 m‘m
K2CO3z, t-BUOH/H,0 (1/1) 2) PdCly(dppf), AsPhs N
0°C, 22 h, 64% CsCO3, H,0, DMF Ac
215 , 4 h, 83% 214
1) Ac,O, TsOH
DCE, 0°C-1t, 5 h
2) EtsN, 0°C, 15 min.
96%
CbzN 1) NaBH,, EtOH/THF (1/1) CbzN 1) P/C, H, (1 atm) RN
0°C-rt, 9 h, 92% /2 toluene, tt, 2d, 80%
OAc
i 2) MsCl, DIPEA, THF N 2) HCI (8 M), EtOH N
Ac 0°C (2h)-rt(3d), 51 % Ac 88°C, 24 h, 83% R
220 221 =
CBzCl, NaHCO3 (sat. aq.) 222R=H
THF, rt, 3 h, 95%), 75% ee 219 R = Cbz

Scheme 35. Scaffold synthesis by Lindbéack and Sydnes.

After the first generation of scaffold synthesis, an alternative synthetic strategy to
enhance enantioselectivity of the pyrroloquinoline scaffold and at the same time install
handles on the scaffold for further elaboration to martinellic acid was initiated by Haarr and
Sydnes (Scheme 36) [98]. Cinnamyl alcohol 223 was subjected to the Sharpless epoxidation
reaction to afford bromo-epoxide 224 in 86% ee. Epoxide 224 was then regioselectively
ring opened with allylamine in the presence of titanium(IV)isopropoxide to afford the
corresponding amino-diol, which was subjected to a protection—deprotection sequence
to afford the N-acetylated diol 225. In our synthetic design, we envisioned using the two
alcohol moieties to first perform ring closing of the pyrrolidine ring followed by ring
closing of the hetero-quinoline ring. Attempts to selectively oxidize the primary or the
secondary alcohol moieties was unsuccessful. Selective silyl protection of the primary
alcohol was thus conducted, followed by oxidation of the secondary alcohol using Dess
Martin Periodinane (DMP) to form ketone 226. In order to accomplish cyclization of the
pyrrolidine ring via a ring closing metathesis with the N-allyl functionality, we attempted
to convert ketone 226 to alkene 227. No reaction took place under Wittig or Lombardo
reaction conditions. Attempts to form the corresponding nitroalkene by reacting ketone 226
with nitromethane followed by a mesylation—elimination sequence was also unsuccessful.
We speculated that there could be steric issues that caused the failure to install the alkene.
Diol 225 was thus subjected to sodium periodate mediated oxidative cleavage to obtain
aldehyde 228. Attempts of alkene formation were again unsuccessful and no conversion of
aldehyde 228 to its corresponding alkene 229 was observed. Other efforts to work around
the encountered synthetic challenges were conducted; however, those efforts were in vain.
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Scheme 36. Synthetic approach towards the pyrroloquinoline scaffold by Haarr and Sydnes.

4. Synthesis of Dipyrroloquinolines Towards Natural Products
Seneciobipyrrolidine (3) and Incargranine B (4)

1) TBSCI, imidazole
DMAP, rt, 1 h, 85%
2) DMP, DCM, rt, 1 h

As mentioned in the introduction, the Zhang group isolated incargranine B (3) in 2010
from Incarvillea mairei var. grandiflora [25]. Based on the spectroscopical data, they proposed
an indolo-[1,7Inaphthyridine core structure for the alkaloid (Figure 2a). When Lawrence
and co-workers later studied the most likely biogenesis route to incargranine B (3) from
the main sources of alkaloid building blocks, they firstly recognized that incargranine B
appeared to be a dimer biosynthesized from the glycosylated tyrosine precursor, salidroside
(Figure 2, red part) [26]. However, they struggled to propose a plausible mechanism for
the synthesis of the heterocyclic part (Figure 2a, blue part) of incargranine B. This led
them to hypothesize that the originally proposed structure was wrongly assigned and that

incargranine B in fact was a dipyrroloquinoline (Figure 2b) [26].

biosynthetic ﬁ'GlCC)(\@\N

WH analysis

-N
p-Glc-O B-GIcO

incargranine B
originally proposed structure

b)
B-GIC-O//@ ﬁ-GIcO//@
N biosynthetic N
analysis Q
H : -
B-Glc-O U IH [i-GIc()(\@\N :\

incargranine B (3)
revised structure

Figure 2. Biosynthetic analysis of incargranine B. (a) Originally proposed structure. (b) Revised

structure.
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With this hypothesis in mind, Lawrence and co-workers suggested a biosynthetic
route towards incargranine B (3), where phenylethanoid-diamine 230 was a reasonable pre-
cursor (Scheme 37). Diamine 230 could undergo oxidative deamination to form an amino
aldehyde 231 that would undergo an intramolecular condensation to give imine/enamine
232. Dimerization of the imine/enamine 232 through a Mannich reaction to form an imine
intermediate 233 that could be trapped in an electrophilic aromatic substitution reaction
would provide incargranine B (3).

B-Glc-O B-Glc-O B-Glc-O
B-Glc-O

oxidative ; 5 ®N
deamination H*

D0 oL, et QA
HoN o0~ Gle- ® . -
230 B-Glc-O

231 N@ 233
232 electrophilic !
aromatic |

substitution y

B-Glc-o//\Q

incargranine B (3)

Scheme 37. Lawrence and co-workers’ proposed biosynthetic pathway to incargranine B (3).

To confirm their structural revision work and suggested biosynthetic pathway, Lawrence
and co-workers completed a biomimetic total synthesis of the revised structure for incar-
granine B (3) (Scheme 38). Reduction of ester 234 with DIBAL followed by acetal protection
of the resulting aldehyde provided acetal 235 in 71% yield. Alkylation of aniline 236 with
acetal 235 gave the dimerization precursor, acetal 237. Acidic hydrolysis of the acetal to
form the corresponding aldehyde facilitated condensation with the amine to form the
enamine in equilibration with the iminium ion. Further dimerization in a Mannich reac-
tion followed by electrophilic aromatic substitution provided dipyrroloquinoline 177 as a
close to racemic mixture (scalemic mixture). The isolated diastereomer (+)-ex0-177 was
further glycosylated with O-pivaloyl-protected glucoside 238. After basic deprotection of
pivaloyl-groups with lithium hydroxide, incargranine B (3) was obtained as a mixture of
diastereomers. The spectroscopic data of the synthesized incargranine B (3) were in full
accord with the data reported by Zhang for the isolated natural product.
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Scheme 38. Synthesis of Incargranine B completed in the Lawrence group.

The optical rotation of the diastereomeric mixture 3 (o« = —16.7 (c = 0.275, MeOH)) was
close to the reported optical rotation of the isolated natural product (e = —12 (¢ = 0.275,
MeOH)). Lawrence and co-workers therefore suggested that the isolated natural product
3 also consists of a mixture of diastereomers. They further drew a parallel to the biosyn-
thetically related diglycosidic alkaloid, millingtonine (239) (Figure 3), which also naturally
occurs as a mixture of diastereomers. The discrepancies of the optical rotation values
between the isolated martinellic alkaloids and the synthesized enantiomers have resulted
in several groups, suggesting that the martinella alkaloids also most likely are a close to
racemic (or scalemic) mixture of enantiomers [30].

o] HH
> 0

2 H
B-Glc-O

millingtonine (239) O-B-Glc
Figure 3. Millingtonine (239).

Interestingly, the dipyrroloquinoline scaffold was discovered in the laboratory decades
before it was found in nature. The first synthesis of the dipyrroloquinoline was actually
conducted in 1955 by Wittig and Sommer, in a lithium aluminium hydride (LiAlH,) re-
duction reaction with lactam 240 (Scheme 39) [99]. The resulting product was incorrectly
characterized to be pyrrole 193, accompanied by a comment on how the properties of
this product 193 was remarkably different from its stereoisomer, i.e., the corresponding
2,5-dihydropyrrole. The error was discovered in 1974 by Swan and Wilcock and Kerr
and co-workers in two separate studies [100,101]. Both groups described that the product
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formed under the Wittig and Sommer reaction conditions was in fact the dipyrroloquino-
line 241 produced by dimerization of the enamine in equilibrium with the corresponding

imine (Table 3, entry 1).
N
I\Q [red] [ox] f‘D
S S —
240 N 242

3 4%1 LiAlH,4, ether 241
0°C,5h xylene J rl::ﬁﬁ)l(),zc%clggixane
O reflux, 15 h NQ e
N~ 50% NCO,Et
193 243 NHCO,Et

incorrectly assigned product

Scheme 39. Early work by Wittig and Sommer, followed by structural revision and additional
reaction conditions reported by Swan, Wilcock, Kerr, and others to form the dipyrroloquinoline
scaffold.

Table 3. Oxidative and reductive reaction conditions for formation of dipyrroloquinoline 241.

Entry Starting Material Conditions Yield ? Endo:Exo Reference
1 240 LiAlHy, ether, rt, 3.5 h 27% 38:36 [100]
2 242 O3, n-hexane, 0 °C 41% NR [101]

1) DEAD, cyclohexane, reflux, 2 h, 80% o )
3 242 2) xylene, reflux, 15 h 50% 28:22 [101]
4 242 y-irradiation, 17 d 9% ~1:1 [102]
5 242 di-t-butylperoxide, 140 °C, 44 h NR ~1:1 [102]
6 242 Dibenzoyl peroxide, MeCN, 0 °C, 9 h 28% 1:0 [102]
t-BuOOH, NaOAce3H,O, cyclohexane o )
7 242 70°C, 24 h 72% 1:0 [103]
8 242 Cu(OAcq),, Oy, EtsN 26% 11:15 [104]
9 240 PhMe,SiLi, —78 to —20 °C 47% 31:16 [105]

2 isolated combined yield of stereoisomers; NR = not reported.

Kerr and co-workers suggested that formation of the endo-product 241 as the major
stereoisomer could support a concerted hetero Diels Alder dimerization mechanism [101].
In the same report, they also presented formation of the dimer 241 by oxidation of pyrro-
lidine 242 with ozone, or by using diethyl azodicarboxylate (DEAD) to form hydrazine
243, followed by thermal decomposition [101] (Scheme 39, Table 3, entry 2 and 3). Swan
and co-workers similarly presented oxidative formation of the dimer 241 from pyrrolidine
242 using gamma-rays or peroxides (Table 3, entry 4-6) [102]. They suggested that the
intermediate enamine was, under these conditions, formed from the pyrrolidine radical.
When treating pyrrolidine 242 with t-butylperoxide, a mixture of stereoisomeric dimers
241 was formed. However, with dibenzoyl peroxide, only the endo-stereoisomer 241 was
isolated. This peculiarity was also observed by Rao and Periasamy when they treated
pyrrolidine 242 with t-butyl hydroperoxide (HYDRO) in the presence of sodium acetate to
form the endo-dimer 241 in 72% yield (Table 3, entry 7) [103].

Another approach towards dipyrroloquinoline 241 was presented by Minakata and
co-workers in 1997 [104]. They described that oxidation of pyrrolidine 242 with catalytic
copper(Il) and triethyl amine as an additive under an oxygen atmosphere resulted in the
formation of the dimer 241 in 26% yield (Table 3, entry 8). Interestingly, this method favored
formation of the exo-stereoisomer 241 in a 15:11 ratio. Buswell and Fleming later showed
that the dimer 241 could be made from lactam 240, by treatment with dimethyl phenyl silyl
lithium (PhMe;SiLi) at —78 °C (Table 3, entry 9) [105]. Due to the high nucleophilicity of
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PhMe,SiLi, Fleming suggested that the dimerization mechanism did not involve formation
of an imine intermediate. Instead, he proposed that dimerization occurred between a
pyrrolocarbene, formed from «-elimination of dimethyl phenyl silane oxide, and the
corresponding dimethyl phenyl silane enolate. Formation of the dipyrroloquinoline 241
as a side product dimer when utilizing N-phenyl pyrrolidine in reactions with oxidative
conditions is today a well-known issue [106-112].

In their synthesis of triamine 244, Snider and co-workers prepared dipyrroloquinoline
245 as an intermediate (Scheme 40) [113]. A similar tetracycle 52 was also prepared by the
Naito group in the RACE reaction previously mentioned (Scheme 7) [31]. Reduction of
amide 246 with lithium borohydride afforded the desired alcohol 247 and minor amounts
of pyrroline 248. Moreover, Snider mentioned that reduction with lithium aluminium
hydride gave tricycle 247 and tetracycle 248 in a 1:1 mixture, and that dipyrroloquinoline
248 was formed exclusively upon treatment with DIBAL.

Bn_

Bn
N-benzylglycine N LiBH4, THF N
toluene reflux, 12 h MeOH, reflux, 6 d.
o S + 248 (4%)
68 /o N 67% N 1, ~OH

}\/ H

246 O 247

;4 steps, ref. 113

l DIBAL
Bn_
. ., NH
N~ N SN 2
/ H
248 244

Scheme 40. Snider and co-workers’ synthesis of dipyrroloquinoline scaffold.

In a similar fashion to Snider, Ma and co-workers synthesized the dipyrroloquino-
line 249 as a side product in their asymmetric total synthesis of martinellic acid [29].
N-,0O-deprotection of pyrroloquinoline 250 with TBAF followed by treatment of the cor-
responding alcohol with methanesulfonyl chloride provided dipyrroloquinoline 249 in
a substitution reaction in 83% yield (Scheme 41). The X-ray structure of tetracycle 249
was used to confirm the exo-stereochemistry of the pyrroloquinoline scaffold 250 and
consequently also the final product of the synthesis, namely (—)-martinellic acid ((—)-2).

CF30C, CF30C,
N 1) TBAF, ACOH,THF, rt, 2 h Mot o
MeO,C 2) MsCl, Et;N, DMAP, DCM, rt, 1h €2
N~ ~OTBS 83% N
) \\/
250 COCF4 249

Scheme 41. Ma and coworkers’ conversion of pyrroloquinoline 250 to dipyrroloquinoline 249.

Fustero and co-workers developed a gold catalyzed stereoselective hydroamination of
a propargylic amino ester, namely compound 251, to form the dipyrroloquinoline scaffold
as the exo-diastereoisomer [114]. The reaction sequence commenced by treating iminoester
252 with propargylbromide in the presence of zinc providing propargylic amino ester 251
in good yield (Scheme 42). Hydroamination of the propargylic amino ester 251 to form the
exo-dimer 253 was catalyzed by triphenylphosphine goldchloride (Ph3PAuCl) and silver
triflate (AgOTY) as an additive. During the optimization studies the group observed that
solvents that were more polar than toluene, such as methanol and acetonitrile, resulted
in the formation of more complex product mixtures and consequently lower yields of the
desired product. As opposed to the choice of solvent, which had a large effect on the
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N

CF3)\COZEt Zn, DMF, 2 h
252

outcome of the reaction, the use of different gold catalysts in the presence of AgOTf, and
other additives such as AgNTf,, AgSbFs, and AgBF, in the presence of PhzPAuCl gave
comparable results and yields (68-78%) to the ones obtained under the original conditions.

MeO
Br\/// \©\NH PhzPAuUCI, toluene

AgOTT, 1t, 5 h
CFs MeO

0,
EtO,C 76%

A

o _ o
0°C-rt, 89% 251

Scheme 42. Scaffold synthesis by Fustero and co-workers.

Another gold-catalyzed hydroamination of an aminoalkyne was described by the
Liu group [115]. They presented the synthesis of the dipyrroloquinoline core from a
1,4-aminoalkyne 254 in a gold catalyzed tandem reaction with catalyst 255 (Scheme 43).
The reaction sequence started with an intramolecular hydroamination reaction, followed
by an aza-Diels Alder reaction, resulting in a 45:34 endo:exo mixture of diastereomer
256. The reaction scope was further expanded to obtain the Incargranine B aglycon 177
(56:40, endo:exo), along with the natural product seneciobipyrrolidine (4, 51:33, endo:exo)
from aminoalkynes 178 and 257, respectively. Endo-diastereoselectivity was enhanced by
addition of 10 mol% diphenylphosphate (DPP) to the reaction mixtures.

R R
255 (5 mol%) i 7\ O JtBu
P—tBu

R % DCM, rt, 12 h N N
\©\ - R + 8 ANE  sory
H [ O
N N\\'// Me
endo exo 255
254R=H 256 R = H, 45% 256 R =H, 34%
178 R = C,H,OH 177 R = Co,H4OH, 56% 177 R = C,H,4OH, 40%
257 R = CH,CONH, 70% (10 mol% DPP) 26% (10 mol% DPP)
4R =CH,CONH,, 51% 4 R = CH,CONH,, 33%
74% (10 mol% DPP) 11% (10 mol% DPP)

Scheme 43. Scaffold synthesis developed in the Liu group.

In their pursuit to enhance the stereochemical selectivity, the Liu group turned to
silver catalysis [116]. When using a chiral silver-phosphate catalyst (R)-258 instead of a
gold catalyst, the reaction proceeded with a higher enantio- and diastereoselectivities and
higher yields on a wide array of aniline-alkyne substrates, exemplified here by alkynes 254
and 259 (Scheme 44). The resulting iodo-endo-product 260 was further converted to the
epi-incargranine B aglycon 177 by means of a Grignard reaction with ethylene oxide.
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R-yy (2 mol%)
cyclohexane

60°C,24h

R\@?

i-Pr

%

254 R=H 256 R =H, 99%, 83% ee, >20:1 dr
259 R=1 260 R =1, 98%, 87% ee, >20:1 dr R-258
|
O HOK\Q
N 1) i-PrMgBr, THF N
| 0°C, 30 min
N 2) ethylene oxide, THF OH N
0°C,1h, 77%
260 177
95% ee >09% ee

(after recrystallization) o =-249.5 (¢ 0.10, DCM)

Scheme 44. The Liu group’s synthesis of the aglycon moiety of incargranine B.

Xiao and co-workers were studying [1,5]-hydride transfer-cyclization reactions for
the formation of benazepines 261 from pyrrolidine 262 (Scheme 45) [117]. When investi-
gating the scope of this reaction, they discovered that by reducing the number of methoxy
substituents on the aromatic ring (the R-groups) from two to one (such as in compound
263), benzazepines were no longer formed. Instead they obtained dipyrroloquinoline
264 in 20% yield. A study focusing on optimizing reaction conditions showed that by
using the acid catalyst phenylphosphate 265 instead of (+)-10-camphorsulfonicacid ((+)-
CSA) and conducting the reaction in toluene at 60 °C rather than in DCE at 100 °C gave
dipyrroloquinoline 264 in 96% yield and 5:1 diastereomeric ratio, favoring formation of
the endo-product (Scheme 45). The group further investigated the catalyst scope for the
asymmetric synthesis of dimer 264. From their collection of acid catalysts, the most ef-
ficient were phosphates (R)-111 and (5)-266; however, these catalysts gave the exo- and
endo-dimer 264 in only 18% and 17% ee, respectively.

R1
R2
R! R?
MeO OMe O
O (+)-CSA (30 mol%) catalyst (20 mol%)
DCE, 100 °C, 10 h toluene, 60 °C, 24 h N
N
O ®
N
261 R' = R2 = OMe 262 R'= R2= OMe R!
263 R'=0Me, R?=H O 264
R2
i-Pr. i-Pr.
~ = A
i-Pr . i-Pr
O QP”O Q 0oL .0 0. .0
~ “ “OH ~ “OH
e ™ O
Q <__>—iPr O <__>—ipr
i-Pr i-Pr
265 R-111 S-266
96%, 5:1 dr 88%, -18% ee 83%, 17% ee

Scheme 45. Scaffold synthesis by Xiao and co-workers.
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Liu and co-workers obtained the dipyrroloquinoline scaffold 267 in their study of
in-situ formation of iminium ions generated from the condensation of 4-trifluoromethyl-p-
quinols 268 with cyclic amines, such as pyrrolidine 269 (Scheme 46) [118]. Equal amounts
of quinol 268 and amine 269 were stirred in toluene at elevated temperature, in the presence
of 4-methoxyphenol (4-MP) as a proton donor, to afford the dipyrroloquinoline 267 in 74%
yield and 2.5:1 dr.

4-MP, toluene [ @ @ @ | @

N N

268 | TMSO' CFy

Scheme 46. Scaffold synthesis by Liu and co-workers.

5. Elaborating Biological Properties

New and unusual scaffolds are as previously mentioned of great medicinal interest.
Synthetic efforts to assemble the pyrroloquinoline scaffold have resulted in discovery
of interesting biological activities. In 2005, Takeda Pharmaceutical company patented
compounds with properties as NK; receptor antagonist for potential effectiveness in
irritable bowel syndrome (IBS) patients [119-121]. Compounds in this patent, such as
TAK-480 (270) (Scheme 47), were constructed around the pyrroloquinoline scaffold, which
was assembled using the method developed in Takeda pharmaceutical company (Scheme
33) [92,93]. Drug candidate TAK-480 (270) is formed by linking the pyrroloquinoline 196
to the chiral cyclohexane carboxylic acid derivative 271, using triethyl amine and diethyl
cyanophosphonate (DEPC) in DMF (Scheme 47) [122].

o /Z
[Ses I M ;
F o OH
"\ a2hc 271 ('j)L M

-, -OMe  Et;N, DEPC, DMF, t, 18 h, 50%

N
H

196
TAK-480 (270)

Scheme 47. Coupling of pyrroloquinoline 196 and cyclohexane carboxylic acid 271 to form TAK-480
(270), a tachykinin NK; receptor antagonist, produced in Takeda Pharmaceutical company.

Another pharmaceutical compound built around the pyrroloquinoline scaffold is
S-101479 (272), which has been produced by Kaken Pharmaceuticals (Figure 4). According
to studies conducted by Furuya and co-workers, compound 272 exhibited a bone-anabolic
effect in ovariectomized rats as a non-steroidal selective androgen receptor modulator
(SARM) in osteoblastic cells [123,124]. The authors further suggest that, based on their
results, the compound 272 could be a drug candidate for treatment of postmenopausal
osteoporosis.
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Figure 4. 5-101479 (272), a drug candidate for treatment of postmenopausal osteoporosis from Kaken
Pharmaceuticals.

The Broad institute diversity oriented synthesis (DOS) library, including the
pyrroloquinoline-based DOS library developed by Marcaurelle and co-workers, which
was discussed previously, has in recent years been used for several high-throughput
screenings of small molecules for specific biological activities [65]. Scherer and co-workers
conducted a screening of the Broad Institute’s small molecule collection (~100,000 com-
pounds) against the Gram positive, anaerobic, spore-forming, opportunistic pathogen
Clostridium difficile, a major cause of C. difficile-associated diarrhea (CDAD) [125]. With a
high-throughput screening of the compound collection against C. difficile, a compound
containing the pyrroloquinoline scaffold (BRD0761 (273)) displayed MIC (ng/mL) = 0.06-1
for a number of clinical C. difficile isolates (Figure 5). BRD0761 (273) showed greater po-
tency, and more significantly, superior selectivity against C. difficile compared to the last
resort antibiotic vancomycin, commonly used to treat patients with CDAD. Solubility and
permeability (in Caco-2 cells) of compound BRD0761 suggested that oral dosing would be
a suitable administration method. Thus, an efficacy study performed on a mouse model
of CDAD was conducted with daily oral dosing of 25 mg/kg. BRD0761 (273) did reduce
mortality rate as well as shedding of C. difficile CFU in feces, however not as efficiently as
vancomycin.

H
BRDO0761 (273)

Figure 5. Inhibitor of C. difficile specific glutamate racemase.

Investigation of the mode of action for BRD0761 (273) via genomic analysis of resistant
mutants and in silico studies revealed that the compound most likely targets cell wall
biosynthesis via inhibition of glutamate racemase [125]. The enzyme is a known target
in other Gram positive bacteria, such as H. pylori and M. tuberculosis [126,127]. This was,
however, a novel target in C. difficile. Based on studies from Astra Zeneca that show species
specific structure and activity of the glutamate racemase [128], Scherer and co-workers
suggested that finding selective C. difficile glutamate reductase inhibitors may lead to
identification of C. difficile-specific antibiotics.

The Broad institute DOS library was also included in a screening of 256,486 com-
pounds for inhibitors of the aminotransferase BioA, an enzyme in the biotin biosynthetic
pathway in Mycobacterium tuberculosis [129]. In an initial enzyme inhibition screening of
the compound library, the pyrroloquinoline scaffold represented nearly 12% of all hits in
the study, including pyrroloquinoline 274 as the screening’s most potent hit (IC59 = 75 nM)
(Figure 6). However, the activity of compound 274 dropped (MICq( > 100) upon turning to
whole cell screening.
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Figure 6. Inhibitor of the aminostransferase BioA.

As part of genome engineering technologies, control of the CRISPR-Cas9 activity,
such as limiting off-target activity of the endonuclease Cas9, is essential. On this note,
Choudhary and co-workers conducted a small molecule screen for stable, cell permeable,
reversible inhibitors that disrupt the binding of the Streptococcus pyogenes endonuclease
Cas9 (SpCas9) to DNA [130-132]. After an initial screening of representative compounds
from the Broad institute DOS library, the “Povarov library”, which included a number
of compounds with the pyrroloquinoline scaffold, was selected for further examination.
BRD7087 (275) and BRD5779 (276) (Figure 7) were used to assess the inhibitory activity of
the pyrroloquinoline scaffold. Both compounds displayed dose-dependent inhibition of
SpCas9, were soluble in phosphate-buffered saline (PBS), and were non-cytotoxic.

BRD7087 (275): R' =H,R?=F
BRD5779 (276): R' = OMe, R? = H

N (0]

3 O//(
X N
N

R

OH

N
|
BRD20322 (278) BRD0048 (279)

Figure 7. Inhibitors of DNA endonuclease Cas9 in Streptococcus pyogenes (275-277) and inhibitors
of the transcription activation complex, comprised of dCas9:gRNA and transcription-activating SAM
domains (278-279).

After further SpCas9 inhibitory testing of BRD7087 (275) analogues, one of the most
promising hits, namely BRD0539 (277) (Figure 7), was analyzed in a structure-activity
relationship (SAR) study of Cas9 inhibition potency. The study included examination
of different N-linkages, replacement of the 2-fluorophenyl group, and evaluation of the
scaffold stereochemistry. Sulfonamides on the pyrrolidine moiety displayed generally
higher potency than corresponding amides. Displacement of the para-methyl group
on the benzylic sulfonamide with para-fluoro, para-methoxy, or meta-methyl resulted
in reduced inhibitory activity, as did introduction of heteroatoms (N and O) onto the
aforementioned aromatic ring. Reduced activity was observed upon replacing the 2-
fluorophenyl moiety with an alkenyl or a 3-N,N-dimethyl-carbamoyl-phenyl group, and
also by introducing alkynyl spacers (such as seen in compounds 278 and 279). Finally,
elucidation of the four possible stereoisomers confirmed that the pyrroloquinoline 277
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with R,R,R-stereochemistry was the most potent inhibitor of SpCas9-DNA binding. In an
equivalent approach to landing BRD0539 (277) as a functional potent SpCas9 inhibitor,
BRD20322 (278) and BRD0048 (279) were identified as potent inhibitors of the transcription
activation complex (Figure 7).

6. Concluding Remarks

Nature is an inexhaustible source of biologically interesting molecules that have
benefitted humanity from its use as herbal medicine to isolation, characterization, and
further synthetic manipulation of active ingredients. The biologically active martinella
alkaloids in one such example. The chiral core structure found in the alkaloids, namely the
hexahydropyrrolo-[3,2-c]-quinoline scaffold, has been an attractive synthetic target since
its discovery in 1995. Exploration of the chemically diverse routes to this scaffold has laid
the foundation for further elaboration of its potential medicinal benefits, aided by library
syntheses and biological screening. As demonstrated by the Lawrence group, synthetic
preparation of natural alkaloids also serves to control and revise the characterized structure
of isolated natural products.

Though an excessive assembly of synthetic pathways towards the pyrroloquinoline
scaffold has been prepared, much is yet to be discovered. The high biological activity
found in the examination of the Broad Institute’s DoS Povarov library together with the
limited number of biological assays of compounds assembled around the pyrroloquinoline
structure shows that this scaffold is still an underexplored source for biologically active
compounds. For further exploration of the chemical utility of this scaffold, systematic
approaches, such as library screens, are required. On the other hand, synthetically challeng-
ing compounds are usually excluded from such libraries and SAR-studies that delimit the
selection of compounds to be synthesized follow certain rules, such as the Lipinski’s rule
of five. Therefore, fundamental curiosity-driven research is still needed for serendipitous
discovery of compounds and their biological properties.
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