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Abbreviations

o Chemical shift

°C Degree Celsius

1,3-DC 1,3-dipolar cycloaddition
Ac Acetyl

aq Aqueous

ATP Adenosine triphosphate
BBB Blood brain barrier

Bn Benzyl

BPs Bisphosphonates

br Broad (NMR signal)
calcd. Calculated

CNS Central nervous system
DCM Dichloromethane

DMPO 5,5-dimethyl-1-pyrroliné&N-Oxide
DMSO Dimethylsulfoxide

Eda Edavarone

e.g. Exempli gratia(For example)
Equiv. Equivalent

ESI Electrospray ionisation
ESR Electron spin resonance
Et Ethyl

etc. Etcetera

EtOH Ethanol



Abbreviations

FRS Free radical scavenger

g Gram

gem Geminal

GC Gas chromatography

h Hour

HA Hydroxyapatite

HPLC High performance liquid chromatography
HRMS High resolution mass spectrometry
i.e. Id est(For example)

m Multiplet (NMR signal)

MCA Middle cerebral artery

mg Milligram

Me Methyl

MeOH Methanol

MHz Megahertz

min Minute

mL Milliliter

mmol Millimol

MS Mass spectrometry

MTO Methyltrioxorhenium

m/z Mass/charge

NMR Nuclear magnetic resonance
Nu Nucleophile

p Para

PBN a-phenylN-tert-butyl nitrone
PD Parkinson’s disease

Ph Phenyl
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ppm Parts per million

Py Pyridine

q Quartet

RNS Reactive nitrogen species

ROS Reactive oxygen species

r.t. Room temperature

S Singlet (NMR signal)

SOD Superoxide dismutases

t Temperature

t Triplet (NMR signals)

TBI Traumatic brain injury

THF Tetrahydrofuran

TLC Thin-layer chromatography

TMSOTf Trimethylsilyl trifluoromethanesulfonate
tPA Tissue-type plasminogen activator
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Abstract

The present work takes advance of nitrone chemistry

flexibility in order to synthesize, on one handsgiiosphonates
containingN,O-carbocyclic nucleoside units with potential biakzg
activity, starting from nitrones with functionalizle ester or methylen
bisphosphonated groups. On the other hand, to esizth suitable
allyl cyclic nitrones undergoing 2-aza-Cope reagenent in order to
study the [3,3]-sigmatropic process that has baeslyr detected until
now with neutral molecules which are nitrones.

The synthetic strategy that we used for the bisphasates
compound involves the synthesis of suitable nitsonand
subsequently 1,3-dipolar cycloaddition reaction wasein these
substrates and various vinyl nucleobases thatesaai formation of
isoxazolidinyl nucleosides. We decided to syntheesirem for their
significant pharmacological properties that makeenth very
appealing: they showed a considerable cytotoxigvigctagainst
several human cell lines and therefore they cowdsbccessfully
employed as anticancer drugs. Furthermore, bisfiooses can be
considered as stable analogs of pyrophosphateisti@iplied in the
physiological regulation of bone calcification aedorption.

Moreover, during the staying at the University @fragoza in
Spain, a synthesis of suitable cyclic allyl nitreneas carried out. In
general aza-Cope rearrangements have attractedmgezast because
of the ubiquitous presence of nitrogen-containitngcsures in natural

and biological products as well as synthetic ineutrates. These



Abstract

compounds give rise to 2-aza-Cope rearrangementwan@ported a
full experimental study based on NMR kinetic expemnts of the
activation energies required for both neutral aathlyzed 2-aza-

Cope rearrangements of nitrones.

Riassunto in lingua italiana Il presente lavoro di tesi e
basato sulla versatilita dei composti nitronici.n8ostati quindi
realizzati svariate tipologie di nitroni ed utilez, in un primo
progetto, per la sintesi di composti a possibitevigd farmacologica.
In un secondo progetto invece € stata realizzagantasi di un nitrone
per lo studio cinetico della reazione 2-aza-Cope, importante
strumento per la sintesi stereoselettiva di numeasposti azotati.

Da un lato, quindi, si sono utilizzate le proprietdmiche dei
nitroni al fine di sintetizzare analoghi nucleosidiifosfonati, i quali
suscitano grande interesse nel campo della chifaro@aceutica. Per
la loro sintesi si e partiti dalla formazione dirani recanti un gruppo
estereo funzionalizzabile o direttamente dalla esintdi nitroni
bifosfonati. Successivamente, essi sono statzméti per reazioni di
cicloaddizione 1,3-dipolare con vinil nucleobasi.

Dall’altro lato invece, nel secondo progetto comalgiresso
'Universita di Saragozza in Spagna, € stato eseguino studio
cinetico della reazione 2-aza-Cope su allil nitromlici. Essi sono
stati ottenuti tramite una sequenza di reazioros$iidazione seguite
da addizioni nucleofile utilizzando i nitroni inteedi come substrati
elettrofili. Lo studio cinetico ha poi permesso mettere in luce

svariati fattori che interessano tale reazione.
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Introduction

The huge technologic advances that we have expeden
during three decades in the fields of medicinal araderials science
are creating growing demand from the chemistryighly efficient
and selective processes that allow to obtain laageounts of
chemical compounds for the treatment of illnessgsecialized
materials manufacturing or other applications ealawith quality of
our life. The main solution to this demand is @igasynthesis that
through new methodologies is able to provide adangmber of
compounds with high levels of functional diversity.

In particular, the synthesis of organic compoundghw
nitrogen atoms in its structure has aroused coredti interest due
to its presence in a large number of natural prtedas well as wide
spectrum of biological functions and different chesh structures
that offer. In this context, the regio- and steedestive synthesis of
saturated nitrogen systems, with different oxidastates of nitrogen
atom and various functional groups, is a relevaxanmgple of
substrates oriented to diversity.

Such systems are found in a large number of organic
compounds of great importance not only a biologibat also within
other areas related to chemistry (pharmaceuticahchemical, and
food). Nitrogen compounds have also been usedganic synthesis
as starting materials for the preparation of chmakiliaries and
reagents. To the numerous examples that can bel foumcyclic
systems we have to add those cyclic, certainlyehgmportance for
their presence in nature. From what has been disduso far follows
the need for methodologies that allow the intromunctof nitrogen

function in a molecule.
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Introduction

Nitrones were discovered in 1916; the term "nitfoderives
from the fusion of words "nitrogen™ and "ketone"veas stated in the
first review published in 1938 about these compsir@ince that
time nitrone compounds have proven to be of grgathstic utility in
the preparation of several nitrogenous systerRsom their early
chemistry until the present time, nitrone have bleegely employed
in Organic Chemistry. The importance of the nitrfunectionality has
been revealed by the growing number of scienti@pgrs which
appeared in the literature over the last years exmmag nitrones and
related compounds. Nitrones can be derived fronelsldes or
ketones, so talk about and aldehyde-nitrones dRR® = H) and
ketonitrones (Rand R # H), respectively (Scheme 1.1). In fact, the
nitrones can be prepared from these compoundsalboitby several
methods well-documented in the primary literatilsalscussed more
below. The most used includes condensation reactioetween
hydroxylamines and carbonyl compouha@sd oxidation of amines,
imines or hydroxylamine3. Nitrone functional group is ar-
delocalized system formed by near atoms (C, N, Ha) share n
electrons and is isoelectronic with allyl and et®lanion; however,
different atoms present in the functional groupfeomuite different

reactivities.

15
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(0]

\N
)k + R——NHOH |

\ﬁ/

Rz)\R3

R H

é T
)\ 5 R? R?

R? R

2
R R3

R

Scheme 1.1Methods of nitrones synthesis.

As a general topic, the chemistry of nitrones hasnb
described in the past. It includes a chapter ires\books, mainly
concerning cycloaddition chemistry, and a more itbetadescription
of the nitrone functionality in various volumestbg Patai serieSA
major breakthrough in the field of nitrone chenyistame with the
use of nitrones as 1,3-dipoles in cycloadditionctieas (Scheme
1.2). Nitrones react with a great variety of dipofzhiles giving rise
to a vast array of products. Cycloaddition readiare divided
according to substrates in inter- and intramolecptacesses. In both
cases regio- and stereoselectivity are importanteots which are
treated extensively. Particularly, when chiral dtdiss are used the
asymmetric induction is studied making use of thechanistic

considerations introduced at the start of the sectiThis kind of

16



Introduction

reaction both in the intétand intramoleculdrversions has allowed
the access to an important class of compoundsazsdixlines, which
are convenient precursors of 1,3-aminoalcohol$;uetsiral fragment
present in a number of organic compounds of intéfes

) 1 0.
Rl\ﬁ _© 5 Rl\ /0 B R\N /
‘ / \ o+ od .
+ —_— o o —— Biological properties
2 R? J
R? R? b
R3 R? B

RY RY

S OH S OH
RZM + R2 O ) ——» Biological proterties
B
R® R?
B

Scheme 1.21,3-dipolar cycloaddition: synthetic and biolagjictilities

However, a second breakthrough followed with the
nucleophilic additions to nitrones to affordN,N-disubstituted
hydroxylamines (Scheme 1.3). The possibility ofaifing a nitrogen
atom in an intermediate oxidation state (hydroxytejh makes the
nitrone group more attractive in many aspects tihanimine group
which has been more widely used and, under sirdaditions, gives
rise to the corresponding amine. The additionahdigstability of
nitrones vs. imines and the possibility of contngl the
stereochemical course of the stereoselective addiin some cases
by precomplexation with a Lewis acid, increasesvidlee of nitrones
as convenient starting materials for the constoactif a vast number

of nitrogen-containing compounds. Far more inténgstare the

17



Introduction

stereoselective reactions which offer the possybiif synthesizing

optically active nitrogen-containing compounds.
o

1 1
R\?\?/O R\N/OH
J\ + NueH —
R? R3 R? R3
Nu

Scheme 1.3Nucleophilic addition to nitrones.

Furthermore, the presence  giecirophilic
of the oxygen atom allows addition
coordination with metals so the
nitrone functional group can also

1,3-dipolar
cycloaddition

act as a nucleophile, serving a:
ligand. Moreover, nitrones can

be undergoing [3,3]-sigmatropic

process, that process is al

_ _ Nucleophilic
important and powerful tool in addition

organic chemistry with a wide Figure. 1.1: Nitrone reactivity.
demonstrated synthetic utility.

Therefore, we can speak of

different nitrone reactivities

according to the reactive are

facing (Figure.1.1).
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Introduction

However, the present work take advance of nitrdremistry
versatility in order to synthesize on the one hé&mphosphonates
containingN,O-carbocyclic nucleoside units with potential biakzg
activity and, on the other hand, to synthesizeablat allyl cyclic
nitrones undergoing 2-Aza-Cope rearrangement ierowa study the
well-known [3,3]-sigmatropic process, but that hibsen rarely
detected until now with this kind of molecules ahdt can be very
useful merged with [3+2] cycloadditi&hor Mannich type reactiof?.

19
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Nitrones: state of art

2.1 Nitrone synthetic strategies

There are various methods of synthesis of nitrowds;h can be
grouped into three main categories (Scheme 2.1):
» Condensation of an aldehyde or ketone whisubstituted
hydroxylamine;
» Oxidation of amines, imines or hydroxylamines;

» Alkylation of oximes.

OH
R OH
\N/ N‘
R? R R2)\R3
Rl\ /H Rl\@/8
N [0] N‘
R2 R3 Rz)\Rs
RX——NHOH
Rl
‘N o}
R2 R® Rz)kﬁ

Scheme 2.1Methods of nitrones synthesis.

Between these three methods the first two are ths osed in

the synthesis of cyclic or acyclic nitrones. Besitlgese three groups

22



Nitrones: state of art

there are other methods of synthesis used to eerlesstent.
Depending on the type of nitrone (cyclic/acyclicdaaldehyde-
nitrones/ketonitrones) and accessibility of the cprsors
(hydroxylamines, oximes, imines, etc...) may beearegpropriate one

or another method, as discussed briefly befol.

2.1.1 Condensation of aldehydes and ketones with
hydroxylamines

The condensation reaction dFsubstituted hydroxylamines
with an aldehyde or ketone is the main method oftesis of acyclic
nitrones” ® In most cases the reaction proceeds with excefiefis
in organic solvents as dichloromethane, diethyeetr methanol and
in the presence of a drying agent such as magnesilfate, sodium

sulfate or molecular sieves (Scheme 2.2).

o)
o) A<
CH,Cl, N
+  RI—NHOH |
R2 R3 MgSO4 RZ

Scheme 2.2:Condensation reaction betwe#hsubstituted hydroxylamines and
carbonyl compounds.

Recently the same condensation reaction, between
hydrochloride N-substituted hydroxylamines and carbonyl
compounds, has been conducted in a 1:1 solventofixater and

ethanol (Scheme 2.3%Y The only limiting factor of this method is the
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Nitrones: state of art

availability of the corresponding hydroxylaminetir@ometimes, may

not be easy to obtain.

0 \(l‘\?/
R'NHOH - HCI
- |
R2 H EtOH:H,0 1:1, AcONa
H

Scheme 2.3Synthesis of nitrones by condensation of the yner aldehydes with
N-methyl orN-benzylhydroxylamine in acetate-buffered water/ethaolution.

This method allows to obtain non-racemic chirataries from
carbonyl compounds such as optically active hydamynes,
including N-glycosyl nitrone¥' and C-glycosyl nitrones in
equilibrium with a-alkoxy hydroxylamine$® Furthermore, it is the
most commonly employed method in obtaining aromadicd
aliphatic nitrone® and can be also used in solid phase conditilts.
involves, sometimes, the use of a Lewis acid tovaiet the carbonyl
group of a keton& On the other hand, some heterocyclic nitrones
can be prepared by directly condensation of hydesrine with

orthoester-’

2.1.2 Oxidation of amines, imines and hydroxylamines

The oxidation of amines and hydroxylamines is teaagal
method used in the synthesis of cyclic nitrotfeBhe conditions used

to obtain nitrones from secondary amines are basddeatment with

24



Nitrones: state of art

hydrogen peroxide in presence of a catalyst, ugua#tal such as
sodium molybdat€ or sodium tungstaf® or methyltrioxorhenium
(MTO) (Scheme 2.43"

" Re°
A B,or C N|

A: H,0,, N&sWO, (cat.), EzNCI, CH,Cl,, H,O
B: H,O, Na,MeQ, (cat.), MeOH
C: UHP, ReMeQ (cat.), MeOH

Scheme 2.40xidation of secondary amines.

In several cases, hydrogen peroxide complex camflaced
by urea-hydrogen peroxide (UHP) that is safer tfiast one?®?
Oxidation with hydrogen peroxide may also be penied in the

presence of platinum complex (R)and titanium (IV)**

in the latter
case the primary oxidizing agent can be replaced chyyl
hydroperoxidé> Cyclic and acyclic nitrones can also be obtained
from secondary amines by oxidation with hydroperéiayins®® and

Oxoné (Scheme 2.53’

Oxone
. aq Na,EDTA, NaHCO;4 ,/‘\(B/“». PPN
R™ N7 TR, _ CHiCN-THF R SNTTR, + R NTR;
H 5°C, 2h 20 Ce

100% conversion
72-88% isolated yield

Scheme 2.5Metal-free procedure for oxidation of secondamyirees to nitrones.
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Under similar conditions to those employed withsetary
amines, hydroxylamines are also oxidized to nitsoriehe reaction
can be carried out under milder conditions withgesds such as
manganese oxide (I, sodium hypochlorité? TEMPG® or air in
the presence of copper acetate iljn presence of Jacobsen catalyst
is possible to carry out asymmetric oxidation of hied
hydroxylamines although with moderate enantioseliégt(Scheme
2.6)%

N N

_N\ /N_ (R,R)-Jacobsen
Mn _— +
71\ Oxidant
But (o] | o tBu (Additive)
N + +
I | I
OH O- o

meso (2R,3S) (2S,3R)

Jacobsen Catalyst major minor

Scheme 2.6Enantioselective hydroxylamines oxidation.

By contrast, imines do not generally provide nigsnin
conditions similar to those employed in the oxidatof secondary
amines or hydroxylamines, because they tend to gike
corresponding oxaziridinéé. This one may become nitrones by
ultraviolet irradiatior?*  transoximatiori>  treatment  with
trifluoroacetic acid® and in the presence of catalytic amounts of
titanium tetrachlorid® or silver triflate®® In the case oN-adamantyl
oxaziridines it was described his conversion intirones in
acetonitrile keeping at reflux for two da¥’sImine oxidation to
nitrones can be performed with potassium permarigaimaphase

transfer catalytic conditiorf8,using metiltrioxorrenio as catalysor

26
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MoOCI, supported on Nafidh*? in both cases using UHP as primary
oxidant (Scheme 2.7).

Rl

[S)
R2 R o
Ph
R3 R! - )|\
N
O/ Rr? r?

A: KMnOy, (cat.) ByNCI (Cat.), CHCIl,-H,0O

B: MeReQ (cat.), UHP, MeOH

Scheme 2.7Imine oxidation.

2.1.3 Alkylation of oximes

N-alkylation of oximes with alkyl halides or withcalhols and
with activated olefins is a method that has beestmleed at various

times for the preparation of nitrones (Scheme 2.8).

Br
OH
Ph/\N - + /\/ — PN T @
o}
o
o r2
oH R Na, EtOH oR?
R1/\N/ + \‘)I\OF@ R1/\N
®
Br C|> o

[S]

Scheme 2.8N-Alkylation of oximes.
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Depending on electrophile and on reaction condstidhere
may be competition between tle andN-alkylation because oximes
have these two reactive nucleophilic centers. Duhis competition,
this method is much more suitable for the prepamatf cyclic
nitrones where is necessary the presence of angavoup aty or 6
position with respect to the oxime as desired taiolxycles of 5 or 6
members, respectivefy. Indeed, the desilylative cyclization @-
silyl oxime is one of the methods employed in theparation of five
members polyhydroxylated cyclic nitron®slt also described some
examples for the preparation of six-membered cyalitrones
although to a much lesser extéht.

The reaction can also be generating hydroxylanmrestu and

carrying out the cyclization reaction in one stép.

2.1.4 Other methods

The addition of Grignard derivatives of nitro-dexiives is
described as a method to obtaining nitrones in goeldls and with
acceptable regioselectivity (Scheme 2%Although the reaction can
be considered of general applicability, it have rbesed only in

particular cases.
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(S]

C|)
N

Vol 1) THF, -70°C EA
/
2) NH,CI aq.
Scheme 2.9Addition of Grignard reagents to nitroalkenes.

For the synthesis of cyclic nitrones, modificatidmsve also
carried out by condensation and alkylation of oxdme&eductive
cyclization of they-nitro-carbonyl compounds, using various reaction
conditions including HPd-C, Fe/HCI, Zn/NECI and Zn/AcOH, is
an ideal method for synthesizing five members cyalitrones.
Moreover, since the starting materials are enaatmpavailable
through organocatalytic approximations well desdiin literaturé'?
is a very convenient method for the synthesis dicalty active
compounds (Scheme 2.19).

R R

2

Z

Z
2

1) Jorgensen Catalyst (20 mol %)

Rl
k /\/No2 AcOH (0.5 eq), rt, 24 h, 4O
RZ >
NO,

2) Zn, AcOH, rt, 2h

Scheme 2.10Cyclic nitrone synthesis by reductive cyclization

Intramolecular cyclization reactions may also bevafious
kinds and so cyclic nitrones were prepared frorargll oximes:* by
aza-Michael intramolecular reactiGhgScheme 3.11) ana-epoxy
alkanenitriles cyclizatiof® Cyclization between imines and nitroso-

alkenes was used in the synthesis of nitrones dinydidazole
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derived® if the cycloaddition takes place with an enamind it
obtain five member cyclic nitron&3. Nitrosoalkenes also be
condense with metal salts of nitroalkanes to affaadyclic
ketonitrones?® In some particular case the preparation of ketométs
has been possible by the addition Nfbenzylhydroxylamine to

alkyne$’ and allenes®

O

ROW\COZC%

Scheme 2.11 Aza-Michael intramolecular reactions. Reagent amhditions:
NH,OH-HCI, NaHCQ, EtOH, 25 °C, 2 h.

iy,
e

O
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2.2 Nitrone biological properties

Nitrones are widely used organic compounds desigoed
spin trapping experimentsboth in chemical and biological
systems? Nitrone spin-trapping agents sucheaphenylN-tert-butyl
nitrone (PBN, Figure 2.2) have emerged as promighmymacologic
tools because of their robust neuroprotective affjc and large
therapeutic time window in several models of cdmnievous system
injury, such as traumatic brain injury (TBI), stegkand intracerebral
hematoma&® The neuroprotective effect of PBN has been atteithtio
scavenging of reactive oxygen species (ROS), affhoalternate
mechanisms such as influence on inflammatory medi&t
transmitter systemtS, or blocking of C&'-channel® have been
suggested.

On the basis of that, it was designed and synthessd
heteroarylnitrones combining, in their structursagments able to
show neuroprotection properties, such as nitronetycantioxidant
fragments, and heterocyclic groups able to stabtlie generated free
radical (Figure 2.1%°
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heterocyclic systems
: : ® Ry I ----- »fragment that stabilizes the
. enerated free radical
W R R ' \ N 9

| Y > (O
OH \ ; e
lipophilic / antioxidant fragment e %
Nitrone:

neuroprotection
free radical scavenger

Figure 2.1 Heteroarylnitrones designed as potential drugsnurodegenerative
diseases.

2.2.1 Nitrone neuroprotective ability

ROS and reactive nitrogen species (RNS) produced by
oxidative metabolism are capable of damaging aallesbmponents
through molecular modifications to a polyunsaturateeimbrane’s
lipids, proteins, and nucleic acitfs.Much evidence suggests that
biological oxidation in the human body generateghlyi pathogenic
ROS and RNS such as hydroxyl free radical (*OHpesoixide anion
(O27), peroxynitrite (ONOQ, and lipid peroxide free radicals
(ROO), causing cellular injury’ These pathological events have
important roles in many degenerative disorders, &ample,
atherosclerosis, rheumatoid arthritis, and seveealrodegenerative
diseases such as ischemic conditions, stroke, #zankis disease, and
Alzheimer's diseas® The central nervous system (CNS) is
especially sensitive to oxidative damage for reasarch as (a) high
use of oxygen during the metabolic process andethes greater
production of ROS, (b) fewer antioxidants defertbas other organs,

for example, liver and heart, (c) enrichment in tim®re easily
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Nitrones: state of art

peroxidable fatty acids, (d) areas with high levet$ the
Fe*/ascorbate pro-oxidant system that redue®o form <OH, a
potent oxidant® Recently, it has been reported thgamyloid
solutions liberate hydrogen peroxide and, subsdtyenrOH
converted via Fenton’s reacti6h. Consequently, the search of
effective treatments that prevent oxidative strassociated with
premature aging and neurodegenerative diseas@simgpartant area

of neurochemical research.

® /j<

Y
é Transcription Factor Activation I
=]

w-Phenyl-N-fert-buthylnitrone (PBN) — = @

FRS action Gene Induction
R. =C, 0. S, N centered free radical ﬂ
iNOS

coxi

R
J< Cytokines
N ﬂ
I

O

L ]
Cell tissue damage
Inflammatcry processes

Figure 2.2 Antioxidant and neuroprotective mechanisms of PBtiba.

Spin-Adduct R-PBN®

hiologically less harmful

Recently, it has been proved that nitrone-freecaldrap, i.e,
PBN, could be used in the treatment of neurodegéimerdiseases as
well as in the prolongation of life spahlnitially, the neuroprotective
activity was attributed to the nitrone group beeaosits ability to act
as free radical scavenger (FRS, Figure 2.2). Sulesely,

33



Nitrones: state of art

observations that PBN has a good neuroprotectitigitgcat lower
doses than those necessary to act as an effedi$edemonstrated
the ability of PBN to inhibit signal transductiomopesses such as
suppression of proinflammatory cytokines, genes, amatliators
associated with enhanced neuroinflammatory procegsegure
2.2)/? The neuroprotective activity of the nitrone phacophore
depends in great part on the connectivity and tl¢ure of
substituents on the nitrone group. In this sense, dhemical and
pharmacological aspects of different heteroarydniéss have been
reviewed’® describing some patented nitrone containing futkis,
Figure 2.3) with good activity against the neuroweall damage
induced byp-amyloid’* On the other hand, imidazolylnitrones (IV
and V, Figure 2.3) has been developed and bioltgieaaluated,
showing in vivo neuroprotective properti€3. Additionally several
nitrones has been widely used as spin trap fospleeific detection of
transient radicals (e.g., *OH,Q ROO) or relatively stable radicals
(e.g., NO) that are undetectable under normal ¢iomdi’® in the
electron spin resonance (ESR) spectroscopy. Witk &m two
nitrones have been commonly used in the spin tngpigichnique: the
linear nitrone PBN (Figure 2.2) and the cyclic oite DMPO (5,5-
dimethyl-1-pyrrolineN-oxide VI, Figure 2.3).
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oz—o00
Bz—o 0

Ry o) = R, \ d j< ﬂ
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Figure 2.3 Heteroarylnitrones with neuroprotective and spapping properties.

Moreover, early assessment of compound availahitityhe
central nervous system (CNS) is essential for CNgsland useful
for optimizing the toxicity profile of non CNS drug®Prug’'s
penetration through the blood brain barrier (BB8pne of the major
obstacles for the treatment of diseases in the RINSeveral nitrones
was evaluated as able to cross the BBB by passiveqation.

Although Parkinson’s disease (PD)has been heavily
researched in the last decades, the precise efiabthe disease is
still unknown. However, research in recent years Ipaovided
substantial evidence supporting the hypothesis dkatative stress
plays a major role in disease pathogen€sBtudies in Parkinson
proposed a possible role for ROS and/or RNS incte&eloss of SN
dopaminergic neurons in the dised$&nhancing antioxidant and
radical scavenger capabilities in the SN therefoomstitutes a
rational approach to prevent or slow ongoing damagfe

dopaminergic neurons.

? Parkinson’s disease (PD) is a neurodegeneratisorabr involving the
progressive degeneration of dopamine neurons grigithe substantia nigra (SN).
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In the last decade, nitrone spin trapsphenyl N-tert-
butylnitrone and structurally related compoundsy(ré 2.4), have
shown their utility in the treatment of neurodegatige diseases as
well as in the prolongation of life span due toitheeuroprotective
effects’”® In an effort to optimize the biological profile &BN, a
wide structural diversity of PBN-like nitrones hasen designed and
synthesized® In particular, a phenolic nitrone-TDZ (Figure 2.4)
showed excellent free radical scavenger ability agdod
neuroprotective effects without cellular toxicity. Furthermore,
recently experimentaln vitro antioxidant properties, as well as
preliminary in vivo pharmacological activities oitnone derivatives
of Trolox (a-tocoferol derivative) were reported, showing that
nitrones bearing free phenol groups exerted thd hatoxidant

values®?

L&)

I
E HalyS

9
X
PBN N Y-089 ”\J)\cﬁﬂ\|<

Nitrone-TDE

(i

Figure 2.4 Chemical structure of PBN, NXY-059 and Nitrone-4.D

2.2.2 Nitrone for treatment of ischemic stroke

Stroke is one of the most devastating diseases héart

disease and cancer in developed countries. Detpteemarkable
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progress achieved in the last two decades in utaheling the
pathophysiology of stroke, tissue-type plasminogetivator (tPA)
remains the only therapy approved by the US FDAafarte ischemic
stroke, which accounts for 70-85% of all strokeqrdas and carries a
15-33% mortality rate.

Brain tissues rely on circulating blood to delivetygen and
other nutrients, as well as remove metabolic wasdtésen a blood
clot (thrombus) forms in a brain blood vessel, deévery system to
the brain may be compromised, resulting in an isgbestroke.
Therefore, the first task of ischemic stroke therapy to
remove/dissolve the blood clot, that is, thromhbolytherapy. tPA
activates zymogen plasminogen into plasmin, resyltiin
thrombolysis. However, tPA has a narrow therapeuticdow of
three hours within the occurrence of a stroke,tiingiits clinical use.

An ischemic stroke results in a cascade of biochah@vents
producing profound cellular changes. These incladapid decrease
in ATP, calcium overload, disruption of various igumps, and
excitotoxic changes resulting from glutamate redeaxidosis, and
edema? Many of these changes are associated with inalefise
radical production, occurring both during ischemarad during the
subsequent reperfusion stage. ROS, which have bhbilives, can
be extremely detrimental to the surrounding tissdwermal tissues
have a defense system against these toxic ROS;veowischemia
either interrupts or overwhelms the protective naeitms and allows
increased ROS production in the surrounding tisslesding to

neuronal cell damage/death. For this reason, thobymb therapy
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alone is not enough to cure an ischemic stroke. refoee,
therapeutics which reduce the damage caused byaROEeeded.

Emerging treatments for acute ischemic stroke ohecluse of
thrombolytic and neuroprotective agefits While thrombolytic
treatments lyse blood clots to restore blood flowuroprotective
treatments prevent cell death during and after eisch and
reperfusion. One of the most extensively studiedssd#s of
neuroprotective agents is the free radical-scavgngnitrone.
Nitrones react with free radicals to form nitroxsgdevhich act as
superoxide dismutases (SOD), mimicking and catatyzithe
dismutation of superoxide aniofsthereby protecting cells from free
radicalmediated cell damage.

Later experiments demonstrated that PBN markediyaed
infarct volumes in rats subjected to long periofidozal ischemia
induced by middle cerebral artery (MCA) occlus?dhPBN was
found to be effective when administered 5 h aftesed of ischemia.
The nitrone NXY-059 (disodium 4-[(tert-butyliminoythyl]
benzene-1,3-disulfonateN-oxide, Figure 2.4) was shown to
significantly reduce infarct volumes in animal seakodel$® Based
on the impressive preclinical data, NXY-059 wasleated in two
phase IlI clinical trial€’ Unfortunately, the SAINT Il trial conducted
in about 350 centers worldwide across approximédtetyy countries
failed to reveal any positive effects in ischemimlse patient§’”
Although the clinical results of NXY-059 are disapmting, the
concept of using neuroprotective agents for stribleapy remains
viable. For example, edaravone (3-methyl-1-phenyl-2-pyiazoi

one, Eda) such as TMP (Figure 2.5), also a freeabhdcavenger, has
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been approved for treatment of patients with a@deemic stroke in
Japaf® and China. For these reasons, it was synthesipete s
nitrones, i.e. TBN (derived from TMP, Figure 2.ppssessing both
the thrombolytic and free radical-scavenging atiigi necessary for
effective stroke treatment. Some of these compowhdsved good

activity bothin vitro andin vivo models®?®

HyGu, N .CHy HsG CH4
o 4 |
HyC”™ N7 “CHy CH=—N~— ‘F‘“CHE
.0 CHy
T™MP TN

Figure 2.5 Chemical structure of TMP and TBN.
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3. Bisphosphonates containing
N,O-carbocyclic nucleoside units
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3.1. Bisphosphonates in medicinal chemistry

In last three decades, the significant pharmaco#bgi
properties of bisphosphonates (BPs) and bisphosplamids have
made them very appealing. The development of oqgasgphorus
chemistry has been characterized by a great intdresthese
compounds. They showed a considerable cytotoxiwigctgainst
several human cell lines and therefore they cowdsbccessfully
employed as anticancer drugs. Moreover, bisphosgbencan be
considered as stable analogs of pyrophosphatejstli@iplied in the
physiological regulation of bone calcification aresorption. So the
discovery and development of the bisphosphonate® Wwecome
them the major class of drugs for the treatmenbafe diseases.
Indeed, these compounds are actually in use fatnrent of Paget’'s
disease, myeloma, bone metastases and osteopBrosis.

Therefore, organophosphorus chemistry has beemporiant
branch of medicinal chemistry and recently has riake important
effect on the synthesis and design of a wide warétbiologically
active compounds. This chemistry, being ignorednf@ny years,
nowadays has achieved important and well-recognptade in the
search for new drug8.Organophosphorus chemistry, as a discrete
area of study, is the study of compounds contaiai@P bond? Its
present impact on the field of medicinal Chemisirgven difficult to
guantify. Among the list of all organophosphorusmpounds the
main place is occupied by phosphonates and bispbasgges, which
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have found huge application as pharmaceuticals. &ample,
derivatives of phosphonic acid are used in thetm®sis of different
a-amino phosphonic acids which are considered tostoectural
analogues of the correspondingamino acids. They are very
efficiently mimic amino carboxylic acids for thdidy are extremely
important anti metabolites. On the other hand, lmsphonates, for
their high affinity to biological apatite, have lbetound recently as
an ideal therapeutic agent for treatment of difiereone diseases
because they are efficiently bone-seeking compouwatde to act
mainly on bone tissue with limited pharmacologiaativity at other
anatomical sites. This ability is explained by faet that bone tissue
is distinguished from the rest of our tissues bg fresence of a
massive mineral phase, with few exceptions no dtissue systems
contain such a concentrated mineral phase: more38%o of bodily
calcium deposits are located in bone. Therefor biephosphonates
capability to chelate metal ions and inhibit cristgrowth so also a
strong affinity to bone is the reason they begabdasynthesized as
new important drugs with the potential to seek emdcentrate in the
bone tissue. This allowed a more potent activitthaut increasing
the administered dose, which is not always possithle to
undesirable activities of the therapeutic agentext-skeletal sites.
Efforts in this direction were set into motion ihet early
1960s while probing the physiological function af andogenous
molecule, pyrophosphate (Figure 3.1). PyrophospH4®-P is
localized throughout an organism, and displaysal dativity on the
formation and dissolution of biological apatitecarbonated form of
the stoichiometric hydroxyapatite [GEPOs)s(OH):].%* The strong
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affinity of the pyrophosphate to nucleating hydrapgtite (HA)
crystals was considered to be the underlying basighis dual
activity.”® On one hand, the pyrophosphate appeared to become
localized on the growing crystal surfaces, preventhe growth of
the HA (i.e., ‘poisoning’ the fledgling crystal gmth). On the other
hand, this pyrophosphate coating on HA surfacesviged a
protective layer against the dissolution of theeadty nucleated
crystals. The ability of the pyrophosphate to sepprcrystal growth
is put into constant use in our bodies where privgnaberrant
calcification from the supercritical solutions falim the tissues is an
enduring process.

The search led to identification of phosphonateetlas
molecules, where the hydrolysis-resistant -C-P@hhH, moieties
replaced the labile -O-P(O)-(Otinoieties in the pyrophosphate’®
Such diphosphonates P-C-P were shown to be cap&blntrolling
HA dissolution®™® as well as preventing bone loss induced by
immobilizatio®” and parathyroid extract injection in animal

models>®
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Figure 3.1: Structure of the endogenous pyrophosphonate amdsyihthetic
analogue, bisphosphonate (BP), which exhibit angttoone affinity. The geminal
(a) carbon in BPs typically contains two separatesstients, R and R, which

may significantly affect both the mineral affiniyd the pharmacological activity.

The diphosphonates used in these early studies were
dichloromethylene diphosphonafe,®” methylene diphosphondfe
and 1-hydroxyethylene-1,1-diphosphoriateThe two phosphonate
moieties in these compounds were located on thee saarbon ¢-
carbon), in fact forming the basis of the bisphasytie (BP) class of
compounds. BPs immediately became to use for elinemtry by
virtue of his inhibition capability of bone loss thwut significant
side-effects® The promising results led to a considerable irseeaf
the research concerning these compounds and eadydigscovered
more potent BP drugs that including a nitrogen atorthe molecule
(second-generation) but the most of highly potem¢ anclude an
additional moiety in the molecule, namely a nitnodeeterocycle, as

in zoledronate (third-generatiotff %
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Figure 3.2 Examples of BP class of compounds currently uisedclinical setting.
The amino-BPs typically exhibit a higher potency antiresorptive effects, the
primary clinical utility of BPs. Most of the BPs mi@in a geminal —OH group that
enhances the mineral affinity of the compound.

It should be noted that Fleisch’s early work alsoognized
the possibility of cellular effects by the early 8 addition to their
effects on inhibition of HA dissolutioff. It was within a few years of
realization of the pharmacological activities ofBRat their utility as
bone carriers was also demonstrated. Indeed, wieeddvelopment
of a bone targeted therapeutic was first repotedsynthesis of BP-

incorporating molecules with pharmacological atiég distinctly
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different from the BP action was became. Nowad&Bs are
beginning to be utilized as the building blocksggeheric carriers that
can transport a spectrum of molecule to bone, rattmen linking
them directly to a given molecule for its deliveéoybone. Combining
anticancer agents with BPs is intended to concentrthe
antineoplastic activity of therapeutic agents imd® after systemic
administration.

Towards this end, in this work we considered thetlsysis of
a new class of bisphosphonates having an isoxazgliducleoside
unit that should makes it particularly attractivenh the rapidly
dividing cells such as cancer cells, for the puepo$ obtain two
different types of nucleotides analogues (FiguB):3ypel having a
further additional moiety named a geminal hydrogrgup and other
one (type2) only containing aN,O-carbocyclic unit but without the

geminal hydroxyl group.

R (0] B
R o) B .
N, N
0 N
o\
\P
Ho™~
0 R=Me-, Ph-, Bn-
HO—p OH N !/ B= Thy, Ura, Cit, 5-FUra
Ho \ _P TOH
Ho ™ |/ L
0
1 2

Figure 3.3 Structure of target compounds (typand2).

Accordingly, in order to find high potent anticanckugs, we
synthesized various compounds with this charatierishanging

some isoxazolidinic ring substituent groups; intipatar we used

47



Bisphosphonates containing N,O-carbocyclic nucb®sinits

various nitrogenous bases and three diffeMusubstituted nitrones

as shown in the following part of this chapter.
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3.2. Results and discussion

In order to obtain nucleotides analogs having a igaim
hydroxyl group (typel) as zoledronate, which increases the affinity
for calcium even further owing to the ability ofcsuderivatives to act
as tridentate ligands, we synthesizeéster nitrones and unprotected
N-vinyl nucleobases that, via 1,3-dipolar cycloaiddit conduct to 3-
ester isoxazolidinyl nucleosides. These compouhdsild represent
the substrates that can be functionalized with kispfosphonate
group (Scheme 3.1). Unfortunately, so far, we cotildbtain this

kind of molecules for the reasons that will be ekptd below.

°
R Q.
0 w7 B R N ° B R< ,\C]’/O B
HO\\|\D [e— [e— | +
=
HO R o R EtOOC R

OEt

1 R=Me-; R'=H-,Me-; B=Thy-

Scheme 3.1Synthetic strategy to obtain product

Instead we obtained bisphosphonates ®/starting from the
synthesis of bisphosphonate nitrones and unpratedevinyl
nucleobases, via 1,3-dipolar cycloaddition (Scheéh®. Therefore,
in order to find the most active molecule of thisnpound class, we
synthesized various isoxazolidines varying the stent groups: in
particular we used various nucleobases and thréerafit N-

substituents (compoun@s Figure 3.3).
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R= Me-, Ph-, Bn-
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Scheme 3.2Synthetic strategy to obtain prodact

Furthermore, N-vinyl derivates of nucleobases were
synthesized accordingly to method of Procogtial'®* and were used
without protection for the cycloaddition reactionBhe synthesis
involves a simple one pot-pot procedure to prefavenyluracil @),
1-vinylthymine @), 1-vinylcitosine (0), 1-vinyl-5-fluorouracil (1)
and 9-vinyladenine 12 using trimethylsilyl
trifluoromethanesulfonate (TMSOTYf) as catalyst iredt exchange of
the acetate group of vinyl acetate with pyrimidar& purine bases
(Scheme 3.3).
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Scheme 3.3Synthesis oN-vinyl nucleobases.

3.2.1. Preparation of bisphosphonates type 1

With the set of vinyl nucleobas@&s12 in our hands the first
step of the project was the synthesis of the nitrond8#& and13b),
starting by N-methyl hydroxylamine hydrochloride and ethyl
glyoxylate. The synthesis was carried out at roemperature for 1

hour and gave a yield of 76%:¢Z = 3.5:1) as shown in Scheme 3.4.

OH o AcONa HC.-©

|+

N + |
HsC™ 1 "H Cl HJ\COZEt EtO C)\H

H H,O:EtOH 1:1, 1h, rt. 2

13 a

Scheme 3.4Synthesis of nitron&3a
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On the other hand the same reaction was carriedngN-
methyl hydroxylamine hydrochloride and methyl pyater in
methanol and in presence of sodium acetate (Scl3®)egiving a
yield of 8296

OH 0 AcONa HaC. 3 -©
H C’NjH o ¥ )kco M P
| e
* H 2 MeOH, 16h, rt. MeO,C
13b

Scheme 3.5Synthesis of nitron&3b.

The second step was the direct 1,3-dipolar cycliadd
between the obtained nitronesd theN-1-vinylthymine Q). The
choice ofN-1-vinyl thymine was due to its excellent reacinind to
the fact that it does not require any protection.

In the case of produdtda the reaction was conducted both
under microwave irradiation giving a yield of 62%ithout solvent),
and in classic conditions giving a yield of 93% {@tuene at 60 °C).
Both reactions give a similar diastereomeric rakiot{ the reaction
carried out under microwave irradiation, in the eiz® of solvent,
takes only 10 minutes (yield 62%is.trans=17:83), while the one in
toluene takes 6 days (yield 93%is:trans=13:87). In the case of
product 14b, the reaction carried out under microwave irradrat

giving a yield of 51% (Scheme 3.6).
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0 R
13a: R=H, R'= Et- 9 14a: R= H, R'= Et-
13b: R= R'= Me- 14b: R= R'= Me-

Scheme 3.6Synthesis of cycloadduciglaandl4b.

Unfortunately, as shown in Scheme 3.7, the syrghesis
stopped at the ester hydrolysis because we retrienly a product of
beta-elimination in all the several attempts maoldas (Table 3.1).

Actually the work is in progress to resolve thesabfems.

=
o //(fo Hydrolysis //%40
N -~ N

~n~ \7]/N N\ N N
RO,C Ny N HOOC 7/ Ny
R

o] o
R
14a: R=H, R'= Et- 16a: R=H
14b: R=R' = Me- 15b: R=R’

//kfo o

0 — O N POOEY), | ~ N

o A TN TN

NaoP H cloc K H
HO = 0

P
0% | NoH
ONa

1

Scheme 3.7Missing steps for synthesis of compounds tipe
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Molar ratio  Condition

Base = NaOH 1.5 MeOH, r.t.
Base = NaOH 1:3 MeOH, r.t.
Base = NaOH 1:2 MeOH, r.t.
Base = NaOH 1.1 MeOH, r.t.
Base = LiOH 1.3 KO/MeOH, 0-5 °C
Base = LiOH 1:1 EO/MeOH, 0-5 °C
Acid = NH,CI - H,O/Dioxane, pH =5
Enzyme = Lipase A 3600 U/g pH=6.8-7.4

Table 3.1 Hydrolysis reaction condition.

3.2.2. Preparation of bisphosphonates type 2

In order to obtain the bisphospohonates t@efirst attempt
of synthesis involved, firstly, the reduction ofetlester group of
compoundl4a reducing to alcohol 1) by sodium boron hydride
under anhydrous conditions. The reaction gives eédyof 70%
(Scheme 3.8).

~.. N NaBH, ~.° N
N N N N
™ ™
H THF dry, 24 h H
(o] 30° ° (o]
EtO,C 307C<t<0"C ¢
14a 16

Scheme 3.8Synthesis of compourtb.
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The subsequent step involved the tosylation of dlehol
group in order to allow the nucleophilic attack afbisphosphate
anion. It was carried out in classic condition gnees a yield of 63%
(Scheme 3.9).

fk/éo /%%o
~ O N TsClI ~ O N

N N N N
N Py dry, 20 h, RT Ny

0 0
HOH,C TsOH,C

16 17

Scheme 3.9Synthesis of compourty.

One of the last steps planned to complete the egigh
involved the nucleophilic substitution with a biggiphonate anion
(Scheme 3.10), but unfortunately it was impossitdecomplete

probably for steric hindrance.
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17

Scheme 3.10Unsuccessful steps to functionalize compotiad

For these reasons, we totally changed the syntke&ttegy
and we decided to synthesize some nitrones havimgetnylene
bisphosphonate group flposition @2 a - ¢ Scheme 3.12). The new
synthesis involved, firstly, the formation of thasghosphonate
moiety 1). The aldehyde€1 was obtained in three steps from 2-

bromoethyl-1,3-dioxolane, as shown in Scheme ¥41.
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o) Q o
- o

0]

18 19
1)n-BuLi, THF
2)CI-PO(OEt),
H PO(OEt), 0 PO(OEt),
\H/\r 2M HCl:Acetone 10:1 EY\K
e} PO(OE), O (Et0)0P
21 20

Scheme 3.11Synthesis of precursor’s bisphosphonate nitrones.

The Michaelis-Arbuzov reaction of compoub8 with triethyl
phosphite afforded the phosphonagin 62% yield. To carry out the
synthesis we used triethyl phosphite (2 equiva)emisded dropwise
to neat 2-(2-bromoethyl)-1,3-dioxolane (1 equivBlemt room
temperature under nitrogen and heated to reflux for Pure product
was purified by distillationn vacuo

The second step involved the synthesis of tetraeth(y,3-
dioxolan-2-yl) ethane-1,1-diyldiphosphonag9); It was synthesized
addingn-BuLi to a solution of phosphonat® in dry THF, cooled
down to -78 °C, to generate a carbanion. Therei@® added diethyl
chlorophosphate and, after purification by distila under vacuum,
bisphosphonat20 was obtainedvith a yield of 48%.

To complete the formation gembisphosphonate moiety, we
synthesized tethraethyl 3-oxopropane-1,1-diyldiplooste 21).

Deprotection of cyclic acetal was carried out unalgdic conditions:
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dioxolane20 was added to a solution 10:1 2M HEI acetone and
heated to 50 °C for 3 h. The pure aldehgdenas obtained without
chromatographic purification with a yield of 92%.

The second part of the synthesis involved, befdre
formation of nitrone by condensation of aldehy&lewith suitable
hydroxylamines and, after, a cycloaddition of bsgbhonate
nitrones with unprotecteid-vinyl nucleobases.

In order to obtain nitrone®2 a - ¢ aldehyde21 was addedo
N-methyl hydroxylamine hydrochlorideN-benzyl hydroxylamine
hydrochloride, or N-phenyl hydroxylamine hydrochloride
respectively. The synthesis (Scheme 3.12) wasethwut at room
temperature for 1 hour in a mixture of®tEtOH 1:1, in presence of
sodium acetate (1.2 equivalents), extracted in D&id dried over
NaSQ, to give, without further purification, pure nitres as shown
in Table 3.2.

R o /
N
H POEY R NHOH - HCI (Et0),0P N 8-12 (Et0),0P. N\
W won e M . o]
(¢} PO(OEY), (EtO),0P H PO(OED,
B
18 22a-c¢ 23a-i

R= -CHj; -Bn, Ph
B= -Ura; -Thy; -Ade

Scheme 3.12Final steps of the synthesis.
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Nitrones R Conditions Yield
a -CH; H,O:EtOH, r.t., 1h 93%
b -Bn H,O:EtOH, r.t., 1h 84%
¢ -Ph H,O:EtOH, r.t., 1h 89%

Table 3.2:Synthetic results of compoun@d2 a — ¢

Last step, also showed in Scheme 3.12, involveddih8lar
cycloaddition between nitrone24 a — ¢ andthree of more reactive
and biological activeN-vinyl nucleobases8( 9, 12). The reactions
were carried out under microwave irradiations, withsolvent, for
few minutes and crude products were purified by sHla
chromatography (CH@MeOH 97:3) giving pure isoxazolidine&3

a — i) as shown in Table 3.3.

Nucleosides R B Conditions Yield
a -CH; -Ura 850W, 2,5 min. 62%
b -CHz -Thy 850W, 3 min.  66%

-CH; -Ade 850W, 4 min. 59%
-Bn -Ura 700W, 4 min. 72%
-Bn -Thy 700W, 3 min. 73%
f -Bn -Ade 850W, 5 min. 65%
-Ph -Ura 700W, 2,5 min. 77%
-Ph -Thy 700W, 2 min. 80%
-Ph -Ade 850W, 3 min.  71%

o O

(0}

o «Q

Table 3.3:Synthetic results of compouné8 a — i
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Actually the same procedure is extending to otNerinyl
nucleobases in order to find the most active mdésciof this

compound class on the scheduled biological evansti
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3.3. Conclusions

We have synthesized various bisphosphonate
containing N,O-carbocyclic units with significant pharmacological
interest, as bisphosphonate nucleoside analogseTdmmpound can
began important biological study in order to finadigs for treatment
of many bone disease or tumor disease. For thasens, in the near
future, will be carry out suitable biological evations.

Furthermore, during the several steps of the syictipeocess
we observed numerous problems relating to the bayhplexity of
compounds. We exceeded this hurdles developingwa syathetic
strategy that involved the synthesis of innovathisphosphonate
nitrones and wusing it for microwave irradiated di@elar

cycloadditions with unprotected-vinyl nucleobases.
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3.4. Experimental section

3.4.1. General methods

Commercial starting materials were used withoutthier
purification. Solvents were distilled prior to use.

Reactions were monitored by TLC on silica gel 642
(Merck) with detection by UV or by exposing the TGh iodine
vapor; flash column chromatography was performedibea gel 60
(Merck Kieselg 60H).

'H and**C NMR spectra were recorded at 300 and 500 MHz
and 75.5 and 125.7 MHz, respectively, in CPpCusing
tetramethylsilane (TMS) as internal standard (Bruk€P 300 MHz
and 500 MHz), whereas foH- decoupled’P NMR (202.4 MHz) an
external standard was used. Chemical shiff®¥e given in parts per
million and coupling constants (J) in Hertz.

GC/MS analysis were carried out on a Shimadzu GQFS-
using diluted samples (1:1000).

The ESI mass spectrometric data were acquiredFinragan
LCQ Deca, equipped with an electrospray ionizasouarce. Standard
experimental conditions are as follows: sample eatration 16 M:;
elution solvent MeOH; flow rate 8 mL minnebulizing gas 40 units
flow rate; spray voltage 4 kV; capillary voltage M capillary
temperature 270 °C.
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High resolution mass spectra (HRMS) were acquire@ -
star pulsar-i (MDS Sciex Applied Biosystems, TomnCanada)
equipped with an ion-spray source at 10,000 resoiut

Solvent free cycloaddition reactions were carried m a
household microwave oven (Whirpool AVM119/1/WP/WHjt

suitable irradiation power.

3.4.2. Experimental procedures

General procedure for N-vinylation of pyridine
nucleobases (8-11)the appropriate pyrimidine nucleobase (4.4
mmol) was heated at 140-150°C with hexamethyldiaii@ (2.62 g,
16.2 mmol), trimethylsilyl chloride (217 mg, 2.0 mthand trace of
(NH4)2SOy until a clear solution was formed. Then, the solutvas
concentratedn vacuo The residue was suspended under nitrogen in
vinyl acetate (25.0 ml, 271 mmol) and Hg(OA(6 mg, 0.3 mmol),
trimethylsilyl trifluoromethanesulfonate (245 mg,11mmol), and
hydroquinone (0.1 g), the latter as a polymerizatiohibitor. The
mixture was refluxed for the appropriate time whiea reaction was
finished, the mixture was filtered through neutaativated alumina
and was washed with EtOAc. The solvents were rech@teeduce
pressure and the crude product was purified by ftdisomatography
with CHCl:MeOH (92.5:7.5) as eluent.

NMR data for substrate810 are comparable with those of
reference 104, while for compoutdd *H NMR spectrum is reported

on end:

63



Bisphosphonates containing N,O-carbocyclic nucb®sinits

'H NMR (500 MHz, DMSO-g): & = 4.90 (dd, 1H, 2'-Ck,

Jyen=2.03, 3:=9.15); 5.38 (dd, 1H, 2'-Chns den=2.03, dans=16.02);
7.00-7.20 (m, 1H, 1'-CH); 8.46 (d, 1H, 6-CH, J=7;182.01 (br, 1H,
N-H).

General procedure for N-vinylation of purine nucleobase
(12): the appropriate protected purine nucleobase (4.4linmas
added under nitroger to a suspension of Hg(@429 mg, 0.3 mmol)
in vinyl acetate (25mL, 271 mmol). Than trifluoroth@ne sulfonate
(245 mg, 1.1 mmol) and hydroquinone (0.1 g), th#efaas a
polymerization inhibitor, were added. The mixturasmwefluxed for
the appropriate time. When the reaction was over,ixture was
fillered through neutral activated alumina and waashed wit
EtOAc. The solvents were removed at reduced presdure crude
product was purified by flash chromatography (C{@EOH,
97.5:2.5 v/v) after suitable deprotection with gaseammonia.

NMR data obtained for compourit are comparable with

those of reference 104.

a-Carbethoxy-N-methylnitrone (13a) A mixture of Methyl
hydroxylamine hydrochloride (0.76 g, 9.2 mmol), Ne&€X0.90 g, 11
mmmol), ethyl glyoxylate (1.13 g, 11 mmol), watér3(mL) and
EtOH (13 mL) was stirred at r.t. for 1 h and thamaentrated under
vacuum. The white semisolid residue was dissolved mixture of
CH.Cl, and HO. The organic phase was separated, dried (MgSO
filtered and concentrated under vacuum to affordhaut further
purifications, a colourless oil (yield 76%)E:Z = 3.5:1)'H NMR
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(300 MHz,CDC¥): 6 = 1.3 (t, 3H), 3.9 (s, 3H isomer), 4.2 (s, 3H;
isomer), 4.2 (g, 2H, both isomer), 7.1 (s, ZHsomer), 7.2 (s, 1 Hg
isomer).**C NMR (75.5 MHz, CDGJ): § = 15.1; 53.7; 67.0; 137.5;
162.7.

(E)-N-(1-Methoxy-1-oxopropan-2-ylidene) (methyl)
methanamine Oxide (13b) A mixture of Methyl hydroxylamine
hydrochloride (0.4 g, 4.8 mmol), NaOAc (0.43 g, 5.eammol),
methyl piruvate (0.44 g, 4.35 mmol), and MeOH (1D)was stirred
at r.t. for 15 h and than concentrated under vacutihe white
semisolid residue was dissolved in a mixture ogClland HO. The
organic phase was separated, dried (MgSCriltered and
concentrated under vacuum to afford, without furgmarifications, a
pail oil (yield 82%)."H NMR (300 MHz,CDC}): & = 2.25 (s, 3H),
3.85 (s, 3H), 4.2 (s, 3H}3C NMR (75.5 MHz, CDG)): & = 15.7;
52.6; 66.9; 137.8; 161.8.

General procedure for solvent free synthesis of
isoxazolidines 14a and 14kN-vinyl thymine @) (0.1 mmol) and the
nitrone (3a or 13b) (0.2 mmol) are co-grinded in a mortar and
further mixed in a vortex. The mixture of the twontpunds is
transferred in a 50 mL Pyrex container that is @taevithin an
unmodified household microwave oven, at 750W iaadn power.
After the appropriate time the reaction mixturesubmitted to flash
chromatographic separation, using CkieOH (98:2). The nitrone

in excess is recovered and may be re-used.
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Compoundl4awas also synthesized in classical condition to

compare resultsN-vinyl thymine @) (0.1 mmol), nitronel3a (0.2
mmol) and a catalytic amount of hydroquinone weissaved in
toluene (5 mL) and heated at 60 °C for 6 days. Gamg14awas
finally purified by flash chromatography (CHMeOH 98:2).

(cis) Ethyl 4-aza-4-methyl-2,3-dideoxythymidine-3-
carboxylate (14a) *H NMR (500 MHz,CDC}): & = 1.31 (t, 3H),
1.95 (s, 3H), 2.60-2.67 (m, 1H), 2.87 (s, 3H), 33185 (m, 1H),
3.38-3.42 (m, 1H), 4.25 (m, 2H), 6.30 (dd, 1H),87(d, 1H), 9.33
(br, 1H).

(trans) Ethyl 4-aza-4-methyl-2,3-dideoxythymidine-3-
carboxylate (14a) 'H NMR (500 MHz,CDC)): & = 1.33 (t, 3H),
1.95 (s, 3H), 2.52-2.55 (m, 1H), 2.86 (s, 3H), 3318 (m, 1H),
3.87-3.89 (m, 1H), 4.25 (m, 2H), 6.27 (dd, 1H),57(, 1H), 9.51
(br, 1H).*3C NMR (125.7 MHz, CDG): & = 12.5; 14.2; 61.6; 83.4;
111.2; 135.9; 150.6; 163.8; 168.7.

Methyl 4-aza-3,4-dimethyl-2,3-dideoxythymidine-3-
carboxylate (14b) *H NMR (300 MHz; CDCY) 6 = 1.42 (s, 3H),
1.96 (s, 3H), 2.76-2.94 (m, 2H), 2.74 (s, 3H), 3(Z83H), 6.24 (dd,
1H), 7.74 (s, 1H), 9.35 (br, 1H)*C NMR (75.5 MHz, CDGJ): & =
12.1; 12.8; 31.2; 35.7; 41.7; 60.4; 81.3; 112.13.93152.0; 166.3;
169.6
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(trans) 4-aza-4-methyl-3-hydroxymethyl-2,3-
dideoxythymidine (16) Isoxazolidine 14a (1.14 mmol) was
dissolved in dry THF (50 mL) at -78 °C under niteagatmosphere,
than NaBH (5.11 mmol) was added portionwise. The reaction
mixture was allowed to warm to r.t. overnight. Reatwas worked
up adding saturated aqueous solution of,GlHextracted by CHGI
and than driedPure product was obtained (yield 70%) by flash
chromatography (CH@MeOH 98:2)."H NMR (300 MHz, DMSO-
ds): 6 = 1.75 (d, 3H), 2.30-2.58 (m, 2H), 3.20-3.42 (1H)13.45-3.66
(m, 2H), 4.01 (d, 1H), 4.27 (d, 1H), 4.94 (t, 18)98 (dd, 1H), 11.27
(br, 1H).*3C NMR (75.5 MHz, DMSO-g): 5 = 11.5; 36.5; 43.7; 60.6;
61.5; 81.3; 111.0; 138.9; 151.9; 166.8.

(trans) 4-aza-4-methyl-3-methyltosyl-2,3-dideoxythymidine
(17): Isoxazolidinel6 was dissolved in dry pyridine under nitrogen
and cooled in an ice bath (0 °C). Than tosyl chenvas added and
mixture was stirred for 20 h leaving temperaturtura increasing at
rt. Reaction was worked up adding water, extrabie&tO and than
dried (MgSQ). *H NMR (300 MHz, DMSO-g): = 1.80 (d, 3H),
2.39-2.45 (m, 3H), 2.44 (s, 3H), 2.63 (s, 3H), 4R 2H), 5.97 (dd,
1H), 7.48-7.53 (m, 3H), 7.55-7.84 (m, 2H), 11.38 (tH). °C NMR
(75.5 MHz, DMSO-¢): 6 = 14.7; 22.1; 38.9; 44.7; 69.8; 74.8; 111.4;
122.2; 130.9; 131.6; 136.7; 150.8; 155.1; 164.2.

Diethyl 2-(1,3-dioxolan-2-yl)ethylphosphonate  (19):

Triethyl phosphite (3.43 mL, 20 mmol, 1 equiv.) veakled dropwise
to neat 2-(2-bromoethyl)-1,3-dioxolane (4.70 mL,Mfhol, 2 equiv.)
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at r.t. under nitrogen. The reaction mixture waatée to 110 °C until
the complete disappearance of triethyl phosphite e@nfirmed by
3P NMR analysis of the reaction mixture. Pure prodif(2.93 g,
62%) was obtained as a pale oil after vacuum igth of diethyl
ethylphosphonate (60 °C at 1 mmHYP NMR (121 MHz; CDGJ) &

= +33.2;"H NMR (300 MHz; CDC}) = 1.32 (t, 6H), 1.79-2.00 (m,
4H), 3.84-3.99 (m, 4H), 4.06-4.15 (m, 4H), 4.951(); *C NMR
(75.5 MHz; CDC}) 6 = 16.8, 19.9, 27.3, 61.9, 65.5, 103.7; &
(positive, ES) calcd. for ¢El1g0sNaP [M + NaJ 261.0875 found
261.0868.

Tetraethyl 2-(1,3-dioxolan-2-yl)ethane-1,1-
diyldiphosphonate (20): n-BuLi (3.44 mL of a 1.6 M solution in
hexane, 5.5 mmol, 1.1 equiv.) was added dropwisa $olution of
phosphonatel9 (1.19 g, 5.0 mmol, 1 equiv.) in dry THF (30 mL)
under argon, cooled down to -78 °C. After stirrfiog 1 h at -78 °C,
diethyl chlorophosphate (759 mL, 5.25 mmol, 1.06ieQ was added
to the reaction mixture. The reaction mixture wiewaed to warm to
r.t. overnight. A saturated aqueous JOHsolution (30 mL) was used
to quench the reaction mixture. The aqueous layer extracted with
diethyl ether (3 x 40 mL). The organic layers weoenbined, dried
over MgSQ and concentrated under vacuum to give 1.59 gudecr
product. Purification by vacuum distillation (162, 0.1 mmHg)
afforded the pure bisphosphona&@ (907 mg, 48%) as a yellow oll.
$1p NMR (121 MHz; CDGJ) 5 = +24.4;*H NMR (300 MHz; CDC})

o = 1.34 (t, 12H), 2.18 (tt, 2H), 2.63 (it, 1H)83-3.99 (m, 4H),
4.13-4.24 (m, 8H), 5.25 (t, 1HJ°C NMR (75.5 MHz; CDGJ)) 6 =
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16.8, 30.5, 32.8, 63.0, 63.1, 65.2, 102.8; M& (positive, ES) calcd.
for C13H260sNaP; [M + NaJ* 397.1157 found 397.1171.

Tetraethyl 3-oxopropane-1,1-diyldiphosphonate (21): A
solution of dioxolane€0 (2.68 g, 7.15 mmol) in a 10:1 2M Hgl
acetone mixture (55 mL) was heated to 50 °C for JHe reaction
mixture was cooled down to r.t.. Volatiles were @vatedin vacuo
The reaction mixture was then extracted with DCM @0 mL). The
organic layers were combined, dried over Mg®@d concentrated
under vacuum to give the pure aldehye(1.85 g, 78%) as a pale
oil. P NMR (121 MHz; CDGJ)) 8§ = +23.3;'H NMR (300 MHz;
CDCl) 6 = 1.32 (t, 6H), 1.32 (t, 6H), 2.93-3.25 (m, 34)11-4.22
(m, 8H), 9.72 (t, 1H)**C NMR (75.5 MHz; CDG)) § = 16.6, 30.2,
39.5, 63.2, 63.4, 197.7; M®/z (positive, ES) calcd. for {gH250:P,
[M + H]" 331.1076 found 331.1086; [M + NaB53.0895 found
353.0911.

General procedure for synthesis of bisphosphonate
nitrones (22 a — c¢) A mixture of Methyl, Phenyl or Benzyl
hydroxylamine hydrochloride (1 mmol), NaOAc (1.2 mai),
aldehyde21 (1.1 mmol), water (5 mL) and EtOH (5 mL) was stifr
at r.t. for 1 h and than concentrated under vacuum.aqueous layer
was extracted with DCM (3 x 20 mL). The organic desy were
combined, dried over MgSQ filtered and concentrated under
vacuum. Concentrated organic layer was washedmékane to give

pure nitrones as in Table 3.2.
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N-(3,3-bis(diethoxyphosphoryl)propylidene) methaname
oxide (22a) *H NMR (300 MHz, CDCJ): § = 1.15-1.45 (m, 12H),
2.69-3.12 (m, 3H), 3.70 (s, 3H), 4.00-4.32 (m, 8HY8 (t, 1H).*°C
NMR (75.5 MHz; CDC}): 6 = 16.33-16.43, 23.78, 32.50p(Jp=
134.56) 52.21, 62.88-63.15, 138.12; MS m/z (posjt&S) calcd. for
Ci1oH27NO7P, [M + H]* 360.1336 found 360.1315; [M + Na]
382.1155 found 382.1491.

N-(3,3-bis(diethoxyphosphoryl)propylidene)-1-phenyl
methanamine oxide (22h)H NMR (500 MHz, CDC)): & = 1.23-
1.39 (m, 12H), 2.87-3.08 (m, 3H), 4.07-4.26 (m, 8KP1 (s, 2H),
7.15 (t, 1H), 7.28-7.39 (m, 3H), 7.40-7.45 (m, 2HC NMR (125.7
MHz; CDCk): 8 = 16.22-16.40, 25.25, 37.22 (k.glp = 136.22 ),
55.20, 65.20-66.18, 125.20, 125.57, 127.76, 128.37,15.

N-(3,3-bis(diethoxyphosphoryl)propylidene)aniline  oxde
(22c) *H NMR (300 MHz, CDCY): & = 1.28-1.39 (m, 12H), 2.75-
2.86 (m, 3H), 4.05-4.35 (m, 8H), 7.01 (t, 1H), Z286 (m, 5H) }*C
NMR (75.5 MHz; CDC}): § = 16.18-16.27, 27.92, 36.25 (halp=
135.41), 68.25, 69.87, 127.22, 127.49, 128.55,0129.36.87.

General procedure for synthesis of bisphosphonate
isoxazolidines (23 a —1)The selected vinyl nucleobas® Qand12)
(0.2 mmol) and the nitron€2{ a — ¢ (0.1 mmol) are mixed in a
vortex. The mixture of the two solids is transferie a 50 mL Pyrex
container that is placed within an unmodified hdwde microwave

oven, at suitable irradiation power (Table 3.3)teAfthe appropriate
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time the reaction mixture is submitted to flash ochatographic
separation, using variable mixtures of chloroforma anethanol. The

vinyl nucleobase in excess is recovered and mag-bsed.

4-aza-4-methyl-3-(2'-(2’,2'-bis-diethoxyphosphorylgthyl)-
2,3-dideoxyuridine (23a) *H NMR (300 MHz, CDGCJ): & = 1.26-
1.36 (m, 12H), 2.23-2.42 (m, 3H), 2.74 (s, 3H),62€13 (m, 3H),
4.11-4.31 (m, 8H), 5.85 (dd, 1H), 7.99 (d, 1H),28(d, 1H), 8.83 (br,
1H). **C NMR (75.5 MHz; CDG)) 6 = 16.21, 29.63, 31.01, 33.96 (t,
Jp.c.p= 134.98), 41.02, 62.89, 63.00, 84.06, 110.95,335150.10,
162.94.

4-aza-4-methyl-3-(2'-(2’,2'-bis-diethoxyphosphorylethyl)-
2,3-dideoxythymidine (23b) *H NMR (500 MHz, CDCJ): & = 1.31-
1.42 (m, 12H), 1.95 (s, 3H), 2.11-2.37 (m, 3H),72(8, 3H), 3.00-
3.18 (m, 3H), 4.03-4.28 (m, 8H), 6.13 (dd, 1H),37(6, 1H), 8.70 (br,
1H). *C NMR (125.7 MHz; CDGJ) & = 12.67, 16.41, 29.71, 31.26,
34.01, 34.20 (t,plcp= 134.36), 40.82, 63.01, 83.62, 111.03, 135.41,
150.21, 163.48.

4-aza-4-methyl-3-(2'-(2’,2'-bis-diethoxyphosphorylgthyl)-
2,3-dideoxyadenosine (23c}H NMR (300 MHz, CDCYJ): § = 1.38-
1.47 (m, 12H), 2.32-2.45 (m, 3H), 2.81 (s, 3H),2332 (m, 3H),
4.14-4.36 (m, 8H), 6.29 (dd, 1H),7.48 (br, 2H),B(8, 1H), 8.57 (s,
1H). **C NMR (75.5 MHz; CDGJ)) § = 17.22, 29.82, 31.57, 34.87 (t,
Jp.c.p = 134.55), 41.22, 62.98, 63.17, 84.64, 127.12,01B9147.10,
153.00, 156.40.
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4-aza-4-benzyl-3-(2’-(2’,2’-bis-diethoxyphosphorykgthyl)-
2,3-dideoxyuridine (23d) *H NMR (300 MHz, CDC)): § = 1.36-
1.44 (m, 12H), 2.12-2.29 (m, 3H), 3.05-3.23 (m, 3#)18-4.36 (m,
8H), 4.41 (s, 2H), 6.05 (dd, 1H), 7.18-7.39 (m, 5B)03 (d, 1H),
8.33 (d, 1H), 8.96 (br, 1H}3C NMR (75.5 MHz; CDGJ)) 6 = 15.88,
29.57, 30.76, 34.05 (tpdp = 135.43), 54.67, 63.28, 63.10, 84.31,
111.26, 124.80, 125.26, 127.01, 128.11, 135.87.,2/5063.89.

4-aza-4-benzyl-3-(2’-(2’,2’-bis-diethoxyphosphorykgthyl)-

2,3-dideoxythymidine (23e)*H NMR (300 MHz, CDCJ): & = 1.22-
1.36 (m, 12H), 2.08 (s, 3H), 2.21-2.34 (m, 3H),433018 (m, 3H),
4.10-4.22 (m, 8H), 4.34 (s, 2H), 6.21 (dd, 1H),277243 (m, 5H),
7.74 (s, 1H), 8.95 (br, 1H}*C NMR (75.5 MHz; CDGJ) 6 = 11.84,
15.69, 29.44, 30.21, 33.88 (k.clp = 134.76), 54.26, 62.84, 63.25,
84.16, 111.03, 124.78, 125.18, 126.87, 128.03, 7435150.31,
163.67.

4-aza-4-benzyl-3-(2’-(2’,2’-bis-diethoxyphosphorykthyl)-

2,3-dideoxyadenosine (23f)'H NMR (300 MHz, CDGJ): § = 1.41-
1.51 (m, 12H), 2.33-2.45 (m, 3H), 3.20-3.35 (m, 3#)16-4.39 (m,
8H), 4.65 (s, 2H), 6.56 (dd, 1H), 7.19-7.38 (m, 5663 (br, 2H),
8.21 (s, 1H), 8.49 (s, 1H¥’C NMR (75.5 MHz; CDGJ) & = 17.31,
29.92, 31.62, 34.95 (tpdp = 135.32), 54.77, 63.03, 63.28, 85.60,
124.86, 125.26, 126.90, 127.25, 128.22, 139.10,.3847153.69,
156.58.
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4-aza-4-phenyl-3-(2’-(2’,2'-bis-diethoxyphosphorylgthyl)-
2,3-dideoxyuridine (23g) *H NMR (300 MHz, CDGCJ): & = 1.29-
1.38 (m, 12H), 2.20-2.42 (m, 3H), 2.89-3.07 (m, 3#)9-4.22 (m,
8H), 5.98 (dd, 1H),.6.77-6.86 (m, 3H), 7.02-34 @hl), 7.98 (d, 1H),
8.25 (d, 1H), 8.87 (br, 1H}’*C NMR (75.5 MHz; CDGJ) & = 15.88,
29.57, 30.76, 34.05 (tp.d.p= 134.78), 63.28, 63.10, 84.31, 111.26,
127.26, 127.89, 128.37, 129.56, 135.87, 150.27,8963

4-aza-4-phenyl-3-(2’-(2’,2'-bis-diethoxyphosphorylgthyl)-

2,3-dideoxythymidine (23h) *H NMR (300 MHz, CDCJ): & = 1.33-
1.46 (m, 12H), 2.12 (s, 3H), 2.19-2.28 (m, 3H),8320 (m, 3H),
4.13-4.27 (m, 8H), 6.01 (dd, 1H), 6.84-7.01 (m, 3AR4-7.38 (m,
2H), 7.55 (s, 1H), 8.31 (br, 1HY*C NMR (75.5 MHz; CDG)) & =
12.13, 15.47, 29.69, 30.79, 34.07 @.c$ = 134.04), 63.00, 63.68,
84.53, 111.36, 127.41, 127.70, 128.34, 129.50, 1135150.64,
163.61.

4-aza-4-phenyl-3-(2’-(2’,2'-bis-diethoxyphosphorylkgthyl)-

2,3-dideoxyadenosine (23i)'H NMR (300 MHz, CDGJ): & = 1.32-
1.41 (m, 12H), 2.24-2.37 (m, 3H), 3.12-3.31 (m, 38P8-4.37 (m,
8H), 6.22 (dd, 1H), 6.93-7.07 (m, 3H), 7.15-7.38 @hl), 7.56 (br,
2H), 8.30 (s, 1H), 8.51 (s, 1H)*C NMR (75.5 MHz; CDGJ) & =
16.24, 29.20, 31.32, 34.74 (k-addrp = 134.89), 62.91, 63.20, 85.44,
127.37, 127.75, 127.86, 128.42, 129.96, 139.32,8¥47153.50,
156.65.
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4. Kinetic studies of 2-aza-Cope
rearrangements with cyclic nitrones
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4.1. Aza-Cope rearrangements

Stereoselective [3,3]-sigmatropic processes arekma@in
and powerful tools in organic synthe&{§.Among them, Claiséff®
and Cop&”® rearrangements have developed exceptionally wehe
past 50 years. In particular, aza-Cope rearrangent&ve attracted
great interest because of the ubiquitous preserfcenitoogen-
containing structures in natural and biological ducts as well as
synthetic intermediates. Moreover, the merging ofa-@ope
rearrangements with other reactions such as [3y@padditiort*® or
Mannich type reactidri provide direct access to a variety of complex
structures. Depending on the position of the ngrogtom, different
aza-Cope rearrangements can be identified (Schelhhe 4

H
]

R\N/ N
. | —
AN F

1- and 3-aza-Cope 2-aza-Cope

<)
{ S

Scheme 4.1Aza-Cope rearrangements.

The 1l-aza-Cope rearrangement, developed by Famldrco-
workers from aza-diene precursdtshas been used in the synthesis
of nitrogen heterocycles? In 1992, Stille and co-workers reported

the inverse process as a 3-aza-Cope rearrangetaéirigs from N-
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alkyl-N-allylenamines?® This reaction has also been studied for
quaternarN-allyl enammonium salts:*

Both 1- and 3-aza-Cope rearrangements are thgmoedsses
that are catalyzed by Lewis acids. The 2-aza-Cepgangement had
only been described as an equilibrium system fotiow&
substrate$®® and several protocols were developed to drive the
process to a single produéf. These protocols included trapping the
iminium ion with a nucleophile incorporated inteethtructur&’ and
a Mannich type reactiolt® The synthetic utility of the reaction has
been extensively demonstrat€dand, more recently, a catalytic
asymmetric version has been reported for protoriatates’?°

Wuts and Jung reported the 2-aza-Cope rearrandeofen
nitrones under catalysis with trimethylsilyl trifeg>* which actually
involves hydroxyiminium cations. A similar processs described
twenty years later by Loh and coworkers using Iyg@orsulfonic
acid (CSA\) as a cataly§? In both cases, the rearrangement involved
cationic species, as in other 2-aza-Cope rearraegesmOn the other
hand, the possibility of inducing a thermal 2-azgp€ rearrangement
with neutral substrates had only been sugge$tednd in 2007
Merino et al. reported for the first time experimental and tle¢ical
evidence of a neutral thermal 2-aza-Cope rearraagewf nitrones
(Scheme 4.2!
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Ph Ph

Scheme 4.2First evidence (2007) of neutral and thermal 8-@ppe. Reagent and
conditions: Toluene, 100 °C, 72 h.

As far as we are aware there are no examples ihténature
concerning thermal 2-aza-Cope rearrangements witutral
substrates other than those reported from this Wik this chapter,
we report a full experimental study based on NMRhekc
experiments of the activation energies requiredbimh neutral and

catalyzed 2-aza-Cope rearrangements of nittgn@&igure 4.1).

Ph

Figure 4.1 Nitrone 24.

We designed nitron24 with suitable substituent that stabilize
the rearranged form in order to easily direct thaction and we
synthesized it with a sequence of nucleophilic @oldi and
hydroxylamine oxidation as shown in the followeictsen of this

chapter.
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4.2. Results and discussion

4.2.1. Preparation of nitrones

The synthesis of nitron@4 was carried out starting from
oxidation of pyrrolidine and subsequent sequencdoof steps of
hydroxylamine oxidation and nucleophilic additiom intermediate

nitrones (Scheme 4.3).

Ph Ph
(M~ = (= (),
1 | i
oy OH -

+

I
0

N ;N/: Q\Ph
H
o-

I I
OH

Scheme 4.3Retrosynthesis of nitroriz4.
Nitrone 24 was prepared from nitror6, which was obtained

by oxidation of pyrrolidin€5 with methyltrioxorhenium as described
in Scheme 4.4
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: : (90%) : /:

N N
H +|
o-

25 26

Scheme 4.4Synthesis of nitron86. Reagents and conditions: MeRg@ mol-%),
UHP, MeOH, r.t.., 24 h;

After nucleophilic addition of phenylmagnesium bide and
oxidation with manganese(1V) oxid& a 9:1 mixture of nitrone28a
and28bwas obtained (Scheme 4.5).

f \ i ii
e —
/ Y O\ Y Q\ * /Q
*T (86%) N Ph  (86%) N Ph Ph N
o-

OH o~ o~

26 27 28a 28b

Scheme 4.5 Synthesis of nitrone®7 and 28 Reagents and conditions: (i)
phenylmagnesium bromide, THF 0 °C, 2 h; (ii) MpnGH,Cl,, 0 °C, 7 h.

The major isomer 28a was separated by column
chromatography and allylated following our standardcedur&’ to
give hyroxylamine29. Finally, oxidation of29 (carried out another
time with MnQ) furnished nitrone24 in 48% overall yield (five

steps).
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O\ i Ph ii Ph
—_— —_—
ZTrn (90w N TS (34%) \N =

+N | +

- OH o~

o

28a 29 24

Scheme 4.6 Synthesis of nitrone®9 and 24. Reagents and conditions: (i)
allylmagnesium bromide, THF 0 °C, 8 h; (ii) Ma@H,Cl,, 0 °C, 7 h.

4.2.2. Kinetic studies

Heating nitrone24 in dimethyl sulfoxide (DMSO) in a sealed
tube at 70 °C for 6 hours afforded mixtures of raéaged nitrone and
the corresponding cycloadducts formed through dranmolecular
1,3-dipolar cycloaddition (Scheme 4.7). Prolongexhtimg for 36
hours only provided cycloadductl, in quantitative yield, from
nitrone24 indicating that nitron80is intermediate of the reaction.

O N/O

W
N (quant )

Ph
31

| i 1 01

(quant.)

Scheme 4.7 Rearrangement of nitron€sl. Reagents and condition§) DMSO,
70 °C, 6 h, sealed tube; (ii) toluene 120 °C, 36daled tube.

To obtain detailed information on the factors audivation

energy of the process, we investigated the reagraegt of nitrone
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24 by 'H NMR spectroscopic analysis at a range of tempegat
between 40-90 °C, in two different deuterated sukv€toluene and
dimethyl sulfoxide), in catalyzed and uncatalyzemhditions, and
determined the activation parameters. The disappearof the NMR
signal of nitrone24 at 6 = 7.03 ppm, as shown in Figure 4.2, with
shifting of other signals is evidence that the pescmonitored is that
illustrated in Scheme 4.3. The changes in concemtraf nitrone24
were determined from the correspondiig NMR spectra by

measuring integral data.

7.1 7.0 6.9 ppmr

Figure 4.2 Stack plot illustrating decreasing %1 NMR signal (proton in position
2) for starting nitron@4 at 343 K, at 30 min intervals.

In the case of nitroneé®, we ascertained that the relationship
between the concentration of the rearranged nigr@teand the
corresponding starting nitrone is best describedabstraight line,
which is a mathematical proof that the thermal 2-@bpe
rearrangement takes place prior to the cycloadditeaction. Indeed,
a plot of the natural logarithm of concentratiam{}}, against time,
was a straight line, confirming that the procesgirst-order in all
cases. The reaction rate follows the equakion - In {y}. From the

reaction conducted at various temperatures (40-€), the
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corresponding Kinetic constants were calculateceémh temperature

(Figure 4.3 and Table 4.1).

DMS0-d,

£ ,u:s t

Toluene-dg

o 5 10

15 20

o 4 - : . .
-02 "-7
04 S .
o [P K T, 0000000000000
=
=

60"

[ 1

+00°

Toluene-dg+ PTSA

*s0°
70

x80°

Figure 4.3 Fitting of first-order exponential decay equatigrs - In ), x =t

T(°C) DMSO Toluene DMSO Toluene
catalyzed catalyzed
40 2.79-16 5.99.1¢F 2.83-10 2.06-1C0
50 7.44.10 1.86-10 6.99-10 3.85.1CF
60 2.98-10 4.39-10 1.84-10 1.24-1¢
65 5.78-10 n.d n.d. n.d.
70 1.05-10 8.72.1CF 3.83.1¢ 2.61-10
80 2.00-1d 2.56-10 8.34-1¢ 4.39-1¢
90 5.14-10 6.49-10 1.74-10 7.39-10

Table 4.1 Kinetic constants (ks s') at different temperatures. n.d.: not
determined.

The Arrhenius plot (see Figure 4.4) permitted eatdun of
the respective activation energies and Eyring p(figure 4.5), a
direct evaluation of the activation parametats” and AS" and, in
consequencAG” at 298.15 K (Table 4.2).
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Arrhenius plot

© Series AE* (Keal/mol) R?
e
s '\«,h %= #DMmso DMSO-d; 24,06 0,9883
z T
= N HToluene
£ 6 \-!\\ : e Toluene-dy 20,61 0,9891
= ~ DMSOH4PTSA
N DMSO+PTSA 18,57 0,9933
@Toluene+pTsa
2
Toluene+PTSA 16,79 0,9895
0

00027 00028 0DO23 0003 00031 00032 0,003

x=1T

Figure 4.4: Arrhenius plots [InK) vs. 1/T] for the rearrangement of nitra2#

€ DMSO uncatalyzed
-13,0 B Toluene uncatalyzed
A DMSO catalyzed
-14,0
X Toluene catalyzed
__-150
=4
- -16,0
17,0
-18,0
-19,0 " L " s
0,00273 0,00283 0,00293 0,00303 0,00313

1

Figure 4.5 Eyring plots[in (K/T) vs. 1] for rearrangement of nitrori carried
out in DMSO, toluene, and in the presence of 20-%d&TSA.

Thus, the results show that the same reactivitstithted in
Scheme 4.3 was observed both in DMSOashd in toluene)
although in last one solvent the reaction was cetepl in 4 h, in
agreement with a neutral pericyclic transitionestatvhich should be
stabilized in aromatic solvents. Three acid catalySamphorsulfonic
acid (CSA), p-toluensulphonic acid (PTSA) and phosphoric acid,
were tested for the rearrangement of nitr@dewith the best results
being obtained for CSA and PTSA. In particular, tpimization
study carried out for the PTSA-catalyzed processwed that 20
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mol-% catalyst was necessary to achieve good ceimve(Scheme
4.8). In the case of acid-catalyzed reactionspnéB0 was obtained

as the only product of the reaction and no cycldsdd was

observed.
7 ) PTSA, DMSO-d 7 ) nrA e
e , -dg N* T om
& Ph Sy = Ph 5 0,75
S 40 °C, 6h 10 oss
15 042
20 0,33
24 30

Scheme 4.80ptimization study for the PTSA-catalyzed reag@ment of nitrone
24,

The rearrangement @# in toluene exhibited also a first-order
rate constank (70 °C) = 8.72 x 10 s from which the activation
energy Ey) was calculated to be 20.61 kcal/mol (Table 4T)is
value is clearly lower than that found for the raagement in DMSO
(Ea = 24.06 kcal/mol), in agreement with a neutralrm@@gement
proceeding through a pericyclic transition statiee Tate constant for
the rearrangement @4 in DMSO and in the presence of 20 mol-%
PTSA was higherl{ (70 °C) = 3.83 x 10 s¥] than in the absence of
acid [k (70 °C) = 1.05 x 10 s¥]. Accordingly, the activation energy
was lower E; = 18.57 kcal/mol). When the acid-catalyzed process
was carried out in toluene a rate consta(it0 °C) = 2.61 x 10 s*
was found. In this case, the activation energy \ltas= 16.79
kcal/mol. The Eyring plots for the acid-catalyzezhmangement of
nitrone 24 are illustrated in Figure 4.8 and the corresponding

thermodynamic parameters are given in Table 4.2.
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Thermodynamic DMSO Toluene
parameters uncatalyzed catalyzed uncatalyzed catalyzed

k (343 K, §9 1.05x10° 3.83x10° 8.72x10° 2.61x10*

E. (kcal/mol) 24.06 18.57 20.61 16.79
AH? (kcal/mol) 23.40 17.90 19.94 16.12
AS’ (cal/K mol) -9.25 -21.79 -18.76 -28.52
AG” (298.15 K, 26.15 24.40 25.54 24.62

kcal/mol)

Table 4.2 Kinetic parameters for the rearrangements obn@f4.

These studies reveal that the rearrangement pextbimthe
presence of 20 mol-% PTSA have lower transitiorest@ergies than
those of the uncatalyzed reaction. The catalyzedgss in toluene is
faster than the corresponding process in DMSO hth & minor
difference (1.78 kcal/mol) in the values Bf with respect to the
uncatalyzed rearrangements (3.45 kcal/mol). Thiseptation is in
agreement with a typical cationic 2-aza-Cope regement for the
catalyzed processes in which the stability of tla@gition structures

could be increased, to some extent, in polar stdvauch as DMSO.
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4.3. Conclusions

We have carried out the synthesis of vinyl cyclitame 24
undergoing 2-aza-Cope rearrangement, by a multigiepcess
involving a sequence of nucleophilic addition angbroxylamine
oxidation. Subsequently we have experimentally istidhe first
reported neutral 2-aza-Cope rearrangement of mtrda determine
the main factors affecting the process. Kinetidss reveal that the
rearrangement is favored in aromatic solvents gmre@ment with an
aromatic transition state. Acid catalysis accetsahe process and
diminishes the difference between aromatic andrguaivents. These
results clearly demonstrate that whereas the uyezath process
occurs through a neutral transition state, thelyz¢d process takes
place through cationic species. In spite of thekservations, the
aromaticity of the transition state favors in adses the reaction

conducted in an aromatic solvent (toluene).
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4.4. Experimental section

4.4.1. General methods

The reaction flasks and other glass equipment Wweated in
an oven at 130 °C overnight and assembled in arstraf Ar. All
reactions were monitored by TLC on silica gel 6G42he position
of the spots were detected with 254 nm UV lighbgrspraying with
one of the following staining systems: 50% methansllfuric acid,
5% ethanolic phosphomolybdic acid or iodine. Prafee
chromatography was performed with a Combiflash Rpasatus and
with solvents that were distilled prior to use; tigtridges were filled
with silica gel 60 microns. Melting points were onected.*H and
3C NMR spectra were recorded on Bruker Avance 4006@0
instruments or on a Varian Mercury 400 in CRGThemical shifts
are reported in ppmd) relative to CHG (6 = 7.26) in CDC.
Elemental analysis were performed on a Perkin EI340B
microanalyzer or with a Perkin-Elmer 2400 instrumen

4.4.2. Experimental procedures

3,4-Dihydro-2H-pyrrole 1-Oxide, (26) A solution of

pyrrolidine 25 (0.427 g, 6 mmol) in methanol (15 mL) was treated

sequentially with MgS® (0.720 g), methyl trioxorhenium (30 mg,
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0.112 mmol) and urea-hydrogen peroxide complex g1.8 mmol).
The resulting mixture was stirred for 24 hours anbgnt
temperature, filtered and evaporated under redywedsure. The
crude product was purified by column chromatograghgxane-
EtOAc, 1:1) to give the pure nitror®8 (0.460 g, 90%) as an oflH
NMR (400 MHz, CDC})) 6 = 2.18-2.26 (m, 2H), 2.69-2.73 (m, 2H),
3.91-3.97 (m, 2H), 6.87 (m, 1H)*C NMR (100 MHz, CDG) & =
19.1, 28.7, 62.0, 135.7. Anal Calcd. fofHGNO: C, 56.45; H, 8.29;
N, 16.46. Found: C, 56.67; H, 8.34; N, 16.25.

2-Phenylpyrrolidin-1-ol, (27): To a well-stirred solution of
nitrone 26 (0.3 g, 3.5 mmol) in THF (25 mL) was added dropwise
under argon atmosphere a 3.0 M ethereal solutidAhdfigBr (2.91
mL, 8.73 mmol). When the addition is complete thaction mixture
is stirred at ambient temperature for an additiahdlour at which
time the reaction is quenched with a saturated aegisolution of
NaHCG;. The organic layer is separated and the aqueows la
extracted twice with EO. The combined organic extracts were dried
(MgSQy), filtered and the solvent evaporated under redyzessure
to give the crude product. The NMR analysis of thede product
showed the presence of only one diastereomer tolithie of
detectability. Purification by column chromatogrgph
(Hexane/EtOAc, 4:1) gave pud (0.491 g, 86%) as an ofiH NMR
(400 MHz, CDC}) & = 1.85-1.77 (m, 1H), 1.95-1.87 (m, 2H), 2.27-
2.18 (m, 1H), 2.93-2.86 (m, 1H), 3.35-3.30 (m, 1B)82-3.77 (m,
1H), 5.32 (br s, 1H), 7.65-7.22 (m, 5HJC NMR (100 MHz, CDGJ)
6=19.1, 30.3, 57.3, 72.6, 127.2, 127.8, 128.1,4.4Anal Calcd. for
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CioH13NO: C, 73.59; H, 8.03; N 8.58. Found: C, 70.48;821; N,
8.70.

5-Phenyl-3,4-dihydro-2H-pyrrole 1-Oxide, (28a)
Manganese (IV) oxide (0.325 g, 3.52 mmol) was addgzbrtions to
an ice-cooled solution &7 (0.478 g, 2.93 mmol) in Cil, (25 mL).
The reaction was stirred for an additional 4 hairs
0 °C. The solution was then filtered through,8@, and concentrated
under reduced pressure to give a 9 KIMR) mixture of nitrones
28a and 28b. Column chromatography (GBI,/MeOH, 9:1) of this
mixture afforded pur@8a (0.364 g, 77%) as an oitH NMR (400
MHz, CDCk) 6 = 2.25-2.17 (m, 2H), 3.21-3.16 (m, 2H), 4.26-4.21
(m, 2H), 7.47-7.42 (m, 3H), 8.35-8.32 (m, 23C NMR (100 MHz,
CDCl;) 6 = 16.7, 31.1, 64.9, 127.4, 128.5, 130.5, 139.7,.1L5Anal
Calcd. for GoH11NO: C, 74.51; H, 6.88; N, 8.69. Found: C, 74.39; H,
6.95; N, 8.80

2-Allyl-2-phenylpyrrolidin-1-ol, (29): To a well-stirred
solution of nitrone28a (0.564 g, 3.5 mmol) in THF (25 mL) was
added dropwise under argon atmosphere a 1.0 Meathsolution of
allylmagnesium bromide (8 mL, 8 mmol). When the iadd is
complete the reaction mixture is stirred at ambientperature for an
additional 1 hour at which time the reaction is mgreed with a
saturated aqueous solution of NaH{CDThe organic layer is separated
and the aqueous layer is extracted twice witf)OEfThe combined
organic extracts were dried (Mg®Q filtered and the solvent

evaporated under reduced pressure to give the quumtkuct. The
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NMR analysis of the crude product showed the preseh only one
diastereomer to the limit of detectability. Purdimon by column
chromatography (Hexane/EtOAc, 4:1) gave p2®g0.640 g, 90%)
as an oil'H NMR (400 MHz, CDC}) & = 1.91-1.80 (m, 1H)3: 2.02-
1.93 (m, 1H);6 = 2.14-2.06 (m, 1H), 2.38-2.31 (m, 1H), 2.51-2.46
(m, 1H), 2.73-2.68 (m, 1H), 3.12-3.05 (m, 1H), 3282 (m, 1H),
4.96-4.89 (m, 2H), 5.50-5.40 (m, 1H), 6.32 (br ),17.43-7.21 (m,
5H). *C NMR (100 MHz, CDGJ) 5 = 21.4, 30.4, 43.2, 56.1, 117.3,
120.2, 126.8, 127.1, 128.1, 134.5, 137.1. Anal €dior G3H;/NO:

C, 76.81; H, 8.43; N, 6.89. Found: C, 76.99; H,1818, 6.76.

2-Allyl-2-phenyl-3,4-dihydro-2H-pyrrole  1-Oxide, (24}
Manganese (IV) oxide (0.325 g, 3.52 mmol) was addgzbrtions to
an ice-cooled solution &9 (0.596 g, 2.93 mmol) in Cil, (25 mL).
The reaction was stirred for an additional 4 hoatsO °C. The
solution was then filtered through }&0, and concentrated under
reduced pressure. The crude product was purified flagh
chromatography (C¥Clo/MeOH, 10:1) to give pure nitrorz4 (0.495
g, 84%) as an oitH NMR (400 MHz, CDCJ) & = 2.46-2.40 (m, 1H),
2.57-2.52 (m, 3H), 2.79-2.74 (dd, 1H), 3.15-3.1Q (H), 5.29-5.21
(m, 2H), 5.86-5.75 (m, 1H), 7.03-7.05 (m, 1H), 7487 (m, 5H).
¥C NMR (100 MHz, CDGJ) 6 = 25.1, 32.2, 41.4, 118.9, 120.3,
125.5, 127.8, 128.7, 132.5, 134.6, 139.1. Anal €diar C3H1sNO:
C, 77.58; H, 7.51; N, 6.96. Found: C, 77.43; HI7IS, 6.83.

2-Allyl-5-phenyl-3,4-dihydro-2H-pyrrole 1-Oxide, (30} A
solution of the nitrone24 (1 mmol) was dissolved in anhydrous
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DMSO (25 mL), placed in a sealed tube and heat@® aC under an
argon atmosphere for 6 h, at which time the solweas partially
evaporated and the resulting solution was filtettedugh a pad of
silica gel. After washing the silica with diethyther, the resulting
solution was evaporated under reduced pressureéhangtsidue was
purified by column chromatography (hexane/EtOAd4'H NMR
(300 MHz, CDC}): 6 = 1.90 (dddJ = 6.8, 9.1, 13.3 Hz, 1 H), 2.25
(ddd,J=7.0, 8.1, 13.3 Hz, 1 H), 2.50-2.57 (m, 1 H), 2Z84 (m, 1
H), 2.98-3.04 (m, 2 H), 4.18-4.26 (m, 1 H), 5.0855m, 2 H), 5.7
(ddt,J=7.1, 10.2, 17.2 Hz, 1 H), 7.32-7.40 (m, 3 H),58231 (m,
2 H) ppm.**C NMR (75 MHz, CDCJ): 6 = 27.1, 39.7, 48.1, 64.1,
119.9, 125.5, 126.7, 128.4, 133.6, 134.6, 135.3 .pmH1sNO
(201.27): calcd. C 77.58, H 7.51, N 6.96; found T64, H 7.41, N
7.06.

3-phenyl-8-oxa-7-azatricyclo [5.9.197] nonane, (31)
Nitrone 24 (63 mg, 0.31 mmol) was heated at reflux in tolu€2te
mL) for 3 days. The solvent was removed and thevbreesidue was
purified, before, by column chromatography (§i@:1 hexane/ethyl
acetate), and, after, by preparative HPLC to @¥e'H NMR (400
MHz, CDCk): 8 = 1.42-1.35 (m, 1H), 1.93-1.85 (m, 2H), 2.10-2.03
(m, 1H), 2.21-2.14 (m, 1H), 2.35-2.24 (m, 2H), 22189 (m, 1H),
3.79-3.74 (app. t, 1H), 4.80-4.78 (app. t, 1H) 177216 (app. tt, 1H),
7.33-7.29 (m, 2H), 7.50-7.47 (m, 2HJC NMR (100 MHz, CDGJ):

0 = 25.66; 35.11; 42.69; 50.33 ; 63.38 ; 67.53; 791®5.15, 126.15,
128.37; 134.11. GH1sNO (201.27): caled. C 77.58, H 7.51, N 6.96;
found C 77.62, H 7.43, N 7.09.
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General procedure for the catalyzed rearrangement fo
nitrone 24: A solution of nitrone? (0.201 g, 1 mmol) was dissolved
in anhydrous DMSO (25 mL), treated wipkrtoluensulfonic acid (34
mg, 0.2 mmol), placed in a sealed tube, and heztdd °C under an
argon atmosphere for 6 h, at which time the solweas partially
evaporated and the resulting solution was filtattedugh a pad of
silica gel. After washing the silica with diethyther, the resulting
solution was evaporated under reduced pressurehangtsidue was

purified by column chromatography (hexane/EtOA&) 4:

4.4.3. Kinetic supplementary data

General procedure for 'H NMR kinetic investigations:
Nitrone (0.05 mmol) was added to a NMR tube comairiolueneds
or DMSOds (650 ulL) and the resulting mixture was allowed to
equilibrate for 15 min before spectra were recorderthe stated
temperature’H NMR spectra were recorded at 30 min intervalsion
Bruker 400 ARX spectrometer, using 5 mm quartz $udte400 MHz.
The rearrangements were monitored by following itttensity of a
signal area of representative signals (7.03-7.0B6 fgu nitrone24).

All kinetic runs were performed under first-ordesnditions
with respect to the nitrone. The observed firseomdte constants,k
were obtained by fitting a first-order exponentd#cay equation
through the data points using statistical softwdi@ble 4.1).
Activation parameters,AH and AS were determined from
temperature dependence studies over the temperatuge of 40-90°
C at 10° C intervals.
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