Universita degli Studi di Ferrara

DOTTORATO DI RICERCA IN
"SCIENZE FARMACEUTICHE"

CICLO XXIII

COORDINATORE Prof. Manfredini Stefano

Biomimetic Light-Driven E/Z Switcher:
Design and Synthesis

Settore Scientifico Disciplinare CHIM/08

Dottorando

Dott. Farina Grazia

[EeeR e geXati o)
Anni (2008-2010)




INDEX

1. INTRODUCTION
1.1 Light
1.2 Photochromism
1.3 Reversible photoisomerizable switches
1.3.1 Diarylethene
1.3.2 Spiropyrane
1.3.3 Azobenzene
1.3.4 Hemithioindigo
1.4 Photochromism in living system
1.4.1 Photoactive Yellow Protein (PYP)

1.4.2 Rhodopsin

2. DESIGN AND SYNTHESIS

2.1 Design and development of a Light-Drive&/Z Switcher

3. RESULTS AND CONCLUSIONS

3.1 Synthetic development of second generation necllar

switches (PSBII)

10

11

13

15

18

18

20

23

24

33

34



3.2 Synthesis of zwitterionc switch (NAIPzw) 41

3.3 Exploring new synthetic routes to functionalied NAIPs 46

3.4 Synthesis of NAIPzwaa 59
3.5 New developments 62
3.6 Last development and Future work 72
4. EXPERIMENTAL 74
4.1 General methods 75
4.2 Experimental section 77

4.3 Abbreviations 130



1. INTRODUCTION



Chapter 1 Introduction

1.1 Light

Life on Earth depends, both directly and indirectip the influence
that light has on chemistry. The energy of the Swisible and
ultraviolet radiation promotes processes that nuy germit the
continued existence of life on the planet, but Whigiite probably
led to the development and evolution of life its@lhotosynthesis in
plants provides the most obvious example of cheynidtiven by
light that, at present stage of evolution, formatal link between the
utilization of solar energy and the survival otlifThe production of
carbohydrates that can be used as energy sourcabdaylife forms
is just one of many examples like the productiomxfgen, a major
component of our atmosphéerds well as biological processes, light
plays an important role in organic photochemisiris used to effect
pericyclic (electrocyclic) reactiofsand cis-transisomerisations in
compounds that contain C=C, C=N and N=N moietieshsas
alkenes, imines, oximes and diazo compourilg.using these small
organic molecules as simple models of more compliekogical
systems, scientists can examine the interactidigiuf with synthetic
models and the interaction of these synthetic nubdsc with

biomolecules in an attempt not only to improve onderstanding of

1Wayne, C.E.; Wayne, R.RRhotochemistry1996,0xford University Press.
2 Coxon, J.M.; Halton, B.Organic Photochemistry1987 2nd ed.; Cambridge
University Press.
3 Suginome, H..CRC Handbook of Organic Photochemistry and Pholobip
CRC Press, Inct995 p 825-840.
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Chapter 1 Introduction

the truly complex and diverse nature of biologiegstems, but also

to control and regulate many different biologicetivaties.

1.2 Photochromism

Photochromism is defined as a reversible changestigle chemical
species between two states having distinguishabiféereht
absorption spectra, such change being induced iteadt one
direction by the action of electromagnetic radiatiusually UV
light). The thermodynamically stable form A is tsformed by

irradiation into form B (Figuréd).

Figurel

The back reaction can occur thermaBh6tochromism of type) Br
photochemically Photochromism of type )P In many systems,
including spiropyrans, spirooxazines and chromenbg, back
reaction is predominantly thermally driven, but others the
photochemically induced state is thermally stabiel @ahe back

reaction must be driven photochemically, as in itldg and
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diarylethene$.Change in color (or absorption spectrum) is one of
the accompanying properties with the photochromiuctural
change. Usually (but not always) one isomer is reés and
thermally more stable than the colored counterp@lte greate
difference in color of the isomers is required rdey to achieve the

highly biased ratio of the isomers at the photamtary states.

Photochromic molecules, which can be reversiblytveid between
two isomeric forms with different colors, structsyeor functional
properties by light at distinctive wavelengths,raat ubiquitous
attention for applications as optical memory argldalevices, or as

molecular motors, machines, or manipula?ors.

1.3 Reversible photoisomerizable switches

A photochromic molecule can exhibit properties agalis to a
switch. Molecular switches consist of two stableates
distinguishable by physical or chemical properfiesponse), which
are interchangeable through the alteration of ctlatsle parameters

(stimuli) such as pH, temperature, light, redoxeptial and metal

4 Bamfield, P.; Hutchings, M.GChromich Phenomena: Technological Applications
of Colour ChemistryRSC Publishing2010Q

5 Masako Saito, Yasushi Yokoyam@hiral photochemistry CRC Press2004
p.235-259.

5 a) Feringa, B., EdViolecular switchesWiley-VCH: Weinheim,2001 b) Balzani,
V.; Credi, A.; Venturi, MMolecular deices and machine§Viley-VCH:Weinheim,
2008
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Chapter 1 Introduction

ions! These photoreversible compounds (Figlrevhere switching
process is based on photochemically induced inteesion, are
also calledPhotoswitches The photochromic processes involved are
typically cis-trans isomerization, photocyclization, photoinduced

electron transfer and keto-enol tautomerism.

Molecular switches based on photochemle& isomerization have
been employed in different contexts to convert thghergy into
“mechanical” motion at the molecular leVeCurrently, the design
and preparation of molecular switches based onoghemicalE/Z
isomerization constitutes an attractive researngetao obtain novel
materials for nanotechnology. Despite the fact tinat inevitable
condition of photochemical bistability is fulfilledh these systems, a
number of other requirements are essential. Thestires are well
illustrated in Figure2 where a model reaction path for an efficient
(Figure 2a) and a less efficient (Figur2b) switch are reported.
Accordingly, an efficient photoisomerization wouwdcur when the
photoexcited reactant A* evolves along a barrierlegcited-state

path and finally relaxes to the energy minimum esponding to

" Richmond, C.J.; Parenty, Alexis D.C; Song, Yu-Radpke, G.; Cronin, L.J. Am.
Chem. So¢2008 130, 13059-13065.

8 a) Sauvage, J.P., Edlolecular Machines and Motor®2001 Springer-Verlag,
Berlin, London; Vol. 99. b) Drexler, K.ENanosystems: Molecular Machinery,
Manufacturing and Computatiodohn Wiley & Sons: New York, NY,992

9 Sampedro, D.; Migani, A.; Pepi, A.; Busi, E.; BsisdR.; Latterini, L.; Elisei, F.;
Fusi, S.; Ponticelli, F.; Zanirato, V.; Olivucci,.MJ. Am. Chem. Sqc2004 126,
9349-9359.



Chapter 1 Introduction

photoproduct B. Furthermore, in an efficient swiighthe reaction
coordinate connecting A* to B should be as sim@eassible and

linear (i.e. without intermediate energetic stdtmg the process).

4

E A* E| A%
. \‘\\‘ / 4 ".\“
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One Mode Reaction Coordinate Multimode Reaction Coordinate
(a) (b)
Figure2

In contrast, the reaction path of Figutle belongs to an inefficient
switcher. In fact, the presence of excited statd@/anground-state
intermediates (I* and | respectively) along the hpallows for

redistribution of the photon energy.

An additional desirable property of photochemiocaitshers is the
stability of the isomers A and B with respect terthal (i.e., ground
state)Z/E isomerization. As shown in Figua (see dashed energy
profile), in an efficient switcher the barrier fahermal Z/E
isomerization must be high enough to restrain gtarn of B to A

andvice versa
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There are various classes of compounds that undergersible
photoisomerisation. Many of these fit the critefiar efficient
photoswitches and have been applied to biologigsiesns. A few

representative examples have been included below.

1.3.1 Diarylethene

The switching mechanism of photochromic diaryletseis based on
a photocyclization under UV light irradiation ofetttolorless open
form resulting in colored closed form, which candargo ring
opening again with visible light(Figure3).

Recently, the Diarylethene shown in fgy.has been extensively used
by Takeshitaet al!* for recognition of saccharides with important
roles in biological systemThe open-ring form has got two
conformers: in the parallel conformation the hetgolic rings are
fixed to the mirror symmetry, while the anti-paehlbne has got the
rings in G symmetry (Figure3).”” The parallel and anti-parallel
conformations exchange rapidly at room temperaan@ only the
anti-parallel conformer undergoes photoisomerizatio give the
closed-ring form by irradiation with UV light. Inhé parallel
conformer two binding sites (boronic acid functibgaoups) face
each other like tweezers. Saccharides have mansokyldgroups

which can form esters with boronic acids, therefome can expect

9 |rie, M., Chiroptical Molecular SwitchedViley-VCH, Weinheim2001
Y Takeshita, M.; Uchida, K.; Irie, MChem. Comm1996 1807-1808.
12Uchida, K.; Nakayama, Y.; Irie, MBull. Chem. Soc. Jpri199Q 63, 1311.
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Chapter 1 Introduction

the parallel conformer to form a 1:1 complex withceharides
because two faced boronic acids can form boronakades with
four hydroxyl groups. On the other hand, in thesetbring form the

boronic acid groups are separated and cannot foeradmplex.

anti-parallel parallel

saccharides

open-ring form

U\¢ Tws

hv

closed-ring form

Figure3

1.3.2 Spiropyrane
Compounds of the spiropyran-type can be switchdovdsn two

states, the closed spiropyran form and the operoayanine dye.
The ring opens upon irradiation with UV light ariccioses again in

the dark or upon irradiation with visible light (feire4).

These photoresponsive materials have found apiplicads light

filters (e.g. sun glasses) and as optical recordireglia; indeed,
11



Chapter 1 Introduction

numerous studies have been devoted to this claghaibchromic

compounds?

A very recent study nicely demonstrated the fehsitf the light-

activation approach for the analysis of channelging.

Nonozz

0 vz =
T o’
Figure4

A spiropyran-merocyanine photoswitchable mechargisea

channel (MscL) from Escherichia coli was constructed and
embedded in liposomes. Upon irradiation with U\hti¢366 nm) the
channel could be opened, and closure, if desired obtained by

repeated irradiation with visible light at wavelémg above 460 nm.

13 Feringa, B.L.; van Delden, R.A.; Koumura, N.; Geema, E.M..Chem. Rey
200Q 100, 1789-1816.
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This system might be useful for the light-gatedwasl of bioactive

molecules*
1.3.3 Azobenzene

Azobenzene can interconvert from ttis-form to thetrans-one and

vice versavhen a specific wavelength radiation is provided.

? »%0
Ney TR Non

hv'

Figure5

Switches based on th€/Z photoisomerization of the azobenzene
(Ab)  chromophore have been wused to control ion
complexation electronic propertiéd and catalysi€ or to trigger

folding/unfolding of oligopeptide chairt8.

14 Mayer, G.; Heckel, AAng. Chem., Int. Ed2006 45, 4900-4921.

15 3) Shinkai, S.; Kusano, Y.; Manabe, O.; Nakaiji, Nishida, Y.; Ogawa, T.J.
Am. Chem. Soc198Q 102, 5860-5865. b) Shinkai, S.; Minami, T.; KusaiY.;
Manabe, O.J. Am. Chem. Sqd983 105, 1851-1856.

18 Jousselme, B.; Blanchard, P.; Gallego-Planas, D¢launay, J.; Allain, M.;
Richomme, P.; Levillain, E.; Roncali, J.;Am. Chem. Sq@2003 125, 2888-2889.
17 Cacciapaglia, R.; Stefano, S.D.; Mandolini, 1.;Am. Chem. Sqc2003 125,
2224-2227.

18 a) Bredenbeck, J.; Helbing, J.; Sieg, A.; Schrader Zinth, W.; Renner, C.;
Behrendt, R.; Moroder, L.; Wachtveitl, J.; Hamm, Pxoc. Natl. Acad. Sci. U.S.A.
2003 100, 6452-6457. b) Ulysse, L.; Cubillos, J.; Chleivski, J.;J. Am. Chem.
Soc;.1995 117, 8466-8467. c) Sporlein, S.; Carstens, Hzdgas, H.; Renner, C.;

13
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Recently, it has been described a photoswitch wiiiittly controls
ion channel activity in a light-dependent manneeuibns have ion
channels that are directly activated by voltaggarids, temperature
and mechanical forces, but none are known to leetlljrsensitive to
light. Krameret a.l’® have devised a strategy that allows light to
control ion channels and therefore neuronal functibhis optical
stimulation method is based on semi-synthetic ligtiivated ion-
channel called SPARK (Synthetic Photoisomerizablob®nzene
Regulated K channel) where a synthetic photoswitch is covalent
attached to a genetically engineered ShakércKannel protein.
SPARK opens up with short wavelength light (380+28),
triggering a K-selective current that hyperpolarizes the membrane
potential. Long wavelength light (500-505nm) accaties the closure
of the channel and turns off the current, restorihg original
membrane potential. The photoswitch (MAL-AZO-QAnetsts of a
cysteine-reactive maleimide (MAL) group, an azolesmz (AZO)
group, which is photoisomerizable, and a quaterrerymonium
(QA) group, which is a blocker of the pore of khannels. The
channel protein is engineered to allow attachmétite photoswitch

to an extracellular cysteine positioned near the po

Behrendt, R.; Moroder, L.; Tavan, P.; Zinth, W.; &Ntveitl, J.;Proc. Natl. Acad.
Sci. U.S.A.2002 99, 7998-8002.

19 Chambers, J.; Banghart, M.R.; Trauner, D.; KrarReH.,J. Neurophysigl2006
96, 2792-2796.
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oL o (A

MAL AZO QA o

Figure6

When the AZO is irtrans configuration, the QA can reach the pore,
blocking ion flow. Photoisomerization to tlués form shortens the
AZO removing the QA, unblocking the pore, thus ailog K* to
flow out and hyperpolarize the cell. Hence MAL-AZQA acts as an

artificial light-sensitive gate for the channel.

1.3.4 Hemithioindigo

Although less well studied than azobenzenes, Heéwomitigos are
appealing candidates as components of photoswitchab

15



Chapter 1 Introduction

biomolecule€? If compared to many azobenzene derivatives they
isomerize at much longer wavelendgthsand are stable over
thousands of cycles. Hemithioindigo amino acid \dgive consists
of two chemical parts: hemithioindigo combined wattemistilbene

moiety (Figurer).

Hemithioindigo-part
Figure7

Importantly, its longer end-to-end distance entdl&t protein
changes accompanying isomerization are substaMmieover, the
chromophore dipole moment significantly changes atgntation
following the photoisomerization. These combinede&t make
transduction of the isomerization event into a bemical effect

more probable.

A recent application of Hemithioindigo was descdtisy Woolleyet
al? They investigate the incorporation of Hemithiommli

chromophore into the peptide ion channel gramicifimoto-control

20 Lougheed, T.; Borisenko, V.; Hennig, T.; Ruck BraK.; Woolley, G.A.;Org.
Biomol. Chem 2004 2, 2798-2801.
2 Yamaguchi, T.; Seki, T.; Tamaki, T.; Ichimura, Byll. Chem. Soc. Jpn1992
65, 649-656.
2 Lougheed, T.; Borisenko, V.; Hennig, T.; Riick BraiK.; Woolley, G.A.:Org.
Biomol. Chem 2004 2, 2798-2801.
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Chapter 1 Introduction

of ion channel offers the prospect of external wmnof cellular
excitability. Models of gramicidin A were built vintHemithioindigo
amino acid replacing valine at position 1 of thgusnce. Analysis of
the dipole moments showed that the photoisomeoizgtom theZ
form to theE form of the hemithioindigo-modified channel prodac
an increase in the single channel current. Repta$ee structures
of the Z and E forms of hemithioindigo gramicidin are shown in
Figure8.

top view side view

E-form

Z—form

Models of the dimeric gramicidin A channel with henithioindigo amino acids
incorporated at position 1. The top view shows thepen ion-conduction pore
through the structure. (Dipole moments are indicatd with the arrowhead at

the negative end of the dipole).

Figure8
17



Chapter 1 Introduction

1.4 Photochromism in living system

1.4.1 Photoactive Yellow Protein (PYP)

Photoactive Yellow Protein (PYP) is a small wateluble protein
and a member of the xanthopsin photoreceptor faRi¥P can be
isolated from the purple phototropic eubacteritfalorhodospira
halophila, and is presumed responsible for the initial steps & th
homeostatic pathway that results in the negativetqthxis (the
movement of an entire organism in response to )lighit the
bacterium to blue light. The availability of strucal information for
different functional states combined with the rgklly simple
photocycle, make PYP an ideal “laboratory” for thetailed study of
biological light detection and the relation of stuwral change to
protein function. It also holds considerable praiisr optical data
storage and computing applications. Indeed, inptst decade, PYP
has become a model system for studying the phdiation and
ensuing dynamics of photoreceptor proteins. The RXBtein
domain consists of a single polypeptide chain d t@sidues, the
Cys69 binds the p-coumaric acid chromophore vidaester linkage
(Figure9). The coumaroyl chromophore has one isomerizatglg

bond and one ionizable oxygen atom (phenolic oxy@eh).

18
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Gludé

Figure9

In the dark state (PY;RJ), the double bond is in theans form™ and

the p-hydroxyphenyl moiety is deprotonated. Hydrogending
interactions with the Tyr42nd Glu46side chains as well as the
presence of the Arg52 guanidinium group intervemnstabilize the
chromophoré? Schematic representation of the photochemistry

relevant for the photocycle of PYP is shown in FflL0.

In pG (PYRaw the maximal absorbance of the chromophore is
strongly red shifted. After blue light excitatignG is converted into
the short-lived intermediate pR (PYjPwhere the chromophore is in

thecis configuration and still deprotonated.

23 a) Baca, M.; Borgstahl, G.E.; Boissinot, M.; BurkeM.; Williams D.R.; Slater,
K.A.; Getzoff, E.D.;Biochemistry 1994 33, 14369-14377. b) Kim, M.; Mathies,
R.A; Hoff, W.D.; Hellingwerf, K.J.Biochemistry1995 34, 12669-12672.
24 Borgstahl, G.E.; Williams, D.R.; Getzoff, E.DBiochemistry,1995 34, 6278-
6287.
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In the dark, pR is subsequently converted to theg-oved
intermediate pB (PY{), where the chromophore is in thas
configuration and protonated. Finally, pG is reaeden the last step

of the photocyclé®

1.4.2 Rhodopsin

The primary event in vision is one of the fastesd anost efficient
photochemical reactions in nature. The key stepigiprocess is the
cistotrans isomerization of 1Lis retinal chromophore in
Rhodopsin.  This helical transmembrane protein is the
photoreceptor molecule present in vertebrate ayieish senses light
stimuli and initiates a signaling cascade medidtgdhe G protein.

Rhodopsin consists of the protein moiaetgsin and a reversibly

% Kort, R.H.; Vonk, X.Xu; Hoff, W.D; Crielaard, W.Hellingwerf, K.J.; FEBS
Letters 1996 382, 73-78.
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bound chromophore, 1disretinal. The covalent bond is formed
between the aldehyde group of retinal aadmino group of

Lysine296esidue through a protonated Schiff base linkdge.

H,N—Lys ' OpsinG-Protein
X

o H
11-cis-retinal

Figurell

The absorption of a photon causes the isomerizatfotne 1leis

isomer of the retinal protonated Schiff base (PSBalhe alltrans

state (PSBT), triggering a series of events thantally produce
electrical impulses to be sent to the brain aldwgdptic nerve.

11
X

12 Visible Light
g P \ ~ @/
A —~——————
\g’)/ Lys
cis | trans
Lys
Figurel2

In particularn-n* excitation of the 1lis form of the chromophore
yields in 200fs exclusively the allans form through a Z—» E
counterclockwise twist of the C11=C12 bound (Figu® and

2 a) Bownds, D;Nature 1967, 216, 1178-1181; b) Wang, J.K.; McDowell, J.H.;
Hargrave, P.A.Biochemistry198Q 19, 5111-5117.
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occurs with a 67% quantum yiéld.The photoisomerization of
PSB11 is extremely efficient because it is sterectee,

unidirectional, ultrafast and occurs with high gusn yield.

Although the attractive properties of the proteinbedded PSB11,
when in solutio the chromophore features an unselective
isomerisation and a picoseconds excited-state iniié&gf This
problem prompts a search for artificial Rh-mimetitolecules
replicating the excited-state properties of thetgiro embedded

chromophore when in solution.

Work covered in this thesis will look at the desagmd synthesis of
novel switches that replicate different aspects tbe Z/E
photoisomerization of rhodopsin with the aim ofaifihg novel

building blocks to be employed in different molacenvironments.

2T Lumento, F.; Zanirato, V.; Fusi, S.: Busi, E.; tegini, L.; Elisei, F.; Sinicropi, A,;
Andrunibw, T.; Ferré, N.; Basosi, R.; Olivucci, Mingew. Chem, Int. Ed2007,
46, 414-420.
2 3) Klok, M.; J. Am. Chem. Soc2008,130, 10484-10485. b) Roos, B.@gv.
Chem. Phys1987,Ed Lawley KP Wiley, New York, pp 399-446.
2 Kandori, H.; Shichida, Y.; Yoshizawa, TBiochemistry (Moscow)2001, 66,
1483-1498.
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Chapter 2 Design and Synthesis

2.1 Design and development of a Light-Drivelt/Z Switcher

The purpose of this brief introduction is to delserithe essential
steps of a multidisciplinary work where photo-/carngiional
chemistry and synthesis have contributed to forteudanew class of
molecular switches miming different aspects of tH#E
photoisomerization process of Rhodopsin. As alreadted, the
photoisomerization of the Ildis-retinal-protonated Schiff base
PSB11 (the chromophore of Rhodopsin) to itstralhs isomer
(PSBT) is the primary event of visidh.

The high quantum yield associated with the ulttafeis/trans
isomerisation of C11-C12 double bond seems strimbignected to

the complex chemical nature of the protein embedtiedmophore.

The spectacular properties of rhodopsin inspiredversed
computational studies devoted to understand thmate nature of
the chromophore excited state which is at the bafsibe efficient
photoisomerization process. These theoretical esugiointed out
that a penta-2,4-dieniminium moiety is the minimstructure
replicating the photochemical properties of the enmymplex natural
pigment. As a result, it was expected that molextdaturing such a

conjugated system could act as PSB11 models ard toprinciple

30 Vreven, T.; Bernardi, F.; Garavelli, M.; Olivucdif.; Robb, A. M.; Schlegel,
H.B.,J. Am. Chem. Sqd 997, 119, 12687-12688.
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Chapter 2 Design and Synthesis

behave as artificial molecular switchs.

9 1 \
N
NN Y
N \

130 N-H
NG H®
Lys . +
PSB11 2-cis-a-Me-CsHgNH,
Figurel3

On these basis, we embarked on the preparationsofal set of
molecules featuring a pyrroline ring conjugated a@o aromatic

nucleus through a vinyl spacer (Figl4).

PSB!
X X
+/
=N EE— .
‘_ — +
Uv-Visible light 2N
cis trans
1Me X=H

p-OMe-1Me X=OMe
p-NO,-IMe X=NO,

Figurel4

The 3-benzylidene-1-pyrrolineneut, was prepared by an aldol-like
condensation between 3,4-dihydro-2H-pyrrole (asrimetr) and
benzaldehydé"

The desired poly-conjugated iminium i@Rl (as a mixture oE- and

Z isomers) was in turn obtainedfter treatment oflneut with

31 Sampedro, D.; Migani, A.; Pepi, A.; Busi, E.; BsisdR.; Latterini, L.; Elisei, F.;
Fusi, S.; Ponticelli, F.; Zanirato, V.; Olivucci,.MJ. Am. Chem. Sp@004 126,
9349-9359.
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Chapter 2 Design and Synthesis

trifluoroacetic acid. Successively,N-quaternization with methyl

triluoromethansulfonate was preferred in ordegét stable iminium
cations.

X
{ \ _ NayS;0¢/NaOH Q
cat. AgN03 \O _— O +
N N
=0

H

l i

30% E-Ineut X=H =N
50% E-p-MeO-1neut X=p-MeO
43% E-p-NO2-1neut X=p-NO2

Reagents and conditions:(i) 1neut andp-MeO-1neut: MeOH, rt, 48hp-NO,-
1neut: 0.6 M acetic acid/0.2 M sodium acetate, Me@®C, 24h.

X

X 1H X=H
— p-MeO-1H X=p-MeO
_— NG pNO2IH X=p-NO2
H
Ineut X=H =N 100%
p-MeO-1neut X=p-MeO >
p-NO2-1neut X=p-NO2 i X
1Me X=H

p-MeO-1Me X=p-MeO
— N @ P-NO2-1Me X=p-NO2

N

Me
Reagents and conditions(ii) CF;SO;CH3; benzene, rt, 10min.

Schemel

The inductive effect of the methyl group in directiof the positively

charged nitrogen atom could be at the basis ofbotisz=rved major

26



Chapter 2 Design and Synthesis

stability of these salts with respect to the presip prepared

protonated forms.

In addition to compoundMe, we synthesize¢-MeO-1Me and p-
NO,-1Me (Schemel) thus acceding to a class of molecular switches
called PSB (first generation of PSBs)The presence of electron-
releasing or electron withdrawing groups on themeic ring

allowed the modulation of the electronic densityhivi then-system.

Even though these prototype compounds satisfiedeheral criteria
required for a molecular switchhe quantum yields measured for
their photoisomerization were too low. Responsifde the quite
disappointing result we found the existence of cetitipe energy
decay paths from the excited state, being therfsedion along the
carbon-carbon single bond connecting the phenyl ramd the

ethylene spacer the most important one.

Consequently, the next step was the design of migsaevith the aim
to overcome this critical aspect. We turned ouerdibn to more
rigid photoexcitable structures so as to prevennfamers
generation. A suitable molecule would have the aaudarbon
double bond connecting the cyclic imine to the phemg as the

only site to spin in the excited state electromiacture®

After several investigations we were able to achiew effective

preparation of PSB once again a molecule featuring a pyrroline

%2 zanirato, V.; Pollini, G.P.De Risi, C.; Valente, F.; Melloni, A.; Fusi, S.; fBatti,
J.; Olivucci, M.; Tetrahedron2007, 63 4975-4982.
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Chapter 2 Design and Synthesis

moiety conjugated to an aromatic ring which, diéfety from the

PSB, is part of the rigid indanyl nucleus.

PSB! PSB!
X X
+, +
=N ‘ =N
Uv-Visible light Uv-Visible light
Figurel5

We addressedNAIP switch (N-alkylated indanylidene pyrroline)
through different pathways which will be discussdmbut later. The
photochemical and spectral characterizatiofAfP showed it was
a biomimetic molecular switci.As a matter of factNAIP switch in
methanol solution displayed excited state very ecltis the one of
Rh-embedded PSB11.

MeQ

NAIP

Figurel6

These gratifying results prompted us to imaginespially useful

applications for this class of compounds.

33 Lumento, F.; Zanirato, V.; Fusi, S.; Busi, E.; tegini, L.; Elisei, F.; Sinicropi A.;
Andruniow, T.; Ferré, N.; Basosi, R.; Olivucci, Mingew. Chem., Int. Ed2007,
46, 414.
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Chapter 2 Design and Synthesis

We thought theZ/E light induced isomerization oNAIP could
provide the basis for the development of electtmsfghotoswitches
where a large dipole moment change was achievabla ¢a. 180°

rotation of a functionalized alkylidene udtt.

Literature examples of electrostatic photoswitcliescompounds of
the spiropyran type that can change from a neatrdla zwitterionic
state via photochemical ring opening reaction. Tisperty has
been employed in different experiments to reveysihbdulate the
activity of enzyme¥ and channel proteify or to achieve novel
sensor’ Furthermore, it has been shown that the stronmapeent
dipole moment in the zwitterionic form of nitrospiyran units
attached to specific peptide residues is respansil light-induced

a-helix-random coil conformational transitioffs.

In this context, we designed achieving electrostaliotoswitches by
placing a carboxyl functional group at C-2 of tRAIP pyrroline

moiety.

34 Melloni, A.; Rossi Paccani, R.; Donati, D.; ZaniraV.; Sinicropi, A.; Parisi,
M.L.; Martin, E.; Ryazantsev, M.; Ding, W.J.; FratoL.M.; Basosi R.; Fusi, S.;
Latterini, L.; Ferré, N.; Olivucci, M.J. Am. Chem. Sq&201Q 132, 9310-9319.
%5 a) Hug, D.H.; O’'Donnel, P.S.; Hunter J.IRhotochem. Photobigl198Q 32, 841-
848; b) Aizawa, M.; Namba, K.; Suzuki, $rch. Biochem. Biophys1977 180,
41-48; c) Mayer, G.; Heckel, AAngew. Chem., Int. EQ2Q06 45, 4900-4921.
% Kocer, A.; Walko, M.; Meijberg, W.; Feringa, B.IScience2005 309, 755-758.
87 Folling, J.; Belov, V.; Kunetsky, R.; Medda, Rch®nle, A.; Egner, A.; Eggeling,
C.; Bossi, M.; Hell, S.\W.Angew. Chem., Int. EQRR007, 46, 6266-6270.
38 Angelini, N.; Corrias, B.; Fissi, A.; Pieroni, CLenci, F.,Biophys. J.1998 74,
2601-2610.
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MeO MeQ

NAIP

Scheme

Indeed, in the new molecule the external countemeosuld be
replaced by the internal carboxylate to form a tasibnic structure
named NAIPzw whose synthesis is described in the following
paragraph. Computational and spectroscopic styskeormed on
NAIPzw have shown it constitutes the prototype of a novel
generation of electrostatic switch&AIPzw undergoes a reversible
light-induced dipole moment change on the order36f D: a
behaviour which opens up a new perspective for ligi&-driven
conformational control of macromolecular structufas a protein)
determined by polar interactions. In a situation eveh the
indanylidene ring is held in a fixed orientatioight can be used to
invert the dipole, yielding a dramatic change ie libcal electrostatic
field. Such an event would destabilize the original efuim
conformation thus leading to a conformational cland his
charming result has stimulated the design of fanetizedNAIPzw

to be attached to a protein domain. In particuhee, explored the
possibility of synthesizingNAIPzwaa: an artificiala-amino acid to

be used in peptide synthesis.
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co. )
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MeO MeO CO,R
NAIPzw NAIPzwaa
Scheme3

We commenced preparing thiAIPaa featuring a quaternary amino
acid and theN-methyl iminium group at both ends of the
photoisomerizable carbon-carbon double bound.
C>N C>N
| |
|
NHPG
MeO MeO COR

NAIP NAIPaa
Schemet

The successful preparation of the unnatural amicid BIAIPaa
bearing a photoswitchable side chain, strongly eupp the
possibility to achieve semisynthetic peptides andotgins
incorporating a dipole switch in a conformationallpcked

orientation®®

The synthesis ofNAIPzwaa is still under investigation. The
following sections are dedicated to the synthegighe different

NAIP photoswitches. Our synthetic successes as wélleafailures

3% Melloni, A; Rossi P., R.; Donati, D.; Zanirato, ;\Sinicropi, A.; Parisi, M.L.;
Martin, E.; Ryazantsev, M.; Ding, W.J.; Frutos, L;MBasosi, R.; Fusi, S.; Latterini,
L.; Ferré, N.; Olivucci, M.,J. Am. Chem. Sa01Q 132, 9310-9319.
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that so frequently accompany research-work are rregpoin a

chronological order.
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Chapter 3 Results and Conclusion

3.1 Synthetic development of second generation moidar
switches (PSB)

A retrosynthetic analysis showed an intramolecutapture of
nitrilium ion by a suitable located olefin group as possible
approach to the P$Bormulation.

nitrilium ion
cyclization

=N

Schemeb
Nitrilium ions acts as intermediates in severalctieas and many
different ways for their preparation are availaSIi€&or example in
the Beckmann’'s rearrangement a nitrilium speciedeisved from
oximes?

/OH Beckmann

PhHC\j\/le rearrangement PhHC |
L/
N

Schemeb

| +

However, the synthetic applicability of this proseés limited by the
low stereospecificity: a single geometric isomer thé oxime is

necessary to obtain a specific nitrilium {Bn.Gawley' and

40 2) Henninger, J.; Polborn, K.; Mayr, H., Org. Chem.200Q 65, 3569; b) Al-
Talib, M.; Zaki, M.; Hehl, S.; Stumpf, R.; Fischeét,; Jochims, J.CSynthesi4996
1115; c) Jochims, J.C.; Glocker, M.@hem. Ber.1990,123 1537; d) Moustafa,
A.H., Synthesis2003 837.
41 Gawley, R.E.; Termine, E.JJ, Org. Chem 1984 49, 1946.
42 7anirato, V.; Pollini, G.P.; De Risi, C.; Valente,; Melloni, A.; Fusi, S.; Barbetti,
J.; Olivucci, M., Tetrahedron2007, 63, 4975-4982.
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Angelastr8® developed an alternative strategy for the germraif

the reactive nitrilium species through dehydratioh secondary
amides. In particular, it was found that nitriliuons generated in
situ by the action of trimethylsilyl polyphosphai@PSE) on
secondary amides, were promptly intercepted bynémarmolecular
olefin giving rise to six or to five membered ngen heterocycles
(Schemey).

|| _PPSE, | —

Schemer

It was also demonstrated that the more nucleoptiiaracter of the
styryl terminator the easier was the cyclizatioact®mn: thepara-
methoxyl group was beneficial to the nitrilium ocaqg. Following
this tip we designed a P$Btructure where a methoxyl group is the

substituent on the aromatic portion of the indameeus.

Starting from 5-methoxy-1-indanone two protocolsvéhabeen
optimized: their difference lying in the numbersdéps rather than in
the kind of reagents or reactions. the first synthetic approach

(Scheme 8) the indanone derivative la treated with

43 a) Gawley, R.E.; Chemburkar, S.Rleterocycles1989 29, 1283. b) Marquart,
A.L.; Podlogar, B.L.; Huber, E.W.; Demeter, D.Aed®, N.P.; Weintraub, H.J.R.;
Angelastro, M.R.)J. Org. Chem.1994 59, 2092.
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cyclopropylmagnesium bromide afforded the cyclogtogarbinol
derivative3a substrate of the key homoallylic rearrangementsTh
its exposure to the action of HBr in AcOH led toeth
bromopropylidene derivativda as a 3:1 mixture of diastereomers.
The subsequent bromide displacement with sodiumeagaveba
which furnished the acetamidga by the one-pot chemoselective
hydrogenation in the presence of acetic anhydfidehe latter,
subjected to the action of PPSE led to the despgdoline

derivative7a as the main product (71%).

III
85% 88% 79%

96%| iV

AcHN
% 84%

Reagents and conditions:(i) Mel, tBuOK, tBuOH, EtO, reflux, 7h; (ii) Mg,
ciclopropylbromide, THF, reflux, 3h; (iii) HBr, AcB, 10min; (iv) NaN, DMF,
60°C, 2.5h; (v) Lindlar catalyst, A0, NaOAc, 60psi H2, 6h; (vi) ®s, HMDSO,
CCl4, reflux, 2h.

Schemes

44 Chen, L.; Zhang, X.; Schultz, ATetrahedron Lett2002 43, 4711.
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Chapter 3 Results and Conclusion

TheH NMR spectrum of compouritia showed the presence of two
diastereomers in 98:2 ratio; the respective gedewethave been
assigned on the basis of NOE difference spectrgsdapdetails, a
positive NOE between the proton at the aromatic €arbon (d,5=
7.2) and the methyl at the C-5 of the pyrrolingr{m, $ = 2.2) was
observed for the predominant isomer to which Z igumétion could
be assigned (Schergg

MeO

7'Q SN
=

Z-7a
Schemed

In the presence of HCI the imine function7awas converted to the
corresponding protonated Schiff base. Later, wemesi how thé\-
methylation with methyltriflate led to the more l#& and tractable
iminium product7a-N"Me.

MeO MeQ

7a 7a-N*Me
Reagents and conditions(i) CF;SO;CH;, benzene, rt, 10min.

Schemel0

Concerning the above synthetic scheme we made dhawing

considerations: a) the electron-releagi@Me group on the indanyl
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Chapter 3 Results and Conclusion

moiety, in addition to greater the nucleophiliciof the styryl
terminator, stabilized the carbocation intermediatthe key step; b)
the geminal methyl groups at C-2 blocked the caitaibon double

bond from the homoallylic rearrangement, in theogxtic position.

MeO
i §>— Cl
MeQ V4 -
i 2-exo
o} MeO
1 30% Q
Ny

2-endo

Reagents and conditions:(i) Mg, ciclopropylbromide, THF, reflux, 3h; HCI,
AcOH, r.t., 30min.

Schemell

About item b) we found that, by using the commdnridanonel as
the partner of the Grignard reagent, the homoallgdarrangement
furnished the undesired thermodynamically favouredienyl
derivative 2-endo (Schemell). The latter was also the resulting
product in the alternative sequence entailing frdiVittig reaction
with cyclopropylidene-triphenylphosphorane (gernedan situ from
3-bromopropyl-phosphonium bromide and KHMD$A}hen the

HCI promoted rearrangement.

45 a) Dyker, G.; Hillebrand, G.; Ernst, L.; Dix, l.odes, P.G.Liebigis Ann, 1996
1769-1771. b) Stafford, J.A.; McMurry, J.Eetrahedron Lett.1998 29, 2531-
2534.
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Thus, the desired-exoproduct, formed in low yield, spontaneously
isomerized to the3e-endo from which compound2-endo was

eventually obtained through the usual rearrangeif@attemel 2).

KHMDSA B~ pipH,
i

g [VWHS @ [1o]am ’ ’

1 3e-exo 3e-endo 2-endo

Reagents and conditions{i) tris[2-(2-methoxyethoxy)ethyl]amine (TDA-1) HF,
rt, 2h; (ii) HCI, AcOH, r.t., 1h.

Schemel?2
Thus we were forced to remove tirdrydrogen atoms of the starting
5-methoxy-1-indanonél. This operation was easily achieved via
exhaustive methylation of the indanone to give this-methyl

derivativela (Schemel3).*°

MeQO MeQ
i
(0] 85% (0]
1 la

Reagents and conditions(i) Mel, tBuOK, tBuOH, EtO, reflux, 7h;

Schemel3

46 zanirato, V.; Pollini, G.P.; De Risi, C.; Valente,; Melloni, A.; Fusi, S.; Barbetti,
J.; Olivucci, M., Tetrahedron2007, 63, 4975-4982.
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Chapter 3 Results and Conclusion

The appearance in the literature of a paper desgri Triflic acid
promoted [3+2] cycloaddition between methylene agobpanes and
acetonitrile (Schemé4)*’ gave us the stimulus to find out a more

direct approach to Indanylidene Pyrrolin&3)(

Ph._Ph TfOH Ph Ph
1 + MeCN ————> =4+ = NHCOCH,

Schemel4

We realized that treatment of cyclopropylcarbiBal with Tf,0O in
the presence of acetonitrile could led “one-pot7&qSchemels).

MeO MeO

=N

3a 7a
Reagentsand conditions:(i) Tf,O, ACN, rt, 3h.

Schemel5

We were confident that esterification 8 (as triflate) would have
triggered a tandem homoallylic rearrangement-nitril ion

cyclization with the final production of the desréndanylidene
pyrroline. A plausible mechanism could involve ttaionic species

I-11l as shown in Schem#6.

4"Huang, J.W.; Shi, MSynletf 2004 2343.
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We were delighted to find that following the “onetp protocol
carbinol3a gave compounda in satisfactory yield (62% over three

steps) together with traces of the antide

MeQ MeQ
i, ii
oH 75% o
3a 1

mn
MeQ MeO

=N

ae

1 11 I

MeO

=N

83% 7a

Reagents and conditions:(i) Mel, tBuOK, tBuOH, EtO, reflux, 7h; (ii) Mg,
ciclopropylbromide, THF, reflux, 3h; (iii) O, ACN, r.t., 3h.

Schemel6
3.2 Synthesis of zwitterionic switch (NAIPzw).

In a formal way, the desired switclibzw contemplates the
substitution of an hydrogen atom at C-27alN'Me with a carboxyl
group. For its preparation we reasoned on the Ipitigsito fit the
previous approach based on the fruitful chemistircyxlopropyl
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Chapter 3 Results and Conclusion

reagents. It was apparent as a facile synthetittisnl the use of a
properly functionalized cyclopropyl magnesium reg#ge the initial

synthetic step.

As retrosynthetically depicted in Schedig the compoundb could
be obtained via the one-pot rearrangement of calrl®nin turn
achievable by nucleophilic addition of the cyclgpylmagnesium

reagent derived fror@ to the carbonyl group of indanofie.

MeQ
nitrilium ion CO,Me
N cycllzatlon
_ \) COQEt
CO,Me
7b

Schemel?7

Inspection of literature disclosed us that the prafion of the
specific Grignard reagent we had to use had alrbagy described

by Knochelet al*®

They reported that a stabilized organometallic
species was easily obtained by the metal-halogehasge between
i-PrMgCl andcis-2-iodocyclopropanecarboxylate. Thus, the in situ
formed Grignard reagent was able to react with reévends of

electrophiles (Schemnis).

H,A\H iPrMgCI H, A H £ H, AWM
| CO,Et  -40°C, 15min Cimg OEt E OEt
2! \-\0 G
Schemel8

48 Anh Vu, V.; Marek, I.; Polborn, K.; Knochel, ®Angew. Chem, Int. Ed2002
41, 351-352.
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Despite the facile access to the new interestingaraymetallic
reagent, the preparation of the pivotal cis-2-
iodocyclopropanecarboxylagwas a rather tedious process (Scheme
21).

We found that the nucleophilic addition of the
cyclopropylmagnesium reagent derived fr8rto the carbonyl group
of indanonelatook place with concomitant lactonization to thes
compound10. On the latter, we made an attempt to do ring-
opening/nitrilium  ring-closing reaction by using ethsystem
TfOH/CH;CN. Unexpectedly, compourtD showed to be stable to
the reaction conditions however, its exposure te #ttion of
HBr/AcOH led to thex-bromo indanylidene carboxylic acidl as a
3:1 mixture of geometric isomers. The unpredictaielgult was in
accord with the regioselective cyclopropyl ring-njpgy by the

nucleophilic bromide.

After restoration of the ester group with
(trimethylsilyl)diazomethane, we passed to insthk acetamido
group by usual elaboration of the tethered bronopyidene carbon
chain. Thus, bromide displacement with sodium azidduction to
primary amine antll-acetylation led in high yield t3 (Schemel9).
The latter, subjected to the action of PPSE afibitie desired free
imine 7b, subsequently transformed into the correspondimgium
triflate 7b-N"Me by N-alkylation with methyl triflate.
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BFTCOQH

o COQEt
L /
MeO
54%

93‘7
la 11

9% | i
2 steps

MeO >fNHCOQMe COQMe

COMe | 4—
46% 75% J: :;
MeO 2 steps MeO
MeO
% H)-N MeO N
CO,Me CO,Me

Reagents and conditions{(i) 1.2eqcis-2-iodo-cyclopropane carboxylic acid ethyl
ester, 1.3e@PrMgCl, THF, -40°C to r.t, 2h; (ii) HBr in AcOH (1M>15°C, 1h; (iii)
a: MgSiCHN,, THF/MeOH, r.t., 2h; b: Najl CH;CN/DMF, r.t, 48h; (iv) a: PPh
THF, o.n., then kD, 24h; b: MeCOCI, TEA, DCM, 0°C, 3h; (v),®s, HMDSO,
CCly, reflux, 2h.

Schemel9

To get the targeted zwitterion we proceeded efigcsiaponification
of the methyl ester group with LiOH; after thaprr the crude taken
up in acetonitrile, lithium triflate spontaneouskgpared and the
soluble fraction was purified by silica gel chroomiaphy. The
zwitterionic switchNAIPzw was isolated as a 9:1 mixture of Z/E

isomers as inferred by NOE experiments.
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MeO MeO ®, MeO @

=N L __)=N _ =N

coMe 8% coMe 3%

7b 7b-N+Me 7b zwitt

Reagents and conditions:(i) trifluoromethanesulfonate, toluene, rt, 10miji)
LiOH, THF/H,0, rt, 3h.

Scheme?0

Preparation of theis-2-iodocyclopropanecarboxylag

Hydroiodic conjugate addition to ethyl propiolate avg
stereoselectively compourd from which the allylic alcohal5was
recovered after DIBAL-H reduction. The  subsequent
cyclopropanation gave theis-2-iodo-cyclopropylmethanoll6 in
good yield. The particular reagent LIOOZNCHI was a powerful
cyclopropanating medium with respect to the usualn®n-Smith
reagent? Oxidation with PDC followed by esterification cofafed
the preparation of compoun8 (for references and notes see

Experimental Part).

“®Yang, Z.; Lorenz, J.C.; Shi, YTetrahedron Let.1998 39, 8621-8624.
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— i —
EOC— . //~ __ v S\
2 6% Et0,C I 3% HOH,C I
14 15
T iv f E
. HOH CAI —— = HOLC I
o 2 o,
62 % 16 95 % 17
v
oo Etozc’A\l

70 % 8

Reagents and conditions(i) Nal, AcOH, 70 °C, 12h; (ii) DIBAL-H (2 equiv)78
°C, 1h; (iii) ExZn, CRCOOH, CHl,,-78°C to 0°C, 30 min; (iv) PDC, DMF, 25 °C,
24 h; (v) SOG), EtOH.

Scheme?l

3.3 Exploring new synthetic routes to functionalizd NAIPs.

Our work based on the nitrilium ion chemistry araated to find a
practical access to photoswitches of the 'P§Bneration gave the
NAIP structure as a first result. Moreover, by makingnn
substantial modification of the original synthetitrategy, the
NAIPaa as well as NAIPzw were successfully prepared.
Spectroscopic and photochemical studies effectedhenavailable
compounds indeed confirmed they were prototypes ridw class of
biomimetic molecular switches. The above acquisgtidaunched
positively the project; however, at this stage v o face the
challenge of finding applicability for this clas§ compounds. We
turned our attention to the possibility of graftiNg\IP derivatives to
biomolecules, an event practicable if synthesislcc@upply for

suitable functionalized structures in a flexible ywd& his chapter
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focuses on organic synthesis exercises we putpractice in order
to test the flexibility of the synthetic strategy wriginally selected
to approach th&lAIPs.

At first we looked for alternative ways of connadti suitably

functionalized indanyl and cyclopropyl rings.

Scheme22 shows a retrosynthetic analysis of an hydroxymiethy
NAIP derivative where the salient step is a Suzuki bogpeaction
between indenyl triflate and a®-protected 2-hydroxymethyl

cyclopropylboronic acid.

bk ot
B
Eterocycllzatlon SUZUk' “oH
couplmg

Schema&?2

Recently Deng and coworkéts describe a novel entry to
stereodefined cyclopropyl-substituted alkenes, dasethe Suzuki-
type cross-coupling reaction between cyclopropyhar acids and
diverse kinds of alkenyl triflates, compouté included. However,
the cyclopropyl boronic partners, ranged from Z¢alio 2-phenyl
derivatives. Thus, having functionalized PZBalogues as the main
goal, we were forced to prepare a suitable 2-switsti cyclopropyl
boronic acid. Among the available methods, mosialolgt is the

hydroboration of alkynes with catecholborane oratbboranes,

50Yao, M.L.; Deng, M.Z.Tetrahedron Let;200Q 41,9083-9087.
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followed by hydrolysis to boronic acids or alcotsi$/ to boronic
esters (Schen2l).

H
—— Riw—=
R»] ——H + HBY2 E——— 174/(BY2

o)
w o0
~o

Y : Br, . SMe, 2ROH _

Y, : (OR),
Scheme?3
Our attempts to hydroborate differédprotected propargyl alcohols

with 1,3,2-benzodioxaborole (“catechol-borane”) aenvariably
unfruitful (Scheme24).

Oy
o BnO___

WO BnO\;\
O R

i
HO/\ > Bno/\

Reagent and conditions(i) NaOH, DMSO, BzBr, 24h.

Scheme4

Indeed, in literature we found evidence for thispnadlictable

behaviour* Consequently, we turned our attention to a thtep-s
one pot procedure based on the more reactive odioggllborane

(Scheme?h).

51 a) Kamabuchi, A.; Moriya, T.; Miyaura, N.; Suzul,; Synth. Commun1993
23(20), 2851-2859. b) Hoffmann, R.W.; Dresely, S/nthesis1988 103-106.
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BH
v O o)
2

+ —
2Me;N-O

O .
BnO/\/\B\Oi ginacol BnO/\%B<O~<:>>
2

Scheme&5

The in situ formed reagent, (from cyclohexene ahld.Be,S) added
syn stereoselectively to 3-benzyloxy propyne to givee t
corresponding alkenyl borane. The latter was ogidlizto
dicyclohexylboronate which transesterified with agol furnished
the desired boronic ester. Despite the conveniaficthe one-pot
protocol, we had some problems in the oxidative.stéis operation
entailed using the very expensive anhydrous trignathine oxide as
the agent to selectively oxidize Cdporon bonds. We tried to get it
from the commercially available dihydrate followirey reported
protocol;r’2 but the result was rather unsatisfactory. In fa&t,could
accede to the alkenyl pinacol boronate only in lewd not

reproducible yields.

Suzuki and coworkers used (BH (diisopinocampheylborane from
BHs;.Me,S and twice the equivalents ofpinene at 0°C) for the

synthesis of functionalized 1-alkenylboronates €pob26).

52 Soderquist, J.A.; Anderson, C.Metrahedron Let;.1986 27, 3961-3962.
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21 22
liii
CO\B\/\/OBT‘ M Eto}a __ oBn
o 2\/\/
24 23

Reagents and conditions(i) BH;.SMe, THF, 0°C, on; (ii) THF, -35°C, 4h; (iii)
acetaldehyde at 0°C, then rfx, on; (iv) 1,3 prophole THF, 12h, r.t.

Scheme?6

Although the main field of application of this basreagent is the
asymmetric hydroboration of alkenes, it has alssnkegppreciated as
hydroborating agent for alkynes. The inertness tmynfunctional
groups, as well as the high regioselectivity rasgltfrom its
bulkiness, and the final facile access to borosters under neutral
conditions by the use of the inexpensive acetaldehyde in the
oxidative step, were the attractive features,Bp) Indeed, the
hydroboration proceeded with high vyield and exeglle
regioselectivity providing compound22 which treated with
acetaldehyde furnished the unstable diethyl boeoBateventually

transesterified with 1,3 propanediol24.

It is known that alkylboronic esters are readilydtotysed by water
or moist air and are consequently difficult to barified. Instead,
esters from diols show marked differences in thetmavior towards

water and are less rapidly hydrolysed. In partictke reactivity

50



Chapter 3 Results and Conclusion

strongly depends on the size of heterocytleging the 1,3,2-
dioxaborinanes relatively stable. Unfortunately,were incapable to
produce pure compouridt and consequently were discouraged to go
on with the synthesis. However, once again we tooknfort in

literature.

Burke et al** envisioned an innovative approach for the attéanat
of the boronic esters reactivity. The purpose ef @luthors was the
preparation of an highly robust ligand for halobucoacid suitable
to take part to iterative Suzuki-Miyaura couplings a protective
group, the N-methyliminodiacetic (MIDA) boronatgdind survived
to the coupling conditions and was removable bydnabueous
hydrolytic conditions (1M ag. NaOH/THF, 10 min.).

Transmetallation between boronic acids and Pd(dquires
formation of an electronically activated anioniadro “ate complex”.
This mechanism needs a vacant and Lewis acidionbprarbital, as
a consequence, rehybridization of the boron ceinten sg to sp
via complexation with the trivalent ligand MIDA irtately

attenuates the transmetallation step in the catalytle.

Indeed, we found that reactind)(3-(benzyloxypropenyl)boronic
acid with MIDA gave a bench stable crystalline dgburifiable by
silica gel chromatography. This very promising teallowed us to

proceed with the synthesis by effecting the cyappnation of

53 Pietruszka, J.; Witt, ASynlett, 2003 1, 91-94.
54 Gillis, E.P.; Burke, M.D.J. Am. Chem. Sq2007, 129, 6716-6717.
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compound?6. To this end, following a reported protocothe olefin
was exposed to the carbene species resulting fremPd(OACc)
catalyzed decomposition of diazomethane. Because thef
impossibility to monitor the advances of the reattby TLC we

chose the analytical HPEE&technique.

BHy-SMe, BnO_ _
i BH i B OB
2 2
21 22
O | 0 1
m
HO iv
O\.B\/\/ B~ 0B 0
&g&o/ Ho AN 0}2\/\/
26 Y=20% 5 st
over o steps 25 23
lvi 96%
yg\\‘s\b\/om _.97% B\l>\/OBn
Chcl 18

Reagents and conditionsyi) BH;.SMe, THF, 0°C, on; (ii) THF, -35°C, 4h; (iii)
acetaldehyde at 0°C, then rfx, on; (iv) NaOH 1M,FHh; (v) benzene/DMSO,
Dean-Stark, rfx, on; (vi) Pd(OAg)CH;N,, THF/EtO, 0°C, 40min; (vii) NaOH 1M,
THF, 23°C, 20min.

Scheme7

Actually, in this way we were able to set up thelopropanation

protocol so as to bring the reaction to completi®emoval of the

% a) Luithle, J.E.A.; Pietruszka, JJ. Org. Chem. 1999 64, 8287-8297.
b)Vangveravong, S.; Kanthasamy, A.; Lucaites, VNelson, D.L.; Nichols, D.E.,
J. Med. Chem 1998 41(25), 4995-5001.

%6 Viet Anh, V.; Marek, I.; Polborn, K.; Knochel, PAngew. Chem., Int. EQ2002
41, 351-352.
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MIDA ligand by mild hydrolysis gave the cyclopropgronic acid
18 eventually used in the palladium catalyzed cogpiegaction with
indenyl triflate 19. Disappointingly, following Deng’s protocol we
obtained the desired indenyl cyclopropane deries2i¥only in low

yields.

OBn
oH oTf >
/ i
Bno\/<]/B‘0H ' 30% O‘
18 19 20

Suzuki coupling: (i) Pd(PPh)4, NaBr, CsCOs, KF.2H,0, 80°C, 16h.
Scheme28

Considering the acidic nature of the indene a [idsicause for the
abortion of the Suzuki coupling we turned our &ttento the 3,3-
dimethyl indenyl triflates28 and 29 as suitable partners of the
cyclopropyl boronic acid 8.

oTf

OTf
<o I o
MeO MeO

28 29
Scheme&9

The presence of the ethoxycarbonyl group at C-2oofipound29

was precious to get bifunctionalized PYBcheme30).

N on OH
) > OH oTf
— = B
icant & COEt BnO "oH cooa
MeO MeO ‘ \/I>/ MeO s
Te 31 29

18
Scheme30
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The enol triflate28 and 29 were prepared from the corresponding
indanones6 and37 (whose preparation is reported in the following)
by the action of triflic anhydride and 2,64dbutyl-4-methylpyridine

in dichloroethané’ Gratifyingly, the higher yields in the Suzuki

coupling gave credit to our previous assumption.

o OTf >
N .
D8+ O‘ LI O‘
OH MeO 70% MeO
28

30

oTf . >
ii
o CO B
D8+ 2 O CO,E
. 80% 2
OH MeO ° Meo

Suzuki coupling: (i) Pd(PPR);, NaBr, CsCOs, KF.2H,0 (ii) Pd(PPh)4, Toluene,
K3P0,.3H,0O T = 100 °C.

Scheme31l

Preparation of the indanong&6 and37

Acetone was condensed with ethyl cyanoacetatedrpthsence of
acetic acid and phenylalanine to afford unsaturatgho-estei33
with 93% yield®® Addition of phenyl Grignard reagent in the

presence of catalytic amount of Cul, gave the &gt¢hat, subjected

" Rossi, R.; Bellina, F.; Ciucci, D.; Carpita, Aarfelli, C.;Tetrahedron1998,54,
7595-7614.

8 Mosher, W.A.; Berger, P.W.; Foldi, A.P.; GardnE.; Kelly, T.J.; Nebel, CJ.
Chem. S0¢1969 121-124.
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to the one-pot decarbethoxylation-hydrolysis preteby heating
with KOH gave 35. The latter, by Eaton’s reagé&htpromoted
intramolecular acylation gave the 5-methoxy-3,3-etimylindanone
36 together with a small amount of the 7-methoxy ispd:1 ratio).
Eventually, 2-ethoxycarbonylation with NaH and Higtarbonate
afforded the 3-ketoestar.

N
I

N
N © i o i i
N SP LI [ . )
93% o 70%  MeO ~

32 33 34 ©

90% l iii

o]
@COﬁ v iv 0
MeO MeO 80% MeO OH
36 35

37

Reagents and conditions(i) Acetone, CHCOOH, Phenylalanine, Benzene 130°C
12h, (i) 3-Methoxyphenylmagnesiumbromide, Cul,@&t60°C 12h; (iii) KOH,
Ethylene glycol, 170°C 11h; (iv) Eaton’s reagert5IC, 3h; (v) NaH, (EtQLO,
80°C, 0.5 h.

Scheme32

Although we were able to optimize the yield of Stiztoupling, the

excessive length and the costs of the synthesiartissthe required

% Winstein, S.; Heck, R.F3. Org. Chem1972 37, 825-836.
% premasagar, V.; Palaniswamy, V.A.; Eisenbraun; B.JOrg. Chem 1981, 46,
2974-2976.
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cyclopropylboronic acid derivatives prompted usei@lore a more

convenient and straightforward access to functinedNAIPS.

The intriguing properties that computational andotphhemical
chemists found fobzw made urgent to find a facile access to this
molecule. By exploiting the body of knowledge ore tpalladium
chemistry acquired on working at the Suzuki couplatrategy, we

decided to test the correlative Heck reaction.

As depicted in Schem&3 we planned to get indenyl cyclopropane
derivative 40 starting once again from an indenyl triflate toiebh

connect the acrylate group through a Pd (0) catdlyeaction.

7 COEt A COLEt /CozEt ﬁkoa
nitrilium ion oTf
cycllzatlon O‘ O‘ e /“

MeO MeO MeO O‘
39 38

40
Scheme33

It is well known how alkenyl triflates can act dsarophilic partners
of ethyl acrylate in the Heck couplifiy. Thus, regioselective

cyclopropanation of the addu®9 would lead to the indenyl

61 a) Yokoyama, Y.; Takahashi, M.; Takashima, M.; KohY.; Kobayashi, H.;

Katoaka, K.; Shidori, K.; Murakami, YChem. Pharm. Bull 1994 42, 832-838. b)

Cappelli, A.; Anzini, M.; Vomero, S.; Canullo, LMennuni, L.; Makovec, F.;

Doucet, E.; Hamon, M.; Menziani, M.C.; De Bened€e®iG.; Bruni, G.; Romeo,
M.R.; Giorgi, G.; Donati, A.;J. Med. Chem.1999 42 (9), 1556-1575. ¢) Malapel-
Andrieu, B.; Mérour, J.Y.Tetrahedron 1998 54, 1079-11094. d) Stadler, A
Henrik von Schenck; Vallin, Karl S.A; Larhed, M.aliberg, A.;Adv. Synth. Catal.

2004 346, 1773-1781.
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cyclopropanelQ, a substrate we expected reactive in the cyclgprop
ring-opening/nitrilium ring-closing tandem reactigiving 7e.
We found the planned Heck reaction betw&8rand ethyl acrylate
(3 eq.) by using PdglPPh) (0.1eq), TEA (3eq.), in DMF at 80°C
was unproductive and led in a few minutes (TLC wsig) to
complete degradation of the starting material.

CO,Et

CO,Et

iOTf Pd-cat |r
MeO O‘ ;
38

MeO

Scheme34

Experienced, we supposed the intrinsic instabitfy the 3-non
substituted-indenyl triflate was the main probléndeed, we found
the alkenyl triflate38 wasvery unstable when treated with TEA in

DMF at room temperature (probable polymerization!).

Thus, we preferred to shift our attention to theeady reported
compound28 where two methyl groups replace the hydrogen atoms
(Schemess).

After optimization of the protocol, we obtained qumand 41 in
excellent yield and, as expected, stereoselectifielgeometry,J=
16Hz '"H NMR spectrum,). Cyclopropanation @fl, accomplished

using ethereal diazomethane solution in the presericcatalytic
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Pd(OAc)* gave thetranssubstituted cyclopropane derivativi.
The desired regioselectivity of the cyclopropanmatan be attributed
to steric reasons. It was pleasant to find out tbatpoundd2 in the
presence of TfOH actually reacted with acetonitiieghe way we

expected i.e. tandem homoallylic rearrangementlnitr cyclization

process.
0\\8/,0 COLEt COaEt
0 07" CF, [ |
NS I NG
Meo/@é 75% MEO” W MeO ‘
36 28 E-41
ss%J i
MeO. Meo 1 __CO.Et
O H <N + . <,
car R LA
CO,Et 1 COuEt 650 €O
J 42

=N

; CO,Et
¢
Reagents and conditions: (i) Tf,O, 2,6t-butyl-4-methylpyridine, 1,2-
dichloroethane; (ii) Pd(OAg) TEA, DMF; (iii) CH,N,, Pd(OAc); (iv) TfOH, ACN,
3h, 60°C.

Scheme35

However, after a careful NMR investigation of tleaction product

we concluded its structure was the one7efin Scheme35. The

52 a) Luithle, J.E.A.; Pietruszka, JJ. Org. Chem. 1999 64, 8287-8297.
b)Vangveravong, S.; Kanthasamy, A.; Lucaites, VNelson, D.L.; Nichols, D.E.,
J. Med. Chem 1998 41(25), 4995-5001.
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univocal location of the ethoxycarbonyl group aB®©f pyrroline is

in accord with a regiospecific cyclopropyl ring opeg.
Interestingly, the carbon target of the acetomitattack must be the
unsubstituted one, that is a course different ftloenone we observed
for 10 (Schemel9). In fact, as discussed, the bromide attacked the

cyclopropyl carbon bearing the ethoxycarbonyl group

3.4 Synthesis of NAIPzwaa

With the aim to prepare an unnatusighmino acid featuring BIAIP
moiety as the conformationally locked side chain khave also

carried out the synthesis of compouséiPaa.

®\N ®\N
! I
| |
NHPG
MeO MeO CO.R
NAIPzw NAIPaa

Scheme36

Retrosynthetic analysis showed as a possible rgartiaterial the
indanone derivativet3, which could be derived by suitable C-2

functionalization of commercial 5-methoxy indan+ied.

\ @
N
4
Y HO %
CO,Et > COLE e mcoza
MeO NHCOCF; MeO NHCOCF5 MeO NHCOCF;
7t 44 43

Scheme&37
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In detail, the synthesis begins with the etoxycaillation of
indanonel with NaH and diethylcarbonate followed by bromioat
with NBS to give compound5 (Scheme38).

0] (0]

0
J©i§ i mcoza i mcoza
MeO MeO Br MeO NHCOCF;

45

90% 90%

1 43
78% | iii
%n;
o]
/ HO
CO,Et v CO,Et
MeO NHCOCF; 81% MeO NHCOCF;
46 “
63% | V
\ ®
N N
72 4
/ . /
CO,Et Vi CO,Et
MeO NHCOCF; 95% MeO NHCOCF;
Tt 7f-N*Me

Reagents and conditions(i) a) NaH, (EtO)CO, 100°C, b) NBS AcOEt, 30 min.;
(ii) @) NaNs;, DMF, r.t, 1h, b) PPH THF, r.t., 0.n.; c) (C§CO)0, r.t., 1h; (iii) Mg,
ciclopropylbromide, THF, 0°C, 30 min.; (iv) J, CHCN; (v) P.Os, HMDSO,
CCly, reflux, 2h.; (vi) MeOTf, benzene.

Scheme38

The subsequent nitrogen introduction with sodiumdez then
Staudinger reaction and trifluoroacetylation of theulting primary
amine gave compound 43. The latter reacted with
cyclopropylmagnesium bromide providing the cyclgpfocarbinol

44 which treated in the usual way (Of and CHCN) gave the
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acetamide46. Thus, in place of the expected tandem reaction,

compound44 gave only a Ritter type rearrangement.

However, by promoting the dehydration of secondanyde46 with
PPSE we could prepare the desired free dsttom which the
photoswitchable amino acitf-N*Me ® was obtained by the usus#
methylation. Arrived at the crucial stage of amawd deprotection,

a one more complication was waiting for us. We fbuthat
compound7f-N*"Me was rather instable giving rise to the formation

of the tetracyclic compounecy (Scheme39).

CompoundPcy seems to be the result of an intramolecular aoylat
involving the intermediate enaminein turn obtained by methyl

deprotonation off-N*Me.

N/

Vi
CO,Me CO,Me
NHCOCF3 NHCOCF;

Oo’

OCCF3

MeO MeO

C

Scheme39

53 Melloni, A; Rossi, P.R.; Donati, D.; Zanirato, VSinicropi, A.; Parisi, M.L.;
Martin, E.; Ryazantsev, M.; Ding, W.J.; Frutos, L;MBasosi, R.; Fusi, S.; Latterini,
L.; Ferré, N.; Olivucci, M.;J. Am. Chem. Sq&01Q 132, 9310-9319.
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We had confirmation that this was the mechanismnwie observed
that NAlIPaa, was a more stable compound (Schete For the
preparation ofNAIPaa, we used benzonitrile in place of the
acetonitrile in the rearrangement step.

@

N/

|
/. Ph
COMe

MeO NHCOCF3

NAIPaa,

Schemet0

Ultimately, these findings indicated that the e$tectional group at
C-2 of the indane moiety and the methyl radicaCd of pyrroline
were unsuitable to go on with the design of posminotoswitchable
amino acid.This part has mainly developed by the colleagues of

Dipartimento di Chimica, Universita di Siena.

Importantly, as the accused methyl radical sterom facetonitrile,
the pivotal reagent in the nitrilium cyclizationept we had to

abandon the original synthetic strategy.

3.5 New developments
Looking for alternative synthesis pathways towardAIP

derivatives lacking the methyl radical at C-5 ofrmpjine we
envisioned a completely different strategy thatesosynthetically
depicted in Schemdl. Two disconnections, corresponding to an

intramolecualr Heck reaction and an aldol-like cemshtion,
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selected 3-(2-iodo-5-methoxyphenyl)-propandf and the N-

protected methyl 5-oxopirrolidine-2-carboxylad® as the starting

materials.

0,c ® MeO.C,
l\\lMe NBoc
/ 0

$71/
[ —
MeO MeO
7g 50

Ox N
a7 Y CO;Me
e b
Boc
O N
D ----- COMe MeO
48 49
Schemetl

Remarkable in the new synthetic approach appearsdhstruction
of the indane moiety at a later stage and the adgrg of the
oxidation state of the pre-existing heterocycléhi@ conclusive step.
For the preparation of the aldehyd@ we commenced with the
Knovenagel condensation of 3-methoxybenzaldehyd@giin an
easily and cheaply way the aryl propenoic &2dvhose C3 carbon
chain served to accede the targeted 3-(3-methoxypReropanal.
To this end we selected a two-step protocol entilLiAIH,
reduction of the corresponding ethyl ester thendatikbn of the
resulting primary alcohol with PCC (Sched®.
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D = WO
MeO CHO MeO' F CO,H

51 52

Reagents and conditions(i) CH,(COOH),, Py, Piperidine, 95 °C , 2h, then 115°C,
1h.

Schemed?2

Kim et al®

have found a practical and regioselectiparg to a
methoxy group) aromatic iodination making use of
tetrabutylammonium peroxydisulfate (TB&)Og and iodine in
acetonitrile. The reaction mechanism is not clgagbably the
sulfate free radical, produced by homolytic cleavafj(TBA),S,Os,
oxidizes iodine to the electrophilic iodonium catimdical }* via a
one electron transfer process. In our hands how#wedesired 3-(2-
iodo-5-methoxyphenyl)-propandV was formed in low yield.

/©\/\ " ° |

i H CHO
PN | g
MeO CO0H — MeO I Meo/@)

_— =

Reagents and conditions(i) a) ROH, SOJ, b) LiAIH,, ¢) PCC; (ii): TBAPS, 4.
Schemet3

Better results in the iodination were obtained winssrates such as 3-
(3-methoxyphenyl)-propanol or 3-(3-methoxyphenyipganoic acid
methyl ester (Schem®&l). However, both the routes were abandoned

because of the problems arising in the successo@xrsteps.

54a) Yang, S.G.; Kim, Y.H.TetrahedronLett, 1999 40, 6051-6054. b) Choi, H.C.;
Cho, K.; Kim, Y.H.; Synlett 1995 207-208. ¢) Seung Gak, Y.; Je Pil, H.; Min
Young, P.; Kieseung, L.; Yong Hae, Rietrahedron2007, 63, 5184-5188.
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OH . | OH
7 i @\j . /E:[/r
MeO COH ————  MeO T MeO
iv

|

|
/Ej\)C e /©i)c oe i /E:[I)C "
\"/|
MeO MeO MeO

Reagents and conditions(i) a) ROH, SO, b) LiAlH; (ii)) TBAPS, b; (iii) PCC;
(iv) a) ROH, SO, b) H,, Pd/C; (v) TBAPS, 4 (vi) a) DIBAH, b) PCC.

Schemet4

What appeared a problem was promptly solved regprto the
Weinreb amide54 easily prepared from the saturated a&@l
(Schemed4b). The iodination protocol applied on the amifé
furnished in satisfactory yield compoub8 which gave the desired
aldehyde47 by DIBAH reduction.

(I)Me

o N,
Oi— O . g™
/ —_— —_—
MeO COH MeO MeO
52 53 54
. I
iii /@CjONMeOMe iv mHO
MeO MeO

55 47

Reagents and conditions: (i) H,, Pd/C, EtOH, 2h; (i) EDCI, BN,
MeONHMe.HCI, DMPA, CHCI,, r.t. 2h; (iii) TBAPS, }, CH;CN, 48°C, 5h; (iv)
DIBAH, THF, -78°C, 1h.

Schemets
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Scheme46 shows the way we followed for the preparation had t
known L-pyroglutamate derivativ8.

QCOZH _Soch QCOQMe Mp—cozwm
07N MeOH o7 N DMAP o7 N

H Boc
56 57 48

Schemet6

The lithium lactam enolate @f8, generated with LIHMDS, reacted
at -78°C with the aldehyde47 under Lewis acid catalysis
(Et,0+BF).°> Under these conditions, the aldolic prod&& was
obtained in a good yield as diastereomeric mix{&ehemet7). No
attempts were made to separate them as in thenfoljostep both

the chiral centers were cancelled.

CO,Me
N CO,Me CO,Me
Y \BOC H I i !
48 L N-Boc _ I _ @iﬂ N-Boc
I MeO MeO &
on © 49 °
MeO H 58

47 0

Reagents and conditions:(i) LIHMDS/THF- 78°C 1h, BEELO -78°C 2h, (ii)
Imidazole, PP I,.

Scheme&t7

By applying classical systems such as MsCI-TEA BAA-DMAP

dehydration of58 was unfruitful so we decided for an unusual

% Ezquerra, J.; Pedregal, C.; Yruretagoyena, B.id&RuB.; Carrefio, M.C.;
Escribano, A.; Garcia Ruano, J.I.;0rg. Chem.1995 60, 2925-2930.
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protocol recently proposed in literatifeThe authors reported the
Garegg-Samuellsson reagent (triphenylphosphineanailg-iodine
in CH,Cl,) was particular efficient for the one-step coni@rsof
aldols into the corresponding olefins. Under thesmnditions
Imidazole has probably a dual function acting basha base and
forming a partially solvated complex with tripheplbsphine and
iodine?®’

base
CO,Me CO,Me

h
PhsP, 15
aldol . Ar NBoc Ar _L_ NBoc
Imidazole
(o o )
© PPhs
Schemet8

In this way compound9 was obtained as a 6:1 mixture BfZ
isomers which were chromatographically separable fespective
geometry being inferred from NOE experiments.

CO,Me

O N
'''' CO,Me NBoc
I~ Iz
0]
MeO MeO

49E 49z
Schemet9

Because of the very low optical activity measurdigéh for49€ and
497 we suspected they were a scalemic mixture reguftiom a

partial racemization in the reaction conditions.

5 Cohen, J.L.; Chamberlin A.RI; Org. Chem.2007, 72, 9240-9247.
57 Garegg, P.J.; Samuelsson, 8ynthesis1979 469-470.
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However, samples of49%E prepared both fromL- and D-

pyroglutamate revealed to be homochiral when aediyzy HPLC
on a chiral column (ChiralPak AD-H 250x4.6mm; Hea#&ftOH
65/35% v/v). Moreover, their CD (circular dichroisspectra clearly

showed they were enantiomers.

About the key Heck cyclization step, we surveyedois reaction

conditions before optimizing the protocol. Thus, we&amined
different Pd(0) sources (Pd(P#h PdC}, Pd(OAc)), and ligands
(PPh, (0-Tol)sP). Instead, TEA and DMF were respectively the

optimal base and solvent to use (Table

Catalyst Ligand Solvent Yield

Pd(PPh)4 Toluene 36%

Pd(PPh), DMF 34%

PdC} PPh Toluene 32%

Pd(OAc) o-tolyl-phosphine DMF 53%

Pd(OAc) PPh DMF 65%
Tablel

To resume, the Heck reaction conditions were: 2edectrophile,
10mol % Pd(OAg) 40mol % PPk 3 eq. TEA in DMF at 110°C for

5 hours.
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The stereospecificity is a well known feature of tHeck coupling
reaction when using diastereomeric olefins. Thgsex@ected, the
prevalent compoun9E gave the indanyliden&QE, a result
deriving from asynmigratory insertion followed by syn3-hydride

elimination (Schem&0).

Of course, we were surprised to find out th8F also yielded the
indanylidene 50E together with only minor quantity of the

corresponding diastereomerd/Z 10:1).

Boc

oxidative Oy N Sin

addition H insertion

A9E) — ~ w) CoMe -
MeO

c
N Sin
) 0 elimination
-

MeO MeG

50 (E)
Scheme0

We reasoned on the origin of this “wrong” stereestVity of the
Heck cyclization concluding it was a result of tiwe competitive

palladium hydride elimination processes (Schéie

Thus, while the first one led directly &7, the second led to form
an intermediate (not detected) with an endocyctisaturation. At

this stage a rapid isomerization, maybe palladivadiated,
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occurred to form the thermodynamically favored commm 50E (a

more extensive conjugation is present).

Boc
N_.CO,Me

(0]
/
MeO

50(2)

Boc Boc MeO,C

N_CO,Me N .+CO,Me NBoc
\
™o

(0] o= _

Pdl
MeO MeO MeO
MeO,C /

Boc

MeO
50(E)

Schemesbl

Again, to establish the enantiomeric purity of theck cyclization
product we resorted to analytical HPLC on ChiralG@D-H
(250x4.6mm) column and Hexane/EtOH 70/30% (v/vjheseluent

mixture.

We consider of a paramount importance the presenicea
configurationally stable stereocenter in the pheitth as it could
control the direction of rotation. Thus, the enamtérically pure

compound50E could be a precursor of a new class of single-
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molecule light powered motors miming rhodopsin bithterm of

photoisomerization mechanism and unidirectionaftyhe rotation.

At this point a chemoselective controlled reductiminthe lactam
carbonyl of50 was required in order to enter the desired NAY
(Schemeb2). We conjectured to reach such a goal by usingAbiB
or Lithium triethylborohydride (Superhydride) asdhnigle donors
then subjecting the reaction mixture to an acidedimm to remove
theN-protecting group and form the cyclic imine.

MeO,C MeO,C MeOZC

NBoc NBoc
O LiEtzBH or
_ DIBAH
THF 78°C MmeO

Schemes2

Unfortunately, both tests haven't yielded eithersipee or
convincing result. In fact, by using DIBAH we reesed starting
material, while Superhydride, against all preditsioreduced the
ester group. We thought the extensive conjugatitenaating the
electrophilic character of the lactam carbonyl gravas the cause
for the unexpected behavior. For this reason wengtted the
reduction of compound9 finding a similar inertness of the carbonyl
group. Instead, an excess of the hydride donotddke 1,4-addition
product, a result that is in accordance with adbpedtcessibility of
the B-carbon of49 with respect to the one of compou&d to the
nucleophilic species (Scheri8).
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CO,Me
| 2 DIBAL or | §OaMe
N-Boc LIEt3BH \—Boc
MeO Z \ MeO
o} -78°C THF © Y
Schemes3

3.6 Last development and Future work.
The next logical idea was performing the reductidrthe lactam

carbonyl group of the aldolic compouB@. To this end, we firstly
preferred to protect the hydroxyl group as trimédiyl ether in
order to avoid a retroaldolic reaction (Schespe

CO,Me CO,Me

I i |
N-Boc N-Boc
MeO MeO
OH o [¢]
58 59

OTMS

CO,Me CO,Me
] *
I

NH _

. iiii {LN Boc
MeO * oH -~ MeO

O oms O
61 60

Reagents and conditions:(i) Imidazole, TMSCI, 0°C, 2h; (i) LigBH,-78°C,
20min; (i) TFA, 3h, r.t.

Schemé4

At present, we haven't got any clear results. Th&ioment of a
complex mixture of diastereomers makes the reahata behavior
of 59 to the hydride attack very difficult to be appeded. We are

currently working at the synthesis plan in orderget an Heck
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cyclization product featuring thgemdimethyl groups at C-2 of the
indanylidene moiety. In fact, we suspect the obm@rgluggish
undesired reactivity 050 towards hydride donors is also related to

the lacking of this structural element.
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4.1 General methods.
Solvents were distilled prior to use, following retiard procedures,

and reactions were performed under nitrogen orragjmosphere.
Silica gel 60 F254 plates were used to monitor et
transformations, visualization being done under ligfit or using
2% KMnQ, solution. Organic solutions were dried over anbydr
magnesium sulfate and evaporated with a rotary rapr.
Chromatographic purifications were carried out gsfi®—230 mesh
silica gel. Melting points were determined on a B&gottoli
apparatus and are uncorrected. Infrared (IR) spercare recorded
on a FTIR Paragon 500 spectrometer. Light petroleefiers to the
fractions boiling in the range 40-60 °C and etlediethyl ether.
Nuclear magnetic resonance spectth MR and**C NMR) were
recorded on a Mercury Plus spectrometer at 46 &hd 100 MHz,
respectively. Chemical shifts (d values) are giveparts per million
downfield from tetramethylsilane as the internanstard. Reverse-
phase HPLC using a Beckman 116 liquid chromatogragjuipped
with a Beckman 166 diode array detector. Nucleodircolumn
(4.6mm x 100mm, 2um particle size). Mobile phasataining
solvent A (10% v/v, acetonitrile in 0.1% TFA) anolvent B (60%
v/v, acetonitrile in 0.1% TFA).The column was pedd at a flow
rate of 0.6ml/min using a linear gradient from 08070% B over
25min. Molecular weights of compounds were deteedinvith a

mass spectrometer ESI Micromass ZMD-2000; valuesapressed
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as MH'". Analytical conditions for chiral separations aeported in

the following section.

I would like to express my deepest and special khato the
“Department of Analytical Chemistry” GlaxoSmithKdinS.p.A.,

Center of “Molecular Discovery Research”, Verontgly.
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4.2 Experimental section.
Procedure for the Preparation of the Neutral Imine ((p-NO,)-

1lneut).

A mixture of 1-pyrroline trimer (3.3mmol) an@nitro benzaldehyde
(10 mmol) in methanol (25 ml) was stirred at ro@mperature for
48 hours. To the formed suspension a methanoligisal (75ml) of
0.6 M acetic acid/0.2 M sodium acetate was addeldtla@ mixture
heated at 60°C for 24 h. After evaporation of thiwent, the residue
was made basic by addition of,®80; and extracted with ethyl
acetate. The organic phase was dried and the s$oleerovedin
vacua The final product was obtained after column chatography
(silica gel, ethyl acetate) of the crude.

E-4-(4-Nitro-benzylidene)- 3,4-dihydro-H-pyrrole (E-(p-NO)-
1lneut).

Yield: 43%; m.p. 105-108°C; IR (KBr): 1593, 1511, 1341 cm'H
NMR (CDCk) 6 2.84-2.91 (2H, m), 4.24-4.31 (2H, m), 6.89 (1H t,
2.8H2), 7.60 (2H, d, J 8182), 7.94 (1H, t, J 2H2), 8.25 (2H, d, J
8.8H2); °C NMR (CDC}) ¢ 28.48, 62.46, 123.76, 124.43, 128.94,
143.09, 146.43, 147.40, 167.58.

Procedure for the Preparation of 1Me p-MeO-1Me and p-NO,-
1Me.

0.3 mmmol of CESO;,CH; were added to 0.3 mmol dheut, [(p-
MeO)-1neut or (p-NOy)-1neut] dissolved in 2 mL of anhydrous

benzene; the reaction mixture was stirred at raamperature for 10
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minutes. The precipitate was collected by filtratend dried under
vacuum.

E-4-Benzylidene-1-methyl-3,4-dihydro-21-pyrrolium
trifluoromethanesulfonate (E-1Me).

Yield:100% mp 112-113°CH NMR (CD,CN) ¢ 3.20 (2H, m), 3.59
(3H, s), 4.30 (2H, m), 7.42-7.68 (6H, m), 8.50 (IH); *C NMR
(CDsCN) ¢ 28.36, 41.29, 61.13, 130.62, 132,24, 132,94, B35.3
137,45, 145.32, 174,41; ESI MS m/z: 172.
E-4-(4-Methoxybenzylidene)-1-methyl-3,4-dihydro-&i-
pyrrolium-trifluoromethanesulfonate. ((p-MeO)- E-1Me).

Yield: 100%; mp 117-119°C*H NMR (CD:CN) ¢ 3.26 (2H, m),
3.53 (3H, s), 3.86 (3H, s), 4.22 (2H, m), 6.99-7.1(60-7.62 (5H,
m), 8.40 (1H, m)**C NMR (CD,CN) ¢ 28.44, 41.03, 56.86, 60.99,
116.32, 128.29, 134.71, 135.34, 145.36, 164.05,9673FES|I MS
m/z: 202.
E-4-(4-Nitro-benzylidene)-1-methyl-3,4-dihydro-H-pyrrolium
trifluoromethane-sulfonate (E- (p-NOy)-1neut).

Yield: 100%; mp 96-98°C'H NMR (CD;CN) § 3.36 (2H, m), 3.62
(3H, s), 4.30 (2H, m), 7.68 (1H, m), 7.75-7.86,8B&33 (4H, m),
8.56 (1H, m); ESI MS m/z: 217
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5-Methoxy-2,2-dimethyl-indan-1-one (1a).

A solution oft-BuOK (3.4 g, 30.36 mmol) ittBuOH (20 mL) was
added dropwise to a cooled (0 °C) solution of laimzhel (1.5 g,
9.3 mmol) and methyl iodide (2.9 mL, 46.2 mmol)eihmer (40 mL).
The mixture was heated at reflux for 7 h, then wét® mL) was
added. The organic phase was separated and theusqgplease was
extracted with ether (3x50 mL). After the combirerganic phases
were dried, the solvent was removed vacuo The residue was
purified by column chromatography (ether/petroleather 3:7) to

give 1la (1.5 g, 85%) as a colourless ail.

IR (film): v 2960, 2926, 1704, 1599, 1264, 1089"chH NMR (400

MHz, CDCk): 6 1.16 (6H, s,), 2.89 (2H, s), 3.81 (3H, s), 6.8656.
(2H, m), 7.62 (1H, d, J 8H42); *C NMR (100 MHz, CDCk): § 25.3

(2C), 42.9, 45.6, 55.6, 109.7, 115.4, 125.9, 128%K.1, 165.4,
209.6.

Cyclopropyl-5-methoxy-2,2-dimethyl-indan-1-ol (3a).

To magnesium turnings (0.2 g, 8.4 mmol) in dry THFmL), a

solution of cyclopropyl bromide (0.67 mL, 8.4 mmaot)dry THF (5

mL) was added dropwise with mild reflux. A solutiohla (0.8 g,

4.2 mmol) in dry THF (8 mL) was then added dropwésel the

mixture heated at 60°C for 3 h. Saturated,8Hsolution was added
(20 mL) and the mixture was extracted with ethe®2(BmL). The

combined organic phases were dried and concentirategtuo The
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residue was purified by column chromatography (@ple¢roleum

ether 3:7) to furnisiBa (0.86 g, 88%) as a colourless oil.

IR (film): v 3514, 2959, 2870, 1607, 1490, 1268, 1142, 1038, 80
cm®; '"H NMR(400 MHz, CDCL): 6 0.10-0.20 (1H, m), 0.35-0.47
(3H, m), 1.04 (3H, s), 1.20 (3H, s), 1.53 (1H,xB3 (1H, d, J 15.6
HZz), 2.71 (1H, d, J 15.612), 3.76 (3H, s), 6.70-6.72 (2H, m), 7.18—
7.23 (1H, m);**C NMR (100 MHz, CDC}L): ¢ -0.5, -0.2, 15.3, 23.6,
23.7,45.5,48.5,55.2, 83.0, 110.2, 111.7, 12¥38,8, 143.6, 159.7.
1-(3-Bromo-propyliden)-5-methoxy-2,2-dimethylindan(4a).

A cooled (<10°C) solution of 33% HBr in acetic a¢li5 mL) and
acetic acid (10 mL) was poured into a flask contejr8a (0.45 g,
1.94 mmol) and stirring was continued for 10 mirthwice bath
cooling. After evaporation under reduced pressilme,residue was
partitioned between @ (20 mL) and ether (20 mL). The aqueous
phase was extracted with ether (3x20 mL), the coetiorganic
extracts were dried and evaporated. The residue puafied by
column chromatography (ether/petroleum ether 5185afford 4a

(Z/E mixture, 0.45 g, 79%) as a yellow oil.

IR (film): v 2956, 2836, 1604, 1487, 1308, 1263, 1034"cfh
NMR (400 MHz, CDCL): ¢ (isomeric ratio 3:1) 1.24 (6H, s, major),
1.39 (6H, s, minor), 2.81 (2H, s, major), 2.84 (&1 minor), 2.95
(2H, g, J 7.Hz, minor), 3.03 (2H, g, J 7.HAz major), 3.45 (2H, t, J
7.2 Hz, minor), 3.53 (2H, t, J 7.Biz, major), 3.82 (3H, s, minor),

3.84 (3H, s, major), 5.30 (1H, t, J A2, major), 5.72 (1H, t, J 7.2
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Hz, minor), 6.74—-6.85 (4H, m, major and minor), 7(2#&, d, J 8.6
Hz, minor), 7.48 (1H, d, J 9.z major); °C NMR (100 MHz
CDCl): 0 (major isomer) 29.4 (2C), 32.0, 32.6, 43.9, 4@&5,3,
110.3,112.7,115.1, 125.6, 132.4, 146.5, 151.89,71
1-(3-Azido-propylidene)-5-methoxy-2,2-dimethylindan(5a).
Sodium azide (1.66 g, 25.5 mmol) was added to@tisal of4a (1.5
g, 5.1 mmol) in DMF (25 mL) and the mixture was teelaat 60°C
for 2.5 h. After addition of water (100 mL), thelwion was
extracted with DCM (2x50 mL). The combined orgalaigers were
washed with water (100 mL), dried and evaporatedifiPation of
the residue by column chromatography (ether/peatrolether 5:95)
afforded5a (Z/E mixture, 1.25 g, 96%) as a yellow oil.

IR (film): v 2957, 2096, 1604, 1487, 1464, 1262, 1034, 849% ¢k
NMR (400 MHz, CDCk) ¢ (isomeric ratio 3:1) 1.21 (6H, s, major),
1.37 (6H, s, minor), 2.69 (2H, q, J H&, minor), 2.75 (2H, q, J 7.2
Hz, major), 2.78 (2H, s, major), 2.85 (2H, s, min@&)34-3.47 (4H,
m, major and minor), 3.79 (3H, s, minor), 3.82 (3Hmajor), 5.25
(1H, t, J 7.2Hz, major), 5.71 (1H, t, J 7.Blz, minor), 6.61—- 6.82
(4H, major and minor), 7.31 (1H, d, J 8i& minor), 7.48 (1H, d, J
8.0 Hz, major)*C NMR (100 MHz, CDCL): § (major isomer) 28.4,
29.4 (2C), 43.9, 47.0, 51.3, 55.3, 110.4, 112.8.9,1125.7, 132.5,
146.5, 151.9, 159.7.

81



Chapter 4 Experimental

N-[3-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-propy]-

acetamide (6a).

A solution of5a (0.26 g, 1 mmol), NaOAc (0.11 g, 1.2 mmol) and
Ac,0 (0.12 mL, 1.2 mmol) in EtOAc (20 mL) was stirredder 60
psi of hydrogen, in the presence of Lindlar cata{@s04 g), for 6 h
at room temperature. The catalyst was removedItrgtion and the
filtrate was washed with water (15 mL) and brin® (bL). The
combined organic phases were dried and concentiratesituo The
residue was purified by column chromatography (E¢D® give6a
(Z/E mixture, 0.23 g, 84%) as a yellow oil.

IR (film): v 3290, 3084, 2956, 1651, 1487, 1262, 1033, 818&; ¢k
NMR (400 MHz, CDCL): 6 (isomeric ratio 3:1) 1.13 (6H, s, major),
1.30 (6H, s, minor), 1.91 (3H, s, major), 1.92 (3 ,minor), 2.51
(2H, g, J 7.2Hz, minor), 2.59 (2H, q, J 7.8z major), 2.73 (2H, s,
major), 2.79 (2H, s, minor), 3.31-3.42 (4H, m, mamd minor),
3.75 (3H, s, minor), 3.76 (3H, s, major), 5.17 (LH,7.2Hz, major),
5.64 (1H, t, J 7.4z, minor), 6.15 (2H, br, AcNH, major and minor),
6.63—6.76 (4H, m, major and minor), 7.25 (1H, &.8Hz, minor),
7.48 (1H, d, J 8.4z, major);**C NMR (100 MHz, CDCL): 6 (major
isomer) 23.2, 29.3 (2C), 39.6, 43.8, 46.9, 49.335%10.1, 112.5,
114.9, 125.7, 132.6, 146.3, 151.5, 159.5, 170.4.

PATHWAY A (SCHEME 8 in Results and Discussions).
4-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-5-methyi3,4-

dihydro-2H-pyrrole (7a).
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A trimethylsilyl polyphosphate (PPSE) solution, gaeed by heating
at reflux for 1.5 h a mixture of ,Bs (1.6 g, 11 mmol) and
hexamethyldisiloxane (HMDSO, 3.3 mL, 15.4 mmol) @&l, (15
mL), was added at room temperature6(0.3 g, 1.1 mmol). The
reaction mixture was heated at reflux for 2 h, edoko room
temperature and quenched with water (5 mL). Tharmogphase was
separated and washed with 10% HCI (2x30 mL). Theabioed
aqueous layers were cooled to 0 °C, brought to by reatment
with 6 N NaOH solution, and extracted with DCM (BxB1L). The
combined organic layers were washed with water (10, dried
and concentrateth vacuo The residue was purified by column
chromatography (EtOAc/MeOH/E 9:1:0.2) to givera (92:8 Z/E

mixture, 0.2 g, 71%) as a yellow oil.

IR (film): v 1702, 1600, 1576, 1291 ¢m'H NMR (400 MHz
CDCly): ¢ 1.25 (6H, s), 2.22 (3H, m), 2.77-2.80 (4H, m),23.8.84
(5H, m), 6.70 (1H, dd, J 8.4, 2H)), 6.75 (1H, d, J 2.8H2), 7.20
(1H, d, J 8.4H2). A positive NOE between signal&®.22 (methyl at
C-5 of 3,4-dihydro-2H-pyrrole) and signal &t7.24 (H-7 on the
aromatic ring) was detectetiC NMR (100 MHz, CDCk): ¢ 19.7,
25.1, 42.9, 49.0, 49.4, 55.5, 56.8, 109.9, 1112811, 128.9, 131.4,
131.7, 148.0, 160.5, 174.6.

General procedure forN-methylation.

4-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-1,5-dimthyl-3,4-
dihydro-2H-pyrrolium chloride Z-(7aN*Me)CI".
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0.3 mmmol of CESO;CH; were added to a solution g@fE-isomers
(0.3 mmol) of7a in anhydrous benzene (2ml); the reaction mixture
was stirred at room temperature for hihutes. The precipitate was
collected by filtration and dried under vacuum. Aaritte IRA-402
(1g) was previously activated by treatment with HOR6 for 12h
and then charged on a column chromatography. Thin reas
washed with water until pH= 7. The crude reacti@swlissolved in
2ml mixture water/methanol (2/1) and the resultsgution was
passed through Amberlite by elution with water. ¥vatas removed
and the residue was purified by column chromatdgyap
(MeOH/DCM 2:8) to give Z-(7aN*Me)Cl" (92:8 Z/E mixture,

0.2mmol g, 62%) as a yellow oil.

'H NMR (400 MHz, CDCE): ¢ 1.29 (6H, s), 2.67 (3H, m), 2.67 (2H,
s), 3.21-3.25 (2H, m), 3.81 (3H, m), 3.84 (3H, AB6 (2H, M)
6.36-6.40 (1H, m), 6.55-.6.60 (1H, m), 7.50 (1H,. A) positive
NOE between signal at 2.67 (methyl at C-5 of 3,4-dihydro-2H-
pyrrole) and signal aé 6.55-6.60 (H-7 on the aromatic ring) was
detected*C NMR (100 MHz, CDCk): ¢ 18.55, 25.75, 28.15, 29.35,
38.83, 49.40, 51.04, 55.36, 58.49, 125.57, 126128,13, 129.82,
132.32, 136.73, 148.48, 169.16, 180.50.
3-(3-Chloro-propyl)-6-methoxy-1H-indene (2endqg.

To magnesium turnings (0.24 g, 9.8 mmol) in dry T@mL), a
solution of cyclopropyl bromide (0.8 mL, 9.8 mmat)dry THF (5

mL) was added dropwise with mild reflux. After thedition was
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completed, a solution df (0.8 g, 4.9 mmol) in dry THF (8 mL) was
added dropwise and the mixture was heated at 6@YC3f h.
Saturated NECI solution (20 mL) was added and the mixture was
extracted with ether (3x20 mL). The organic phasese combined,
dried and concentratad vacuo The crude residue was stirred with
15% HCI solution in acetic acid (10 mL) for 1 hrabm temperature,
then 10% NaOH was added until pH 8. The mixture wssacted
with DCM (3x20 mL) and the combined organic layensre dried
and evaporated. The residue was purified by colcimmamatography
(DCM/petroleum ether 3:7) to giveendo(0.33 g, 30%) as yellow
oil.

IR (film): v 2954, 1742, 1606, 1492, 1255, 732 'criH NMR (200
MHz, CDCLk): 6 2.04-2.23 (2H, m), 2.67-2.78 (2H, m), 3.34 (2H, d,
J 1.8H2), 3.65 (2H, t, J 6.#2), 3.87 (3H, s), 6.14 (1H, m), 6.90 (1H,
dd, J 8.4, 2.42), 7.10 (1H, d, J 2.82), 7.29 (1H, d, J 8.82); °C
NMR (50 MHz, CDCk): § 24.9, 30.87, 37.73, 44.8, 55.6, 110.4,
111.6, 119.1, 126.4, 138.2, 142.4, 146.3, 158.0.

1-Cyclopropylidene-5-methoxy-indan (3eex0).
3-Cyclopropyl-6-methoxy-1H-indene (3eendg.

A mixture of (3-bromopropyl)triphenylphosphoniunobride (2.3 g,
5 mmol, 1.3eq) and KHMSA (2 g, 10 mmol, 2.6eq) thriil of dry
THF under Argon was stirred for 3h at 20°C. A solatof 1 (0.5 g,
3.78 mmol) and tris[2-(2-methoxyethoxy)ethyllamiGEDA-1) in

7ml dry THF was added and the resulting reactiaxtune stirred for
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2h at 20°C. After dilution with 75ml n-pentane aadsorptive
filtration through silica pad, the solvent was rexin vacuo Flash
chromatography of the residue (Ethyl Ether/Petnoldu20) afforded
the 3e-exo (0.23g, 40%, colorless oil). After 1.5h room temgtere
in CDCl, *H NMR showed that compoure-exospontaneously is

transformed irBe-enda

3e-exa 'H NMR (400 MHz, CDCL): 6 0.82—0.90 (4H, m), 2.13 (2H,
m), 3.20 (2H, m), 3.86 (3H, s), 6.80 (1H, dd, J 8.4H2), 6.95 (1H,
d, J 2.4Hz), 7.27 (1H, d, J 8.42).

3e-enda white solid, mp 42—-45 0°C; IR (KBry: 3447, 2960, 1604,
1258, 1073, 1015, 820 ¢m'H NMR (400 MHz, CDCL): ¢ 0.63—

0.69 (2H, m), 0.85-0.92 (2H, m), 1.78 (1H, m), 3(28, s), 3.86
(3H, s), 5.91 (1H, m), 6.90 (1H, dd, J 8.4, Bi#), 7.07 (1H, d, J 2.4
Hz), 7.42 (1H, d, J 8.#2); *C NMR (100 MHz, CDCL): 4 6.2 (2C),

8.5, 37.4, 55.6, 110.3, 111.6, 119.3, 123.0, 13%4K.2, 146.4,
157.9.

2e-endowas stirred with 15% HCI solution in acetic acrdniL) for

1 h at room temperature, then 10% NaOH was addgdoth8. The
mixture was extracted with DCM (3x20 mL) and themtined
organic layers were dried and evaporated. The uesiths purified
by column chromatography (DCM/petroleum ether 3d7give 2-

endo(Yield: 80%, yellow oil).

86



Chapter 4 Experimental

PATHWAY B (Scheme 16 in Results and Discussions)4-(5-
Methoxy-2,2-dimethyl-indan-1-ylidene)-5-methyl-3,4dihydro-

2H-pyrrole (7a).

To a stirred solution of triflic anhydride (0.15 mD.9 mmol) in
CHsCN (2 mL), a solution oBa (0.21 g, 0.9 mmol) in C¥CN (1

mL) was added dropwise at 0°C. The reaction mixtuas slowly
warmed to room temperature and stirred for 3 h. Sdlaetion was
washed with 10% NaOH (5 mL) and the phases weraratga. The
aqueous phase was extracted with DCM (3x10 mL). ddrabined
organic phases were dried and concentratedacuo The residue
was purified by column chromatography (EtOAc/MeOHNE
9:1:0.2) to affordra (0.19 g, 83%) as a yellow oil.

5’-Methoxy-2’,2’-dimethyl-3-oxaspiro[bicyclo[3.1.0hexane-2-
indan]-4-one (10).

The reaction was carried out following Knochel arwiworkers’
procedur® using 1.2 equivalents ofcis-2-iodo-cyclopropane
carboxylic acid ethyl ester (1.97 g, 8.2 mmol), &quivalents of
iPrMgCl (4.4 mL, 2.0 M in THF, 8.8 mmol) and 1.0 eguients of
5-methoxy-2,2-dimethyl-indan-1-ondd) to give a crude residue,
which was purified by flash column chromatography silica gel
(diethyl ether/ petroleum ether 1:1) affordib@ (945 mg, 54% yield)
as a white solid, mixture of two diastereoisomarthe ratio of 65:35

as determined by integration of the benzylic hydregato 2.97
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(major) and 2.81 ppm (minor) as well 42.69 (minor) and 2.56
ppm (major) in th¢H NMR spectrum. (white solid, mp: 92-94 °C,
54%).

IR (KBr): v 2960, 1756, 1607, 1495, 1468, 1305, 1266, 934 ¢hh
NMR (CDCl;, 400 VH2): ¢ 7.25-7.23 (m, 1H, major), 7.20-7.19 (m,
1H, minor), 6.75-6.70 (m, 4H, major and minor),&(8, 6H, major
and minor), 2.97 (d, 1H, 15.7 Hz, major), 2.81 (d, 1H, J 158z,
minor), 2.69 (d, 1H, J 15.81z, minor), 2.56 (d, 1H, J 15.HAz
major), 2.32-2.25 (m, 2H, major and minor), 2.202(m, 2H, major
and minor), 1.27-1.24 (m, 2H, major and minor)91(4, 3H, major),
1.15 (s, 3H, major), 1.17-1.12 (m, 2H, major andanj, 1.10 (s, 3H,
minor), 0.98 (s, 3H, minor)C NMR (CDCk, 100 MH2): 6 (major)
175.2, 161.1, 144.7, 135.9, 124.0, 113.1, 110.29,985.4, 46.6,
44.3, 25.4, 23.2, 21.6, 19.2, 18.2. MS (EIl): 258001 229 (65), 215
(27), 199 (18), 187 (20), 115 (22).
2-Bromo-4-(5-methoxy-2,2-dimethyl-indan-1-ylidene)htyric

acid (11).

A cooled (>15°C) 1.0 M solution of HBr in aceticid¢5.6 mL, 5.6
mmol) was poured into a cooled (>15°C) flask camteg 10 (722
mg, 2.8 mmol) and stirring was continued for lhteAfevaporation
of the solvent under vacuum, the residue was fmaréitl between
H,O (10 mL) and diethyl ether (30 mL). The aqueouasghwas
extracted with diethyl ether (3x30 mL) and the comd organic

extracts were dried over P8O, After evaporation of the solvent
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under vacuum, the residual brown oil was purifigdflash column
chromatography on silica gel (diethyl ether/pewateether 8:2) to
give 11 (Z/E mixture, 881 mg, 93% yield) as a light brown oil.

IR (neat):v 3099, 2927, 2851, 2651, 1716, 1605, 1488, 12622,10
817 cm; 'H NMR (CDClL, 200 MH2): J (isomeric ratio 3:1) 8.47 (br
s, 2H, major and minor), 7.48 (d, 1H, J 812 major), 7.33 (d, 1H, J
8.6 Hz, minor), 6.83-6.72 (m, 4H, major and minor), 5691H, J
7.4Hz, minor), 5.23 (t, 1H, J 7.Hz major), 4.41-4.31 (m, 2H, major
and minor), 3.82 (s, 3H, major), 3.80 (s, 6H, majod minor), 3.25-
3.10 (m, 4H, major and minor), 2.85 (s, 2H, min@&)78 (s, 2H,
major), 1.39 (s, 3H, minor), 1.36 (s, 3H, minorj 4 (s, 6H, major);
¥C NMR (CDCE, 50 MH2): 6 (major) 175.1, 159.9, 153.3, 146.7,
132.0, 125.6, 112.7, 112.5, 110.4, 55.3, 46.9,,4451, 29.3, 26.9
(20).
2-Bromo-4-(5-methoxy-2,2-dimethyl-indan-1-ylidene)btyric
acid methyl ester .
A dry 100 mL round bottomed flask equipped with adition
funnel and a nitrogen inlet was charged wiifh(880 mg, 2.6 mmol)
and 9 mL of a 3:1 mixture of dry THF/dry methanbd the stirred
solution was added dropwise a 2.0 M solution of
(trimethylsilyl)diazomethane (3.9 mL, 7.8 mmol).t&f 2h the bright
yellow solution was cooled to 0°C by means of am @ath and
guenched with sat. aq. NEI solution. The aqueous layer was
extracted with diethyl ether (3x30 mL). The orgaekiracts were
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combined and dried over B8O, After evaporation of the solvent
under vacuum, the residual oil was purified by Hlasolumn
chromatography on silica gel (diethyl ether/pewateether 2:8) to
give methyl ester derivativeZ(E mixture, 837 mg, 91% vyield) as a

yellow oil.

IR (neat):v 2959, 2922, 1743, 1605, 1488, 1262, 1032, 803; ¢kh
NMR (CDCl;, 200 MH2): ¢ (isomeric ratio 3:1) 7.50 (d, 1H, J 9.4
Hz, major), 7.32 (d, 1H, J 8.z minor), 6.82-6.71 (m, 4H, major
and minor), 5.67 (t, 1H, J 7.4z minor), 5.21 (t, 1H, J 7.Hz
major), 4.40-4.27 (m, 2H, major and minor), 3.826ld, major and
minor), 3.78 (s, 6H, major and minor), 3.37-3.06 &H, major and
minor), 2.85 (s, 2H, minor), 2.78 (s, 2H, major34.(s, 3H, minor),
1.36 (s, 3H, minor), 1.19 (s, 6H, majoC NMR (CDCk, 50 MH2):
0 (major) 169.9, 159.9, 152.9, 146.6, 131.9, 12883.5, 112.7,
110.3,55.2,52.8, 46.9, 44.7, 44.0, 33.7, 29.31.29
2-Azido-4-(5-methoxy-2,2-dimethyl-indan-1-ylidene)htyric acid
methyl ester (12).
Sodium azide (292 mg, 4.5 mmol) was added to aiealof methyl
ester derivative (794 mg, 2.25 mmol) in dry acetdai(20 mL) and
dry DMF (2 mL) in a dry 100 mL round bottomed flaskder
nitrogen atmosphere, and the resulting mixture stased at room
temperature. After 24h, sodium azide (292 mg, 4130l was newly
added and the mixture was stirred at room tempexrditu additional
24h. After addition of water, the aqueous layer wagacted with
90



Chapter 4 Experimental

diethyl ether (3x30 mL). The combined organic layeere washed
with brine, then dried over N8O, concentrated under reduced
pressure. The residue was purified by flash colehmomatography
on silica gel (diethyl ether/petroleum ether 1:0)give 12 (Z/E

mixture, 616 mg, 87% yield) as a yellow oil.

IR (neat):v 2957, 2105, 1747, 1605, 1488, 1263, 1033"cfh
NMR (CDCl;, 200 VMH2): ¢ (isomeric ratio 3:1) 7.52 (d, 1H, J 9.2
Hz, major), 7.33 (d, 1H, J 8.8z minor), 6.81-6.71 (m, 4H, major
and minor), 5.73 (t, 1H, J 7.4z minor), 5.26 (t, 1H, J 7.Bz
major), 4.08-3.99 (m, 2H, major and minor), 3.816d, major and
minor), 3.78 (s, 6H, major and minor), 3.04-2.96 é&H, major and
minor), 2.85 (s, 2H, minor), 2.78 (s, 2H, majorB37(s, 6H, minor),
1.20 (s, 6H, major)C NMR (CDCL, 50 MH2): 6 (major) 170.4,
159.8, 152.8, 146.5, 131.9, 125.6, 112.6, 111.49,21161.9, 55.1,
52.3, 46.8, 44.0, 30.7, 29.0 (2C); MS (EIl): 301)(¥B6 (51), 272
(19), 227 (22), 213 (100), 197 (21), 171 (20).
2-Acetamido-4-(5-methoxy-2,2-dimethyl-indan-1-ylidae)butyric
acid methyl ester (13).
A solution of 12 (488 mg, 1.55 mmol) in dry THF (8 mL) under
nitrogen atmosphere was cooled to 0°C by means ideabath. To
the stirred solution triphenyl phosphine (608 mg@22mmol) was
added portionwise. The cooling bath was then reh@rel the clear
solution was allowed to warm to room temperaturéterAstirring
overnight, the complete consumption X was confirmed by TLC
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and then 2 mL of distilled water were added. Thaulteng mixture
was stirred for 24h at room temperature. The reactias quenched
with sat. ag. NaHC®solution, extracted with ethyl acetate (3x30
mL) and washed with brine. The organic layer wageddrover
N&SO, and evaporated to give 1.05 g of a residual mixofre
yellow oil and a white solid which contains the ®0-4-(5-
methoxy-2,2-dimethyl-indan-1-ylidene)butyric acid ettnyl ester.
The crude amine was then dissolved in freshly I@dtiCH,CI, (10
mL) under nitrogen. The solution was cooled to 8§Gmeans of an
ice bath and triethylamine (TEA) (430, 3.1 mmol) was added.
After 5min a solution of acetyl chloride (220, 3.1 mmol) in 2 mL
of CH,CI, was added dropwise and the reaction mixture weagcdt
at 0°C. After 3h the reaction mixture was quenchéth sat. aqg.
NaHCG; solution and extracted with GBI,. The organic layer was
washed with brine, dried over pBO, and concentrated under
vacuum. The crude residue was purified by flashurool
chromatography on silica gel (diethyl ether/petuole ether 6:4)
affording 13 (Z/E mixture, 383 mg, 75% vyield frorf) as a yellow
oil.

IR (neat):v 3314, 2960, 2251, 1745, 1660, 1606, 1215, 1033, 91
733 cm'; 'H NMR (CDCL, 200 MH2): § (isomeric ratio 3:1) 7.50 (d,
1H, J 9.3Hz major), 7.29 (d, 1H, J 8Hz minor), 6.78-6.70 (m, 4H,
major and minor), 6.18-6.04 (m, 2H, major and minér58 (t, 1H, J
7.5Hz, minor), 5.14 (t, 1H, J 7.8z major), 4.82-4.75 (m, 2H, major
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and minor), 3.81 (s, 3H, major), 3.80 (s, 3H, Mn&.77 (s, 3H,
minor), 3.72 (s, 3H, major), 3.10-2.87 (m, 4H, magmd minor),
2.83 (s, 2H, minor), 2.76 (s, 2H, major), 2.023d, minor), 1.97 (s,
3H, major), 1.32 (s, 3H, minor), 1.27 (s, 3H, mndt.17 (s, 6H,
major); *C NMR (CDCk, 100 MH2): 6 (major) 172.6, 169.8, 159.8,
153.0, 146.6, 131.9, 125.7, 112.6, 111.8, 110.33,552.3 (20),
49.4,46.9, 31.2, 29.4, 29.2, 23.1.
4-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-5-methyi3,4-
dihydro-2H-pyrrole-2-carboxylic acid methyl ester (7b).

A trimethylsilyl polyphosphate (PPSE) solution, paeed by heating
at reflux for 1.5h a mixture of .Ps (1.07 g, 7.5 mmol) and
hexamethyldisiloxane (2.2 mL, 10.5 mmol) in GF mL), was
added at room temperaturel® (248 mg, 0.75 mmol). The reaction
mixture was heated at reflux for 3h, cooled to rommperature,
diluted with CHCI, and quenched with 4@. The aqueous layer was
brought to pH=9 by treatment with 6N NaOH solutaomd extracted
with CH,CI, (3x30 mL). The combined organic layers were washed
with H,0O, dried over Ng8O: and concentrated under vacuum. The
residue was purified by flash column chromatographysilica gel
(ethyl acetate/petroleum ether/TEA 1:1:0.5) to gitee(Z/E mixture,

108 mg, 46% vyield) as a viscous dark yellow oil.

IR (neat):v 2929, 1732, 1603, 1588, 1254, 1157, 1026%cHh

NMR (CDCl;, 400 MH2): 6 (isomeric ratio 3:1) 7.38 (d, 1H, J 9.6

Hz, minor), 7.19 (d, 1H, J 8.Blz, major), 6.75-6.66 (m, 4H, major
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and minor), 4.57 (dt, 1H, J 2.0, 6&, major), 4.52-4.48 (m, 1H,
minor), 3.78 (s, 3H, major and minor), 3.76 (s, 3Hajor and
minor), 3.25 (dd, 1H, J 6.4, 14:&, minor), 3.16 (dd, 1H, J 7.2, 14.8
Hz, minor), 3.06-2.96 (m, 2H, major), 2.93 (d, 1H,610Hz, minor),
2.89 (d, 1H, J 15.#z major), 2.79 (d, 1H, J 1618z, minor), 2.66
(d, 1H, J 15.Hz, major), 2.47 (d, 3H, J 28z, minor), 2.23 (d, 3H,
J 2.0Hz, major), 1.44 (s, 3H, minor), 1.38 (s, 3H, mind)32 (s,
3H, major), 1.13 (s, 3H, major){C NMR (CDCL, 50 MH2): ¢
(major) 175.4, 173.0, 160.5, 150.4, 147.9, 13(28,4, 127.2, 111.7,
109.8, 70.5, 55.2, 52.1, 49.3, 48.8, 35.7, 28.71,,28.1; MS (ESI, +
p ms): 314.5.

4-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-2-
(methoxycarbonyl)-1,5-dimethyl-3,4-dihydro2H-pyrrolium
trifluoromethanesulfonate (7b-N*Me).

A solution of methyl trifluoromethanesulfonate (34, 0.3 mmol) in
anhydrous benzene (3 mL) was added under nitrogeosahere to
a solution of7b (94 mg, 0.3 mmol) in anhydrous benzene (3 mL).
The solution was stirred for 2h at room temperatarsl then
concentrated under vacuum to give the crude pwmolsalt. (143

mg, >98% conversion) as a viscous orange oil.

'H NMR (CDCl, 400 MHZ): § (major, isomeric ratio >95:5) 7.36 (d,
1H, J 8.6H2), 6.81-6.76 (m, 2H), 5.51-5.18 (m, 1H), 3.85 (kl),3
3.83 (s, 3H), 3.79-3.75 (m, 1H), 3.58 (s, 3H), 3(@6, 1H, J 3.4,
15.2H2), 3.01 (d, 1H, J 15.H2), 2.81 (d, 1H, J 15.H2), 2.55 (s,
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3H), 1.38 (s, 3H), 1.21 (s, 3H}*C NMR (CDCk, 100 MHZ): §
(major) 181.9, 173.0, 168.7, 164.3, 152.7, 13128, 1, 122.8, 122.1,
118.9, 113.9, 110.3, 69.3, 55.7, 53.5, 51.5, 49743, 33.5, 26.4,
25.0. MS (ESI, + p ms): 328.6.
4-(5-Methoxy-2,2-dimethyl-indan-1-ylidene)-2-
(methoxycarbonyl)-1,5-dimethyl-3,4-dihydro2H-pyrrolium-2-
carboxylic acid anion (7b zwitt).

The crude pyrrolium trifluoromethanesulfonate (148, 0.3 mmol)
was added in a 25 mL round-bottomed flask contgiai2:1 mixture
of THF/H,O (9 mL) and the bright yellow solution was cooled
0°C by means of an ice bath. Then LIOHOH38 mg, 0.9 mmol)
was added portionwise to the solution that raptdiyied into dark
yellow-brown. The reaction was monitored by TLC h{gét
acetate/methanol 9:1 as the eluent). After 3h tbkvest was
evaporated under vacuum to give a residual sofitilas dissolved
in acetonitrile. The precipitation of a white solatcurred. The
decanted clear yellow solution was transferred atone-necked
round-bottomed flask and concentrated under vactmngive a
gummy solid which was purified by flash column ametography
on silica gel (acetonitrile/fD 7:3) to afford7b zwitt (Z/E mixture
90:10, 50 mg, 53% vyield fromb) as a viscous dark yellow oil. To
the overriding geometric isomer tBeconfiguration was assigned, on
the basis of NOE difference spectroscopy. In detailpositive NOE

between the signal of the proton attached to thmatic C-7 carbon
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of the indanylidene moiety (@=7.51 ppm, J 8. HZz) and the signal
of the methyl group at the C-5 of the pyrroliumgifs,0=2.52 ppm)
was detected.

IR (KBr): v 2962, 2925, 1635, 1584, 1262, 1094, 1028, 802 ¢hh
NMR (CDs;OD, 400 WH2): ¢ 7,56 (d, 1H, J 8.81z E isomer), 7,51
(d, 1H, J 8.Mz, Z isomer), 6.93-6.82 (m, 4HZ+E isomers), 4.69-
4.66 (m, 1H,Z isomer), 4.64-4.61 (m, 1Hg isomer), 3.85 (s, 6H,
Z+E isomers), 3.84-3.74 (m, 1Hg isomer), 3.51 (s, 6HZ+E
isomers), 3.24-3.15 (m, 3HZ+E isomers), 3.09-3.02 (m, 2HZ+E
isomers), 2.93 (d, 1H, J 16z, E isomer), 2.82 (d, 1H, J 15Hk, Z
isomer), 2.72 (s, 3Hg isomer), 2.52 (s, 3H isomer), 1.53 (s, 3Hg
isomer), 1.43 (s, 3Hg isomer), 1.41 (s, 3H, isomer), 1.19 (s, 3H
isomer);"*C NMR (CD;OD, 100 MH2): § (Z isomer) 180.1, 172.1,
169.6, 163.9, 152.1, 130.6, 129.1, 124.2, 113.9,7,072.4, 54.8,
50.8, 49.0, 35.8, 34.7, 25.3, 24.1, 16.4. MS (ESI,ms): 314.7.

Synthesis ofZ-3-iodo-acrylic acid ethyl esterl4) [J. Org. Chem.
1993 58, 3148]

A 250 mL round-bottomed flask equipped with a mdignstirring
bar and an argon gas inlet was charged with 22061¢ mol) of dry
sodium iodide and 100 mL of glacial acetic acide Biirred solution
was added 10.1 mL (0.1 mol) of ethyl propiolate dmel resulting
mixture was heated at 70 °C during 12 h. The breolution was

cooled to rt and water (100 mL) and ether (100 mé&je added. The
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organic layer was separated and the aqueous layercted twice
with ether (20 mL). The combined organic layerseneeated with 3
M agueous KOH (3x50 mL) until the ag. phase beconsegral (pH

7), washed with brine (50 mL) and dried over MgS#8fter rotary

evaporation of the solvent, the residual browmait distilled (bp 62
°C) to givel4 (19.4 g, 86 % yield) as a yellow oil.

'H NMR (300 MHz, CDCk): & 7.36 (d, J 8.Hz, 1H), 6.82 (d, J 8.9
Hz, 1H), 4.18 (q, J 7.Hz 2H), 1.25 (t, J 7.Hz, 3H)*C NMR (75

MHz, CDCk): 6 164.9, 130.3, 95.0, 61.1, 14.6.

Synthesis o#Z-3-iodo-prop-2-en-1-0l15) [J. Org. Chem1993 58,
3148]

A 100 mL dry four-necked round bottom flask equippsith a
mechanical stirrer, an internal thermometer, a ealdeptum and an
argon gas inlet was charged with 11.3 g (50 mmiol4aand 100 mL
of anhydrous CkCl,. The stirred solution was cooled to -78 °C by
mean of a liquid nitrogen bath and 100 mL (100 mnodla 1 M
solution of diisobutyl aluminium hydride in hexameas added
dropwise via a syringe at such a rate that the éeatpre did not
exceed -75 °C. The cooling bath was removed andreletion
mixture was allowed to warm to rt. Hydrolysis wasred out at -20
°C by dropwise addition of 50 mL of 1 M aq. HCl llfaved by
addition of ether (100 mL). The organic layer wapagated, the
aqueous layer extracted with ether (2x20 mL) arel ¢bmbined
organic layers dried over MgQOAfter rotary evaporation of the
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solvents, the residual oil was purified by flash luonn
chromatography on silica gel (pentangflEtl:1) affordingl5 (8.05

g, 88 %) as a yellow oil.

'H NMR (300 MHz, CDCL): & 6.43 (dt, J 7.6, 5.1z, 1H), 6.30 (d, J
7.6Hz 1H), 4.17 (d, J 5.5z, 2H), 1.85 (s, 1H)**C NMR (75 MHz,
CDCly): § 140.3, 83.0, 66.1.

Synthesis ofcis-(2-iodo-cyclopropyl)-methanol16) [Tetrahedron
Lett. 1998 39, 8621]

To freshly distilled CHCIl, (50 mL) was added En (1.0 M in
hexane, 53 mL, 53 mmol) under argon. The solutias wooled in
an ice bath and a solution of trifluoroacetic a@d.1 mL, 53 mmol)
in CH,Cl, (10 mL) was then dropped very slowly into the tierc
mixture via syringe. Upon stirring for 20 min, aligmn of CHl,
(4.33 mL, 53 mmol) in CEKCl, (10 mL) was added. After an
additional 20 min stirring, a solution 46 (4.43 g, 24.1 mmol) in
CH,CI, (10 mL) was added and the ice bath was removetgr Ah
additional 30 min stirring, the reaction mixture smguenched with
sat. ag. NECI and hexanes (50 mL) and the layers were sephrate
The ag. layer was extracted with hexanes. The acwdbbrganic
layers were washed with sat. NaH{®,0 and brine, then dried
over NaSQ,, filtered, concentrated and purified by flash cotu
chromatography on silica gel (pentaneEtl:4) affordingl6 (2.96

g, 62 %) as a yellow oil.
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'H NMR (300 MHz, CDClL): & 3.95 (dd, J 11.8, 5.8z 1H), 3.51
(dd, J 11.8, 8.84z, 1H), 2.63 (dt, J 7.3, 5.8z 2H), 1.81 (s, 1H),
1.39-1.30 (m, 1H), 1.04-0.90 (m, 1H), 0.69 (dt,.4, &.0Hz, 1H).
*C NMR (75 MHz, CDCL): & 68.4, 18.0, 14.1, 10.0.

Synthesis ofcis-2-iodo-cyclopropanecarboxylic acidlq) [J. Am.
Chem. Socl1989 111, 6729]

A 50 mL dry round bottomed flask equipped with achsmnical
stirrer, a rubber septum and an argon gas inletavasged withl6
(3.3 g, 16.7 mmol) and 25.8 g (68.8 mmol) pyridmigichromate
dissolved in 50 mL of dry DMF. The reaction mixtwvas stirred for
24 h at rt. After this time, the reaction mixtur@asvpoured into 80
mL of water and the solution was acidified with 3HCI to pH 2.5.
The water solution was extracted with,@&t (3x30 mL). The
combined organic layers were washed with water 2x2), brine,
dried over NgSQ,, filtered, concentrated and purified by flash
column chromatography on silica gel (pentangdEt:1) affording
17(3.34 g, 95 %) as a white crystals.(mp: 65 °C).

'H NMR (300 MHz, CDCk): & 8.07 (s, 1H), 2.90 (dt, J 8.0, 6,
1H), 1.93 (dt, J 8.1, 6.8z, 1H), 1.61 (dt, J 8.1, 64z 2H), 1.44 (q,
J 6.4Hz, 1H)."*C NMR (75 MHz, CDCL): § 175.5, 19.3, 17.5, 14.3.

Synthesis oftis-2-iodo-cyclopropanecarboxylic acid ethyl est8y (
[J. Am. Chem. So&989 111, 6729]
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A mixture of 17 (1.91 g, 9.0 mmol), thionylchloride (1.3 mL, 18
mmol) and 3 drops of DMF was refluxed at 50 °C fbhm.
Afterwards, excess of thionylchloride was removgdrédcuum pump
and the mixture was cooled to 0 °C. EtOH (0.8 nt.5Immol) was
added and the reaction mixture was stirred fora2 @ °C. After this
time, the reaction mixture was poured into 20 mlwater and EO
(20 mL) and the layers were separated. The aqr lage extracted
with Et,O. The combined organic layers were washed with sat
NaHCG;, water, brine and dried (M80Qy), filtered, concentrated and
purified by flash column chromatography on silie gpentane/EO
3:1) affording8 (1.51 g, 70 %) as a yellow oil.

'H NMR (300 MHz, CDCE): § 4.21-4.11 (m, 2H), 2.74 (dt, J 8.1, 6.5
Hz, 1H), 1.80 (dt, J 8.2, 618z, 1H), 1.48-1.30 (m, 2H), 1.24 (t, J 7.1
Hz, 3H)13C NMR (75 MHz, CDCE): § 168.9, 60.2, 18.3, 15.3, 13.4,
-15,6. MS (El): 240 (100), 195 (63), 167 (30).

Prop-2-ynyloxymethyl-benzene.

To a solution of prop-2-yn-1-ol (0.10 moli) in DMS@® ml) was
added NaOH 3N (50 ml). The reaction was cooled1@fC and
benzylbromide (0.15 mmol) was added dropwise. Tésulting
solution was allowed to rise to room temperature stirred for 24h.
After this time, the reaction mixture was pouretbi0 mL of water
and EtO (20 mL) and the layers were separated. The gqr laas

extracted with BEO (3x30 ml). The combined organic layers were
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washed with sat. NaCl, dried (p&0,), and concentrated. The
residue was purified by flash column chromatographysilica gel
(Ethyl Ether/Petroleum 1:19) to give prop-2-ynyloxsthyl-benzene

as a colorless oil (93%).

'H NMR (200 MHz, CDCk): § 2.46-2.43(1H, t); 4.16(2H,s); 4.61(
2H, s)7.35-7.29(5H, m).

Vynil-1,3,2-dioxaborinane (24)

To a stirred solution of BESMe, (0.19 g) in THF (10 ml) at 0°C
was addedx-pinene (0.68 g) dropwise. The reaction was stiaed
0°C over night and then cooled at -35°C. A solutmhprop-2-
ynyloxymethyl-benzene (0.35 g; 2.38 mmoli) in THEO(ml) was
added dropwise and the resulting solution wasestifior 4h. The
solution was allowed to rise to 0°C, then a soluivd acetaldehyde
(2.9 ml) freshly distilled in THF (5 ml) was addékhe reaction was
refluxed over night and then solvent was remawedacuoto afford
the crude23. Then a solution of diol (0.181 g; 2.38 mmol) ik
(2.5 ml) was added to the residue. After 12h aofriety at room
temperature, the compound was distilled. Distiiatin vacuo gave
the desire@4.

'H NMR (200 MHz, CDCl) &: 1.89-1.92 (2H, m); 3.44-3.48 (4H,
m); 3.98 (2H, m); 4.51 (2H, s); 5.56 (1H, d; J H7; 6.49-6.58 (1H,
dt; J 18, J 1Hz); 7-2-7.35 (5H, m).

Vynil-( N-methyliminiodiacetoxy-O,0")borane (26).
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To a stirred solution of BESMe, (0.19 g) in THF (10 ml) at 0°C
was added.-pinene (6.8 g) dropwise. The reaction was stiated’C
over night and then cooled at -35°C. A solution mop-2-
ynyloxymethyl-benzene (0.35 g; 2.38 mmoli) in THEO(ml) was
added dropwise and the resulting solution wasestifior 4h. The
solution was allowed to rise to 0°C, then a soluivd acetaldehyde
(2.9 ml) freshly distilled in THF (5 ml) was addékhe reaction was
refluxed over night and then solvent was remawegdacuoto afford
the crude23.

The crude23 was dissolved in THF (10 ml) and NaOH 1M (0.5 ml)
was added. Stirring was maintained for 1h rgCEtvas added and
organic phase was separated and dried ovgb®lao afford25 as
crude. In a roundbottom flask equipped with a lséir was charged
with crude 25, N-methyliminodiacetic acid (3 mmol), and
benzene:DMSO (10:1, 10 ml). The flask was fittedhwa Dean-
Stark trap and a reflux condenser, and the mixtta® refluxed with
stirring for 16 hours. The reaction solution wakwaéd to cool to
23°C and the solvent was removad/acuo the residue was purified
by column chromatography (AcOEt/MeOH 9.5:0.5) tdoaf 56
(20% over 3 steps).

'H NMR (200 MHz, CDCL): & 2.74 (3H, s); 3.83 (2H, d; J 16:&);
3.99 (2H, d; J 16.612); 4.01 (2H, m); 4.5 (2H, s); 5.64-5.73 (1H, dt;
J 18 e J 1.HZ); 6.20-6.29 (1H, dt; 18, J 7.1Hz); 7.2-7.35 (5H, m).
Ciclopropyl-(N-methyliminodiacetoxy-O,0O’N)borane (27).
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To a stirred solution o6 (0.121 g, 0.36 mmol) and Pd(OAc)
(0.0239 g, 0.011 mmol) in THF (12 mL) at 0°C in@&rAL Schlenk
flask was added a freshly prepared ethereal solatia@iazomethane
(3.5 mL of a 0.25 M solution, 8.8 mmol) dropwise2o020 minutes.
Additional Pd(OAc) was then added (0.0239 g, 0.011 mmol) as a
solution in THF (1 mL) followed by the dropwise dloh over 20
min of an additional 3.5 mL of 0.25 M ethereal diaethane (0.88
mmol). The reaction was then allowed to warm toQ2hd the
excess diazomethane was removed under a stream @hal crude
reaction mixture was then poured into 12 mL of &l.pH 7 sodium
phosphate buffer and extracted with THEEL:1 (3x12 mL). The
combined organic fractions were then washed withebdried over
NaSQ, and concentratedin vacuo Purification by flash
chromatography (Si© EtO/CH;CN 1:1) yielded27 (0.34 mmol,
96%).

'H NMR (200 MHz, CDCL): & -0.40 -0.38 (1H, m); 0.42-0.44 (1H,
m); 0.66-0.67 (1H, m); 1.23-1.25 (1H, m); 2.80 (33, 3.84 (2H,
app dd J 17, 9.6l2); 3.96 (2H, app dd J 13 Hz); 4.01 (2H, m); 4.5
(2H, s); 7.2-7.35 (5H, m).

3-benzyloxypropenylboronic-acid (18).

To a stirred solution 027 (0.34 mmol) in THF (20 mL) was added
1M ag. NaOH (0.34 mmol) and the resulting mixturasvetirred at
23°C for 20 minutes. The reaction was then quenchid the

addition of 0.5 M pH 7 phosphate buffer (20 mL) atiited with
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Et,O (20 mL). The layers were separated and the aer lvas
extracted with THF:EDO 1:1 (40 mL). The combined organic
fractions were dried over MgQ@nd concentrateith vacuoto yield
the desired cyclopropylboronic acit8 as a colorless oil. (0.33
mmol, 97%).Compound8 was immediately used in next reaction

without purifications and characterizations (vengtable).
1H-inden-3yl trifluoromethanesulfonate (19)

Triflic anhydride (0.649 g, 2.30 mmol) was addedtsolution of 1-
indanonel (0.290 g, 2.19 mmol) in dry 1,2-dichloroethane (hB
which was stirred under Argon at room temperat2r&-Di-t-butyl-
4-methylpyridine (0.48 g, 2.35 mmol) was added he teaction
mixture in one portion. The solution warmed up bowat 40°C. After
stirring for 0.5h at room temperature the reactiorture was diluted
with 1,2-dichloroethane, washed with 1N HCI andewatried and
concentrated under reduced pressure at room tetaperalhe
residue was purified by flash chromatography ¢SiGthyl
ether/petroleum 0.3:9.7) to giv9 (0.545 g, 94% vyield) as a

colourless oil.

'H NMR (200MHz, CDCl) §: 3.47 (2H, br s,); 6.37 (1H, br, s); 7.25-
7.60 (4H, m).

3-(2-Benzyloxymethyl-cyclopropyl)-1H-indene (20).

To a stirred solution o8 and 19 in toluene (4ml) was added a
mixture of 3% Pd(PRjy, CsCO; (0.242 g; 0.74 mmoli) and
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KF.2H,O (0.209 g; 2.22 mmoli) and NaBr (0.0954 g; 0.92Wat).
The reaction was heated to 80°C for 16h. The mixwas filtered
with ELO (3x10 ml) and washed with water. Organic phass wa
dried over NgSQO, and evaporated. The final product was obtained
after column chromatography (silica gel, petrolestim/l ether 25:1)

of the crude20 (30%).

'H NMR (200 MHz, CDCE): § 0.8-1.5 (4H, m) 3.31 (2H, m); 3.53-
3.56 (2H, m) 4.61 (2H, s); 6.06-6.09 (1H, m); 7285 (5H, 4H, m).
5-methoxy-3,3-dimethyl-2,3-dihydro-1H-inden-1-yl
trifluoromethanesulfonate (28).

To a stirred solution d36 (1 mmol) in 1,2-dichloroethane (5 ml) was
added an equimolar amount of triflic anhydride &h@+-butyl-4-
methylpyridine under Argon atmosphere. The browspsasion was
stirred 30 min at 40°C and 1h at rt. 1,2-dichlohaee (10 ml) was
added and the organic phase was washed with HC{330 ml).
Organic layers were washed with water (2x20 mLndyrdried over
NaSQ, filtered, concentrated and purified by flash ootu
chromatography on silica gel (petroleumt99:1) affording28
(241 mg, 75 %).

'H NMR (200MHz, CDCL) & 1.36 (6H, s), 3.84 (3H, s), 6.84 (1H, s),
6.81-6.91 (2H, m), 7.20-7.25 (m, 1HJC NMR (100 MHz, CDC})

d 24.5(2C), 46.51, 55.57, 108.51, 112.07, 119.18.3® 127.25,
127.78, 145.38, 153.14, 159.83.
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3-cyclopropyl-6-methoxy-1,1-dimethyl-1H-indene (30)

To a stirred solution of cyclopropilboronic acidd® g, 0.698 mmol)
and28 (0.150 g,0.466 mmolh toluene (4 ml) was added a mixture
of 6% Pd(PP¥)4, CsCO; (0.120 g; 0.37 mmol) and KF.28 (0.105

g; 1.12mmol) and NaBr (0.048 g; 0.466 mmol). Thact®n was
heated to 80°C for 16h. The mixture was filteredhwiEtO (3x10
ml) and washed with water. Organic phase was driext NaSQO,
and evaporated. The crudg0 was purified by flash column
chromatography on silica gel (petroleum/ethyl eth@i5/0.5)
affording30 (70 mg 70%).

'H NMR (200MHz, CDCE) &: 0.58-0.87 (4H, m); 1.25 (6H, s); 1.8-
1.9 (1H, m); 3.84 (3H, s), 5.72 (1H, s), 6.79-6(8B1, m), 7.27-7.32
(1H, m).

Ethyl 6-methoxy-1,1-dimethyl-3-(((trifluoromethyl)sulfonyl)oxy)-
2,3-dihydro-1H-indene-2-carboxylate(29)

TEA (0.302 g, 2.99 mmol) and DMAP (0.036 ¢,0.03 mymeere
added to a solution &7 (0.262 g, 1 mmol)n dry CHCI, (50 ml).
The reaction was stirred for 1h at room temperaane then cooled
to -78°C. T$O (0.564 g, 2 mmol) was added over 2 min, and after
min at -78°C the mixture was warmed to room temjoeeaand
washed successively with HCI 1N;®land brine. The aqueous layer
was extracted with Ci€I, (3x15 mL). Organic phase was dried over

N&a,SO, and evaporated. The final product was obtainezt atilumn
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chromatography (silica gel, petroleum/ethyl ethgt) &f the crude
29(0.286 g, 78%).

'H NMR (200MHz, CDCl) &: 1.36-1.43 (3H, t, J 1#12),1.51 (6H,
s), 3.88 (3H, s)4.31-4.42 (2H, q, J 2Ri2), 6.89 (1H, s), 6.94-6.96
(2H, m), 7.35-7.4 (1H, m).
Ethyl-3-cyclopropyl-6-methoxy-1,1-dimethyl-1H-indere-2-
carboxylate (31)

To a stirred solution 029 (0.760 ¢,1.93 mmol) in toluene (10 ml)
was added a mixture of cyclopropilboronic acid &&0, (1,35 g,
6.36 mmol) and 3% Pd(PBh The reaction was heated to 100°C for
16h. The mixture was filtered with £ (3x10 ml) and washed with
water. Organic phase was dried over,®@, and the solvent was
evaporated. The crude product was purified by flasiumn
chromatography on silica gel (petroleum/DCM 7:3joadfing 31
(0.399 g, 80 %).

'H NMR (200MHz, CDCE) $:0.87-1.28 (4H, m), 1.37-1.409 (3H, t, J
7.8Hz) 1.51 (6H, s), 3.88 (3H, s), 4.25 -4.36 (2H, @2H2), 6.75-
6.87 (2H, m), 7.30-7.34 (1H, m).

Ethyl 2-cyano-3-methylbut-2-enoate (33)

To a stirred solution 32 (11.3 g, 100 mmol) , Acetone (6.96 g, 120
mmol) and Acetic acid (2 g, 30 mmol) in Benzene ifbwas added

L-phenylalanine (1 g, 6 mmol). The flask was fittith a Dean-
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Stark trap and a reflux condenser, and the mixttae refluxed with
stirring for 14 hours. The reaction solution wakwaéd to cool to
23°C and the benzene was distilled. The mixture fitrated and
the solvent was evaporated. The cr@8avas distilled under reduced
pressure at 120°C-135°C/0.1 mb afford88Y14.2 g, 93%) .

'H NMR (400MHz CDCl) &: 1.31-1.35 (3H, t, J 1H2), 2.3 (3H, ),
2.39 (3H, s) 4.23-4.29 (2H, q, J B2).

Ethyl 2-cyano-3-(3-methoxyphenyl)-3-methylbutano@4)

3-methoxyphenylmagnesiumbromide (1M in THF) (5.8 ohnb.8
ml ) and a catalytic amount of Cul was added tmlat®n of 33
(0.888 g, 5.8 mmol) in anhydrous.,@t (10 ml). The mixture was
heated under reflux over night. It was then coahedn ice-bath, and
decomposed with HCI(2N) and worked up with,@t(3x10 ml).
Organic phase was dried over N@y.After removal the solvent, the
residue was distilled under reduced pressure atCt@80°C/0.1mb
to afford an yellow 0iB4 (1.06g, 70%).

'H NMR (200MHz,CDC}) §: 1.05-1.12 (3H, t, J 14i2), 1.60 (6H,
s), 3.57 (1H, s), 3.8 (3H, s), 4.0-4.072 (2H, G4H2), 6.79-7.2(4H,
m).

2-(3-methoxyphenyl)-2-methylpropanoic acid (35)

34 (1.306 g, 5 mmol) was added to a solution of K24 g, 40
mmol) and 7.5 ml of ethylene glycol. The solutioassheated under
reflux for 11h at 170°C. When cool, it was dilutedh H,O, and a
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small amount of a black oil was extracted with ¢hgortions of
Et,O. On acidification, the aqueous solution prectpifaa dark oil
which was extracted with two portions of ether. Tehdracts were
washed with water and dried and the solvent waparated . The
dark oil remaining was distilled under reduced pues (to eliminate
Ethylene glycol) affordin@®5 (0.776 g, 80%)

'H NMR (200MHz, CDCL) &: 1.49 (6H, s),2.62 (2H, s), 3.81 (3H, ),
6.78-6.98 (4H, m).

5-methoxy-3,3-Dimethyl-1-indanone (36)

A mixture of Eaton’s reagent (9.62 ml) arg@b (1.2 g, 5.77 mmol)
was heated at 110°C for 3h. After the mixture wésred to room

temperature, it was cooled in an ice- salt bathveashed with water.
The mixture was extracted with ether (3x20 ml); tbenbined ether
extracts were washed with saturated NakH@@d Brine and dried
(N&:SQO,). Removal of the solvent gave crugigas a yellow oil. The
crude product was purified by flash column chrorgedaphy on

silica gel (petroleum/ether 7:3) affordiBg (0.877 g, 80 %).

IR (KBr): v 2977, 2947, 1654, 1577, 1081 trftH NMR (200 MHz,

CDCly): 1.39 (6H, s), 2.56 (2H, s), 3.89 (3H, s), 6.8906(2H, m),
7.63 (1H, d, J H2); °C NMR (50 MHz, CDCk): § 29.98, 38.47,
107.141, 114.98, 125.29, 128.77, 165.59, 166.88,120 ESI MS
m/z : 191.
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Ethyl-5-Methoxy-3,3 dimethyl-1-oxo-indan-2-carboaig (37).

To a stirred solution of NaH (60% mineral oil, 33nol) in (5 ml)
diethyl carbonate was added a solutior3®{2.95 g, 15.5 mmol) in
(18 ml) diethyl carbonate. The mixture was refluxad80°C for
0.5h. After cooling to r.t., water (40 ml) was adddhe aqueous
phase was separated and extracted with DCM (4x10 Tile
combined organic extracts were dried {8@,) and concentrated
under reduced pressure. The oil residue was sebjedb
chromatography (Ethyl Ether/ Petroleum 1:1) to ¢/iglr (2.44 g,
60%).

! H NMR (200MHz, CDCI3)$: 1.36-1.41 (3H, t, J 1B7), 1.54 (6H,
s), 3.45 (1H, s), 3.87 (3H, s), 4.18-4.23 (2H,686-6.93 (2H, m,),
7.72 (1H, d, J 8.H2)

3-(5-Methoxy-3,3-dimethyl-3H-inden-1-yl)-acrylic add ethyl
ester (41).

To a slurry of Pd(OAg)(0.17 mmol, 10%) in dry DMF (15 mL) was
added a solutior28 (1.7 mmol), ethyl acrylate (5.1 mmol), and
triethylamine (6.8 mmol) in dry DMF (5 mL). The tdgng mixture
was heated at 75-80 °C in an argon atmosphere fgrc®oled to
room temperature, and poured into ice-water. Tkaltieg mixture
was extracted with dichloromethane (3x30 mL), amel ¢combined

extracts were washed with water (2x30 mL), driecrosodium
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sulfate, and concentrated under reduced pressurificRion of the
residue by chromatography with ether/petroleum re218 as the

eluent gavellas a pale yellow oil (77%).

'H NMR (200MHz, CDCL) § 1.36 (3H, t, J 7.H2), 3.84 (3H, s),
4.27 (2H, q, J 7.H2), 6.47 (1H, d, J 16.42), 6.58 (1H, s), 6.81-
6.83 (1H, m), 6.91-6.94 (1H, m), 7.48-7.50 (1H, MmpK6 (1H, d, J
16.4Hz); **C NMR (100 MHz, CDCL) & 14.33, 24.66, 48.43, 55.51,
60.46, 108.47, 111.39, 119.24, 121.37, 132.76, 4435138.55,
150.33, 156.09, 158.68, 167.32.
2-(5-Methoxy-3,3-dimethyl-3H-inden-1-yl)-
cyclopropanecarboxylic acid ethyl ester (42).
The following procedure was carried out behindfatgashield using
plastic-coated glassware free of scratches andhgrglass Joints. 1-
Methyl-3-nitro-1-nitrosoguanidine (5 mmol) was dally added
portionwise over 30 min to an Erlenmeyer flask eanhg a swirled
mixture of aqueous NaOH (20 mL, 5 N) and diethjzleet(15 mL) at
0°C. After vigorous bubbling had ceased, the orgatayer
(containing diazomethane) was decanted into a echi{0 °C)
Erlenmeyer flask containing KOH chips (1 g). Thextuie was
swirled for 10 min, and the yellow solution was aeted into a
dropping funnel. The solution of diazomethane wdded over 30
min to an open flask containing a stirred mixtufed (1 mmol) and
palladium acetate (0.03 mmol) in g8, (10 mL) maintained at O
°C. After the mixture was stirred for 1 h, a secdmadch of freshly
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prepared diazomethane (5 mmol) in 15 mL of diethtier was
added over 30 min. After the mixture was stirredifdn, the reaction
was gquenched with water (4 mL) and the mixture p@sed into an
aqueous saturated solution of NaHQ®@5 mL). The aqueous layer
was extracted with EtOAc (3x10 mL). The organic elisy were
washed with brine, dried over anhydrous sodium aself and
concentratedn vacuo The crude product was purified by flash
column chromatography on silica gel (petroleus@E9:1) affording
42 (55 %).

'H NMR (200MHz, CDC}) & 1.23-1.32 (2H, 3H, 3H, m), 1.42 (3H,
s), 1.82-1.89 (1H, m), 2.32-2.36 (1H, m), 3.83 (aH) 7.2Hz), 3.86
(3H, s), 5.81 (1H, s), 6.77-6.82 (2H, m), 7.22 (1H8.2H2).
4-(5-Methoxy-3,3-dimethyl-indan-1-ylidene)-5-methyi3,4-
dihydro-2H-pyrrole-3-carboxylic acid ethyl ester (%&).

Pathway B was used: 1eq TfOH, ACN, 60°C for 30min (65%).

Yellow oil.

'H NMR (400 MHz, CDCk): & 1.15 (3H, t, ¥ Hz), 1.32 (6H, d, 3.4
Hz), 2.38 (2H, s), 3.6 (2H, dd, 165.8 Hz), 4.04 (3H, s), 4.08-4.14
(5H, m), 6.79 (1H, m), 7.44 (1H, m).

Ethyl 5-methoxy-1-oxo- 2,3- dihydro-H-indene-2-carboxylate
To a stirred suspension of NaH (11.00 mmol, 60%nineral oil,

440 mg) in diethyl carbonate (2 ml) was added dispva solution
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of 5-MeO-1-indanonégl) (5.00 mmol, 810 mg) in diethyl carbonate
(20 ml). The mixture was warmed at 100°C in oilnhaintil a solid
spongy has been obtained. After cooling to rt,sihengy was diluted

in CH,CI, and aqueous HCI 1N was added. The aqueous phase wa
separated and extracted in £Hy. The combined organic extracts
were dried (Ng50,) and concentrated under reduced pressure. The
residue was subjected to chromatographydFietroleum ether 1:1),
followed by crystallisation (from i-RO) to yield 1140 mg (97%) as

a white cristalline solid (m.p.: 58-60°C)

'H NMR (CDCk, 400 MHz)3: 1.29 (3H, t, J 7.M2), 3.28 (1H, dd,
J; 8.0Hz, } 17.2H2), 3.48 (1H, dd, J4.0Hz, J 17.2Hz), 3.68 (1H,
dd, J 4.0Hz J 8.4H2z), 3.88 (3H, s), 4.23 (2H, q, J 7k), 6.90-
6.91 (2H, m), 7.68 (1H, d, J 9H&); *C NMR (CDCk, 100 MH2) &:
14.08, 30.19, 53.40, 55.58, 61.40, 109.44, 115188,00, 128.28,
156.68, 165.75, 169.30, 197.42; ESI-MS, m/z: [NM-H 233.2,
[M+Na'] = 257.1, [2M+N43] = 491.1.
Ethyl-2-bromo-5-methoxy-1-oxo-2,3-dihydro-H-indene-2-
carboxylate (45)
A mixture of p-ketoester (3.00 mmol, 702 mg), N-
bromosuccinimide (3.15 mmol, 561 mg) and Amberst2.25 g)
in ethyl acetate (30 ml) was stirred at room terapge for 30 min.
After completion of the reaction, as indicated HyCT the reaction
mixture was filtered and washed with ethyl acetdtee combined
organic extracts were dried over anhydrousS®@a, concentrateéh
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vacuo and the resulting product was directly purified by
chromatography eluted with a mixture of ethyl aw#fsetroleum
ether (3:7) to afford 900 mg (96%) of the correspog pure product

45 as yellow oil.

'H NMR (CDCk, 400 MHz)&: 1.17 (3H, t, J 7.M2), 3.52 (1H, d, J
18.4Hz), 3.81 (3H, s), 4.06 (1H, d, J 1842), 4.16 (2H, q, J 7.Bi2),
6.81-6.88 (2H, m), 7.64 (1H, d, J 84k); **C NMR (CDCk, 100
MHz) 3: 13.89, 43.80, 55.89, 59.35, 63.34, 109.45, 116188.04,
127.43, 153.38, 166.62, 167.05, 193.17; ESI-MS,: i¥e-H"] =
313.1-315.1, [M+N§ = 335.0-337.0, [2M+N3 = 648.5.
Ethyl-2-azido-5-methoxy-1-o0xo0-2,3-dihydro-H-indene-2-
carboxylate

Sodium azide was added (4.36 mmol, 283 mg) to atieal of 45
(2.18 mmol, 680 mg) in dry DMF (3 ml) under nitragatmosphere
and the resulting mixture was stirred at room temajpee for 1h.
After addition of HO, the aqueous layer was extracted igOEThe
combined organic layers were washed with brinen theed over
NaSO, and concentrated under reduced pressure. Thetimgsul
product was directly purified by chromatography tetl with a
mixture of ethyl acetate/petroleum ether (3:7) teldy570 mg (95
%).

'"H NMR (CDCk, 400 MHz)&: 1.18 (3H, t, J 7.M2), 2.89 (1H, d, J
17.2Hz), 3.55 (1H, d, J 17.612), 3.83 (3H, s), 4.15-4.22 (2H, m),

6.83-6.90 (2H, m), 7.64 (1H, d, J 8HK); *C NMR (CDCh, 100
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MH2) §: 13.88, 38.26, 55.80, 62.72, 70.39, 109.52, 116138.77,
127.04, 155.33, 166.70, 168.55, 195.E8I-MS, m/z: [M+Nd] =
298.1, [2M+N4] = 572.9.

Ethyl-5-methoxy-1-o0x0-2-(2,2,2-trifluoroacetamido)2,3-dihydro-
1H-indene-2-carboxylate (43)
Under nitrogen atmosphere, at a solution of ag@7 mmol, 570
mgq) in THF dry (20 ml) was added ##n(3.11 mmol, 814 mg). After
10 min at 0° C, the cooling bath was removed aedctbar solution
was allowed to warm to rt. After stirring overnighbe complete
consumption of starting material was confirmed by CT
Trifluoroacetic anhydride (4.14 mmol, 5716) was added and the
mixture stirred for 1h. O was added and the aqueous layer was
extracted in BEOD. The combined organic layers were dried over
Na,SQ, and concentrated under reduced pressure. Theueewids
purified by flash chromatography (ethyl acetatefgetim ether 4:6)
to afford 680 mg (95%) of the corresponding puredpct 43 as
white solid (m.p.: 106-108°C).
'H NMR (CDCL, 400 MH2) 3: 1.09 (3H, t, J 6.812), 3.37 (1H, d, J
17.2H2), 3.73 (1H, d, J 17.H2), 3.84 (3H, s), 4.13 (2H, q, J 7.2
Hz), 6.88-6.92 (2H, m), 7.66-7.70 (2H, mjC NMR (CDC}, 100
MHz) &: 13.70, 37.99, 55.78, 63.39, 68.16, 109.40, 11537 286
Hz), 116.35, 126.75, 127.01, 155.00, 156.54 {e; 37 Hz), 166.62,
167.60, 193.66; ESI-MS, m/z: [MF¥H= 346.1, [M-H] = 344.1,
[M+Na'] = 368.1, [2M+Ng] = 712.5, [2M+K] = 728.9.
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Ethyl-1-hydroxy-5-methoxy-2-(2,2,2-trifluoroacetamio)-1-
cyclopropyl-2,3-dihydro-1H-indene-2-carboxylate (44)

To a solution 043 (4.00 mmol, 1380 mg) in THF dry (40 ml) was
added cyclopropylmagnesium bromide solution (0.5nM'HF dry,
24.00 ml) at 0°C. The resulting mixture was stiregdd® C for 30
min, NH,Cl (s.s.) was added and the crude was extractégt,@.
The combined organic layers were dried over,9@@ and
concentrated under reduced pressure. The residaepurified by
flash chromatography (ethyl acetate/petroleum eih@y to afford
1200 mg (78%) of the corresponding pure prodidcas white solid
(m.p.: 92-95°C).

'H NMR (CDCk, 400 MHZ) &: 0.08 (1H, m), 0.40-0.48 (3H, m),
0.91-0.98 (1H, m), 1.29 (3H, t, J ), 2.32 (1H, bs), 3.35 (1H, d,
J 16.8H2), 3.78 (3H, s), 3.86 (1H, d, J 16:8), 4.18-4.36 (2H, m),
6.71-6.79 (2H, m), 7.13 (1H, d, J 84%), 7.72 (1H, bs)**C NMR
(CDCls;, 50 MHz) 6: 0.30, 1.11, 13.79, 16.63, 37.99, 55.17, 61.89,
73.25, 84.51, 109.72, 113.21, 115.38 ((R6Hz), 125.14, 132.33,
140.59, 156.89 (q,°B6 Hz), 160.64, 169.73; ESI-MS, m/z: [M*H
= 386.2, [M+N4] = 410.1.
Ethyl-1-(3-acetamidopropylidene)-5-methoxy-2-(2,2;2
trifluoroacetamido)-2,3-dihydro-1H-indene-2-carboxylate (46)
Under nitrogen atmosphere, trifluoromethanesulf@mbydride was
stirred (0.26 mmol, 43l) in CH;CN dry (3 ml) for 15 min at room

temperature. After cooling at 0°C, the compoddAd0.26 mmol,100
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mg) was added, the resulting mixture was warmingra@im
temperature and was stirred for 30 min. The reactixture was
diluted with CHCI, and quenched with NaOH 2N. The combined
organic layers were dried over }$£), and concentrated under
vacuum. The residue was purified by flash columroctatography
on silica gel (ethyl acetate) to give 90 mg (81%d)he pure product
46 as yellow solid (m.p.: 46-48°C).

'H NMR (CDCk, 400 MH2) &: 1.14 (3H, t, J 7.H2), 1.70 (3H, s),
2.38-2.44 (1H, m), 2.83-2.88 (1H, m), 3.11-3.16 (Bhj, 3.34 (1H,
d, J 17.2H2), 3.50-3.55 (1H, m), 3.71 (1H, d, J 1'H2), 3.78 (3H,
s), 4.13-4.17 (2H, m), 5.47 (1H, dd,84Hz, % 9.6 Hz), 6.04 (1H,
m), 6.75-6.78 (2H, m), 7.54 (1H, d, J &#), 7.96 (1H, bs)*C
NMR (CDClk, 100 MHz)8: 13.77, 22.81, 28.65, 38.65, 41.40, 55.32,
62.52, 67.54, 109.48, 113.83, 115.53 (@86 Hz), 120.56, 125.52,
130.01, 141.13, 145.34, 156.60 (438 Hz), 160.42, 170.83, 171.14;
ESI-MS, m/z: [M+H] = 429.2, [M-H] = 427.2, [M+Nd] = 451.1.
(E/Z) ethyl 5-methoxy-1-(5-methyl-2-pyrrol-4(3H)-ylidene)-2-
(2,2,2-trifluoroacetamido)-2,3-dihydro-1H-indene-2-carboxylate
(7f)

A trimethylsilyl polyphosphate (PPSE) solution, paeed by heating
at reflux for 1.5h a mixture of ,Bs (3.50 mmol, 497 mg) and
hexamethyldisiloxane (4.91 mmol, 1.04 ml) in ¢C5 ml), was
added at room temperature46 (0.35 mmol, 150 mg). The reaction

mixture was heated at reflux for 5h, cooled to rommperature,
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diluted with CHCI, and quenched with NaOH 2N. The aqueous
layer was extracted with GBIl,, dried over Ng0O, and
concentrated under vacuum. The residue was purifigdflash
column chromatography on silica gel conditionedhwitEA and
ethyl acetate as eluent to give 90 mg (63%) of pecodf as yellow
oil.

'H NMR (CDC}, 400 MHz) 8: 1.06 (3H, t, J 7.HMz, E isomer), 1.14
(3H, t, J 7.2Hz, Z isomer), 2.13 (3H, s, Z isomer), 2.27 (3H, s, E
isomer), 2.51-2.64 (2H, m, mix E/Z), 3.00-3.06 (2H, mix E/Z),
3.36-3.66 (4H, m, mix E/Z), 3.72-4.08 (4H, m, mi)ZE, 3.78 (6H, s,
mix Z/E), 4.13 (2H, q, J 7.Biz, E isomer), 4.21 (2H, q, J 7t2z, Z
isomer), 6.73-6.84 (4H, m, E/Z mix), 7.31 (1H, d83# Hz, E
isomer), 7.50 (1H, d, J 8.8 Hz, Z isomer), 7.75 ,(3HE isomer),
7.92 (1H, s, Z isomer); ESI MS, m/z: [M¥H= 411.2, [M+N4d] =
433.1, [M-H] = 409.2.
(E/Z)-4-(2-(ethoxycarbonyl)-5-methoxy-2-(2,2,2-
trifluoroacetamido)-2,3-dihydro-1H-inden-1-ylidene)-1,5-
dimethyl-3,4-dihydro-2H-pyrrolium  trifluoromethanesulfonate
(7f-N"Me)

Methyl trifluoromethanesulfonate (0.22 mmol, 2% was added to a
solution of 7f (0.22 mmol, 90 mg) in anhydrous benzene (5 ml). The
product of reaction was recovered guantitativelyyabow-orange

oil.
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'H NMR (CDCl, 400 MH2) (Mix1:1 Z/E) &: 1.11 (3H, t, J 7.Hz,
Z), 1.11 (3H, t, J 7.5z E), 2.56 (3H, s, E), 2.72 (3H, s, Z), 3.13
(1H, d, J 16.6Hz, E), 3.18-3.30 (4H, m, mix E/Z), 3.40 (1H, d, J&.6
Hz Z), 3.52 (3H, s, E), 3.54 (3H, s, 2), 3.77 (1HJd16.6Hz, E),
3.90 (1H, d, J 16.6iz, Z), 4.10-4.30 (8H, m, mix E/Z), 6.83-7.00
(4H, m, mix E/Z), 7.51 (1H, d, J 9Hz, Z), 7.54 (1H, d, J 9.Riz, E),
8.52 (1H, s, E), 8.90 (1H, s, Z)’C NMR (CDCL, 100 MH2) &:
13.50, 17.30, 17.43, 28.32, 32.02, 37.62, 37.90,8315.38, 55.70,
57.67, 58.12, 63.46, 63.57, 69.35, 71.66, 109.08.44, 114.43,
114.83, 115.41 (q,'J287 Hz), 118.82, 122.00, 127.93, 128.12,
129.28, 129.63, 130.92, 131.31, 149.73, 150.36,1951154.65,
156.60 (q, 938 Hz), 156.70 (q, 338 Hz), 163.56, 164.34, 167.64,
168.66; ESI MS, m/z: [M = 425.

3,3methoxyphenyl prop-2-enoic acid (52)

A stirred solution of Malonic acid (4.60 g,40 mmoB-methoxy
benzaldehyde (5.38 ml,40 mmol), pyridine (3.20 tlmol) and a
catalytic amount of piperidine was refluxed at Q. After 2h the
mixture was allowed to 115°C. After 1h the mixtuvas allowed to
room temperature. The solution was poured in afath (water 40
ml). and it was acidify with HCI (6M). The mixtukeas filtered and
it was dried under vacuum at 50°C over night afifogd?2 (6.60g, 37
mmol, 84%)as white solid m.p. (116°C-119°C).
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'H NMR (200MHz, CDCly) &: 3.84 (3H, s,); 6.44 (1H, d, J 153:B);
6.96(1H, m, gara 0.80HZ; Jyera 2.6 HZ, JorTo 6.8H2), 7.06 (1H, t, J
2.2Hz J 3.8Hz); 7.14 (1H, d, J 7.612); 7.32 (1H, t, J 7.8i1z, J 15.8
Hz); 7.76 (1H, d, J 15.8i2).

3-(3-methoxyphenyl)propanoic acid (53)

To a solution of 52 in EtOH (30 ml) was added 10% Pd/C and the
flask was posed in a Shaker Type Hydrogenation fgipa fot 2h at
30 psi. The mixture was filtrated through celitel peith ACOEt. The
mixture was concentrated vacuoaffording53 as a yellow oil. This
oil at room temperature spontaneously affordb®) as a white
christal solid (6.65 g, 36.9 mmol, 98%) m.p. 40°&4.

'H NMR (200 MHz,CDCk) 3: 2.67 (2H, m); 2.94 (2H, m); 3.79 (3H,
s,); 6.77 (3H, m) ; 7.21 (1H, m); 9.00 (1H, s,-COOH

N-methoxy-3-(3-methoxyphenyl)-N-methylpropanamide §4)

A solution of53 (3.32 g, 18 mmol) in CKCl, (50ml) was treated
with N,O-dimethylhydroylamine hydrochloride (3.00 0 mmaol),
EDCI (5.74 gr, 30 mmol), pyridine (2,44 ml, 30 miahd catalytic
amount of DMPA and stirred at room temperature 2br The
reaction was quenched with HCI 5% (25ml) an®H25ml). The ag.
phase was extracted with AcOEt. The organic layen®e dried over
anhydrous sodium sulfate, and concentratedracuo affording a

crudeb4 as yellow viscous oil (4.45 gr). Oil was dissohiedAcOEt
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and it was washed with a saturated solution Nagl@Be mixture
was extracted with AcOEt, dried over anhydrous wodsulfate, and
concentratedn vacuoaffording54 (3.46 g, 15 mmol, 84%) as clear

yellow oil.

'H NMR (200 MHz, CDCI3)5: 2.76 (2H, t); 2.92 (2H, m); 3.17 (3H,
s); 3.79 (3H, s); 6.78 (3H, m); 7.20 (1H, dd).

Tetrabutylammonium peroxydisulfate
Tetrabutylammonium hydrogensulfate (21.2 g, 64.0othand
potassium persulfate (8.70 g, 32.0 mmol) were tlissbin 140 mL

of distilled water and the solution was stirred 8fF min at room
temperature. The solution was extracted withClH(3x30 mL), and
the combined organic layers were washed with idtivater (3x30
mL), dried over anhydrous BaQ,, and filtered. Evaporation of the
solventin vacuoand subsequent drying under high vacuum gave
TBPA (21.0 g, 31 mmol,) as a white solid in 97%Ilgien.p. 118—
120 °C

'H NMR (200 MHz, CDCLk) &: 0.94 (12H, t); 1.43 (8H, m); 1.60
(8H, m); 3.28 (8H, 1).
3-(2-iodo-5-methoxyphenyl)-N-methoxy-N-methylpropaamide

(55)

To a stirred solution 054 (1.35 g, 6.05 mmol) and TBPA (4.42 g,
6.05 mmol) in CHCN (30ml) was added a solution gf(L.54 g,
6.05 mmol) in CHCN (70ml). The mixture was stirred for 5h at
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48°C. The dark solution was allowed to room temjpeeaand a
solution of NaSO; 1M was added untibleaching of the reaction
mixture. The ag. layer was extracted with ACOEt (3x20 migl &ime
organic layers were washed with® The solvent was dried and

concentrateth vacuoto give55(1.73 g, 4.95 mmol, 82%).

'H NMR (200 MHz, CDCL)8: 2.71 (2H, t); 3.02 (2H, m); 3.18 (3H,
s); 3.64 (3H, s); 3.77 (3H, s); 6.48-6.54 (1H, d&, . 5.7HZ); 6.86
(1H, d, j 3.2H2); 7.66 (1H, d, ] 8.B12).
3-(2-iodo-5-methoxyphenyl)propanal (47)

A 50 ml dry four-necked round bottom flask equippeith a
mechanical stirrer, an internal thermometer, a ealdeptum and an
argon gas inlet was charged with 500 m&®{1.43 mmol) and 12.8
ml of anhydrous THF. The stirred solution was cddie -78°C by
mean of a liquid nitrogen bath and 7.16 ml (7.16 ahnof a 1M
solution of DIBAL-H in THF was added dropwise. Aftéh the
solution was allowed to 0°C and it was quenchetl Witetone (0.41
ml, 7.16 mmol) and a solution of Rochelle (20mlpeTmixture was
allowed to room temperature and it was stirredtafar 1h. It was
extracted with AcOEt; dried over anhydrous ,8@, and
concentratedn vacuo The product7 (360 mg, 1.24 mmol, 86.7%)
was obtained after purification by flash columnarhatography on
silica gel (petroleum/AcOEt 8:2).

'H NMR (200 MHz, CDCI3): 2.71 (2H, t); 3.02 (2H, m); 3.18 (3H,

s) 3.64 (3H, s); 3.77 (3H, s); 6.48-6.54 (1H, dB, B.Hz); 6.86
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(1H, d, J 3.2H2); 7.66 (1H, d, J 8.82). IR (film) v: 2935; 1721;
1588-1566; 1465; 1278; 801 ¢m

Methyl (25)-5-oxo-2-pyrrolidinecarboxylate (57)

To a stirred solution of L-pyroglutamic acid (13597 mmol) in
MeOH (150 ml) at 0 °C was added thionyl chloridd (hl, 194
mmol) dropwise over 5 minutes. The reaction wasvad to warm
to r.t. and stirred for 2 hours. The reaction mig&twas concentrated
in vacuq and the resulting yellow oil was dissolved in DGID0
ml), washed with a saturated solution of NaHG80 ml) and brine
(30 ml). The combined aqueous layers were furtixéraeted with
DCM (5x30 ml). The organic layers were then driegroNgaSQy,
filtered and concentratdd vacuoto yield57 (14 g, 83%) as a clear
oil, which was used without further purification.

'H NMR (200 MHz; CDC})) &: 2.27 (4H, m); 3.71 (1H, s); 4.23 (1H,
m,); 7.07 (1H, s).

1-tert-Butyl 2-methyl (25)-5-oxo-1,2-pyrrolidine dicarboxylate
(48)

To a stirred solution 057 (5 g, 30 mmol) in CKCI, (10 ml), was
added ditert-butyldicarbonate (9 g, 40 mmol) and DMAP (360 mg,
3 mmol). After 3 hours the reaction mixture was aamratedin
vacuo to vyield a dark orange oil. Purification by column
chromatography eluting with EtOAc/Petroleum 4:6/ield 48 (12.6
g, 70%) as white crystalline solidy.p. 67-69°C.
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[a]*5 -31.8 € 1,CHCI).

'H NMR (200 MHz, CDCL)3: 1.48 (9H, s); 2.00 (1H, m); 2.23 (1H,
m); 2.50 (1H, m); 2.59 (1H, m); 3.77 (3H, s); 4@H, dd, J 10, 3
H2). IR (film): v 2996, 1755, 1737, 1701, 1301, 1142'cm
(2S)-1-tert-butyl  2-methyl  4-(1-hydroxy-3-(2-iodo-5methoxy
phenyl) propyl)-5-oxopyrrolidine-1,2-dicarboxylate (58)

To a solution of methyl N-BOC-pyroglutamagé8) (240 mg, 0.98
mmol) in dry THF (5mL) stirred at -78 °C was added M solution
of lithium hexamethyldisilazide in THF (1 mL, 1 mihoThe
reaction mixture was stirred for 1 h at -78 °C ptmthe addition of
a solution of the aldehyd@7) (300mg, 1.04 mmol) and BBF;
(22511, 1 mmol) in THF (5 mL). The reaction mixture wstgred for
2 h at -78 °C and it was quenched with saturateddW<olution (5
mL), and HO (5 ml), and it was stirred at r.t. for 15 minutasd
extracted with ethyl ether (3x20 mL). The combimedanic phases
were dried over N&O, filtered, and evaporated to dryness.
Purification of the crude 58 by flash chromatography
(AcOEt/Petroleum 2:8) gave a mixture of aldéi (410 mg, 0.77

mmol, 78%)

[a]?% -14(c1,CHCI)

'H NMR (400 MHzCDCHL)3: 1.49 (9H, s); 1.658-1.746 (3H, m);
2.149-2.207 (2H, m); 2.614-2.663 (1H, m); 2.68462.92H, m);

124



Chapter 4 Experimental

3.76 (3H, s); 3.77 (3H, s, -COOGH4.37 (1H, s, -OH); 4.564 (1H,
dd); 6.512 (1H, m);6.844 (1H, d, J 312); 7.648 (1H, d, J 8H2).
(S)-1-tert-butyl 2-methyl 4-(3-(2-iodo-5-methoxyphayl)
propylidene) -5-oxopyrrolidine-1,2-dicarboxylate (9)

To a stirred solution 068 (820 mg, 1.54 mmol) in dry CE&l,
(10ml) at 0°C was added Imidazole (314 mg, 4.62 thmo
Triphenylphosphine (444 mg, 1.70 mmol) and(430 mg, 1.70
mmol). After this solution was stirred at r.t. f8h it was quenched
with NaS,03 (6 ml) and HO (4 ml). The mixture was extracted with
CH.Cl, (3x20 ml) and washed with Brine, dried over 8@,
fitered and evaporatedn vacuo affording to crude 49 as
diastereomeric mixture. After purification by flashromatography
(AcOEt/Petroleum 3:7) affording (140 mg, 0.27 mmol) and (40
mg, 0.07 mmol)E+Z (610 mg, 1.18 mmol) (yield 88%).

E [a]* +64 € 1,CHCI)

Z[0]* -2.53 €1,CHCI)

'H NMR (400 MHz, CDCE) E 8: 1.05 (9H, s); 2.419-2.523 (3H, m);
2.79-2.85 (3H, m); 3.75 (3H, s); 3.76 (3H, s, -CQQY 4.58 (1H,
dd, J 10.2, 3.H32); 6.51 (1H, dd, J 8.8, 282); 6.72 (1H, d, J 3.2
Hz); 6.79 (1H, m); 7.65 (1H, d, J 8HM2).*C-NMR (400 MHz
CDCly) E 8: 25.66; 28.01; 30.01; 39.46; 52.66; 55.46; 55&871;
88.58; 114.34; 115.68; 129.67; 137.34; 140.06; 1%4149.96;
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160.11; 165.80; 171.73. IR (film). 2980; 1772; 1733; 1701; 1236;
1146; 718 cii MS (m/z) 516.0; 459.9; 415.8; 275.7 m/z.
(S)-1-tert-butyl 2-methyl 4-(5-methoxy-2,3-dihydroiH-inden-1-
ylidene)-5-oxopyrrolidine-1,2-dicarboxylate (50)

To a stirred solution 049 (200 mg, 0.38 mmol) in anhydrous DMF
(6ml) was added Pd(OAc) (8.53 mg, 0.038 mmoal),
Triphenilphosphine (40.75 mg, 0.15 mmol) and TEAGB mg 1.14
mmol). The mixture was heated at 110°C for 5h d@nglais washed
with Brine. The aq. layers were extracted with@e{3x20ml), and
the organic phase was dried, filtered and evapdratdash
chromatography on silica gel (AcOEt/Petroleum Zaffprded 50
(100 mg, 0.26 mmol, 66%) as yellow solid.

[a]* +2.43

[0]%%g +5.74

'H NMR (400 MHzCDCL)5 :1.51 (9H, s); 2.93-2.98 (1H, dd, J 16.8,
2.8Hz); 3.04 (2H, t, J 6.4); 3.29-3.47(3H, m); 3.75 (3ht,3.84 (3H,
s); 4.72 (1H, dd, J 10.6,3182); 6.85 (1H, dd, J 8.6, 2.42); 6.90
(1H, s); 7.40 (1H, d, J 84%)."*C-NMR (400 MHzCDCl)3: 28.05 ;
28.31; 30.97; 31.47; 52.55; 55.52; 56.01; 83.129.94; 114.04;
114.46; 126.67 ;133.14 ;150.46; 153.86; 155.21;.861,167.61
:172.27. IR(filmy: 2976; 1748; 1708; 1596-1488; 1149 “tm
MS(m/z): 387.9; 331.9; 287.9.
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Analytical conditions for chiral separation:
49 S:EnantiomelL — 49 R: EnantiomeD
System HP Agilent 1100 HPLC

Column: ChiralPak AD-H 250 x 0.46 cm
Mobile phase n-Hexane/EtOH 65/35% v/v
Flow rate: 0.8ml/min

DAD: 210/340 nm

CD: 240 nm
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400,00+ 1
. )
{4

200.00+

5000

] \
A TRRTURPRLY T WY ISR [SPUR N B PO T T o S A A Ao ot Mttt < AL g P A b AR A
.50 nom e '\A‘m\..fw\,@r W Mot A o S oy g A W

- / iy
49.00 l
] i
48.50
1 T T d T T | T T T "
000 200 400 600 3.00 10,00 12.00 14.00 1600 18.00
Minntes

UV and CD Chromatograms of 49 R

127



Chapter 4 Experimental
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50S:Enantiomei. — 50 R: EnantiomeiD
System HP Agilent 1100 HPLC

Column: ChiralCel OD-H 250 x 0.46 cm
Mobile phase n-Hexane/EtOH 70/30% v/v
Flow rate: 0.8ml/min

DAD: 210/340 nm

CD: 240 nm

EnantiomeD
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UV and CD Chromatograms of 50 R
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EnantiomelL
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4.3 Abbreviations

Ac Acetyl

ACN Acetonitrile

DCM Dichloromethane

DIPEA N,N-Diisopropyletlaynine

DMAP 4-Dimethylaminopyine

DMF Dimethylformamide

DMSO Dimethyl sulfoxide

EDCI 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide

KHMDS Potassium Hexamethyldisilazane

LDA Lithium diisopropylamide

LHMDS Lithium Hexamethyldisilazane

LIHMDS Lithium bis(trimethylsilyl)amide

Ms,MsO Mesyl

NBS N-bromosuccinimidesuccinimide
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PCC
Pd/C
PPSE
PTSA
Py
TBAF
TBPA
t-BuOH
t-BuOK
TDA-1
TEA
TFA
Tf, TfO
THF
TBMS

Ts, TsO

Experimental

Pyridinium Chloro Chromate
Palladium on l&zar
Trimethylsilyl polyphosphate
para-Toluene solfonic acid
Pyridine
tetran-Butylammonium fluoride
Tetrabutylammoniperoxydisulfate
tert-Butanol
Potassiuntert-butoxide
Tris(2-(2-methoxyethoxy)ethyl)amine
Triethylamine
Trifluoroacetic acid
Triflate
Tetrahydrofuran
tert-Butyldimethylsilyl
Tosyl
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