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Abstract

In this thesis we will disclos¢he results obtained from the diastereoisomerit sa
formation @ salt,p salt andp;,n; salt) between non-racemitans-chrysanthemic acid
(trans-ChA) and pure enantiomers thfrec-2-dimethylamino-1-phenyl-1,3-propanediol
(DMPP). The occurrence op;,n; salt formation can have profound effects on
enantiomer separation of scalemic (non-racemic)tures. This phenomenon when
accompanied by substrate self-association impddesdmplete recovery of the major
enantiomer through formation of an inescapablemate cage.

A synthetic sequence for the asymmetric synthesibi@y/clo[3.2.0]heptanoneand
bicyclo[3.2.0]hept-3-en-6-ones through a cycloaddit strategy is reported. The
fundamental step is a [2+2]-cycloaddition of anrdgmmgpure amide derived from the
reaction between a set of acids and an oxazolidim@nthe chiral auxiliary. The inter-
and intramolecular cycloaddition of in situ-genethketeniminium salts gives bicycles
with a good enantioselection.

A key intermediate of lloprost, a chemically stalbled biologically active mimic of
prostacyclin PGl is synthesized following agteenapproach’. An example of simple
optical resolution of this racemic intermediate diwng the diastereocisomeric salt

formation is described.
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Chapter 1

Chapter 1

Introduction

1.1 The importance of enantiopure compounds

One aim of synthetic organic chemistry is to previdiscoveries and inventions that
have a great impact in many areas like biology, ionee and agriculture. Many
efficient procedures have been devised which alibe preparation of complex
compounds with chemo- regio- stereo- and especatigntioselection. Asymmetric
control of reaction is therefore essential evemyetibiologically active molecules are
involved. In the early 1960s the Thalidomide tragdtd brought to the public’'s
attention the importance of producing drugs in ¢oameric pure form. In England,
Thalidomide was marketed in racemic mixture and elyidused to alleviate the
undesired symptoms of pregnancy. Unfortunatelyl&be, it was found that while the
(R) enantiomer is the active analgesic principle,dpposite § enantiomer is teratogen
and so responsible of birth deformities of numerdoabies. The importance of
enantiopure compounds results from the close oglship between the absolute
configuration of a molecule and its biological pedges and effects. Since then most
drugs are now marketed as single enantiorhexn if they are synthesized as racemic
mixture. The required enantiomer has been achievgdoptical resolution and

purification of racemic mixture or by asymmetri@acéon.

1.2 An industrial angjreenpoint of view

In the attempt to meet the evermore stringent sas@aands of new products with
improved performance, lower financial price and déowenvironmental impact, the

chemists have been focused on the developmentwofpnecesses and products based

1 1n 1992, the US Food & Drug Administration (FDAsued a policy on stereoisomeric drugsf&d.
Reg.22 249 1992. According to this regulation, racemates can did,sbut both enantiomers must be
characterized pharmacologically and toxicologicallyhis characterization is usually so long and
expensive that the single enantiomer synthesiftés preferred.
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on the so calledgreenchemistry’. In 1998, Anastas and Warhekposed the twelve
principles of green chemistry: 1) prevention, 2) atom economy, 3) laszardous
chemical synthesis, 4) designing safer chemicalsater solvent, 6) design for energy
efficiency, 7) use of renewable feedstock, 8) redderivates, 9) catalysis, 10) design
for degradation, 11) real-time analysis for pobuatiprevention, 12) inherently safer
chemistry for accidental prevention. The goal a$ tthemistry is the optimization of
production processes and of the resources expmitafo be successful this technology
should be applied in an economically viable mannaithout side effects for
environment following the concepts of ‘intensificet and ‘minimization’ of the

industrial process.

1.3 Chrysanthemic acid

Nature is the uncontested master in the designobddically active compounds. From
Nature we have discovered many compounds that &@wagly enhanced life in the
developed societies. For example, a famous andhpol@ss of insecticides, the natural
esters Pyrethrins, contains Chrysanthemic acichasfundamental active constituent
(Figure 1).

JUCEELARES Chrysanthemic acid

O
Y OH

2
3
3

\

la

Pyrethrins

Figure 1

To improve the repellent activity and delete thetphinstability of these esters a new
generation of pyrethroids was developed. The bio&goroperties of this repellents

used in crop protection are related to the relatime absolute configuration of the

2 Anastas, P. T., Warner, J. Green Chemistry: theory and practjcd&998 Oxford University Press, p
30.
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Chrysanthemic acid. Hence, again the necessity eeeldp efficient asymmetric

resolution methods results evident.

1.4 Prostaglandin precursors and analogues

Prostaglandins have an immense biochemical impoetérecause of their fascinating
pharmacological properties. Several useful inteiated were synthesized in these
years, and the bicycle-ketene here representedlsisan example of these classes of

attractive precursors (Scheme 1).

bicycloketone prostacyclin lloprost
COOH COOH
0 /
/ = 97\ =1
FZ
Q\/\:/\/\/ Q\/\:/'\/

HO OH HO OH

PRECURSOR STABLE ANALOGUE
Scheme 1

Compounds belonging to this class have a verssttileeture, a rigid skeleton and two
fused rings with different functionalizable grouptherefore they are attractive
precursors for the asymmetric synthesis of proatafjh and their biosynthesized
analogues, prostacyclins. Since the discovery oftpcyclins the search for more
chemically and biologically stable mimics has beagoing. The carbocyclic analogue
lloprost is a valuable drug for the treatment dhpanary hypertension and it is a potent

inhibitor of blood platelet aggregation.

1.5 Outline of the thesis

These reflections are at the basis of the workudsed in this thesis and of many efforts
made in my group. In particular, the first topicatdewith an optical resolution of a
chrysanthemic acid scalemic mixture by formatiordiaistereomeric salts. In this case,

the influence of thep,n; salt formation in the separation process is hgtieéd and
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explained (Chapter 2).hen a method of synthesis of enantiopure bicyttmies based
on [2+2]-cycloaddition of chiral amides will be disssed. First, synthetic route to these
chiral intermediates will be describ@dhapter 3) Finally the attention is focused on the
total synthesis of lloprost. The intensificationtbé& synthetic process of a key racemic
precursor is presented. The description of a newhadelogy for its enantiomeric
resolution is explaine(Chapter 4)
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Chapter 2

Influence of p;,n; salt in the enantiomeric separation of

trans-Chrysanthemic acid

2.1 History

In 1924 Staudinger and Ruzickaliscovered that the pyrethrin natural active
compounds are esters of chrysanthemic acid andhpijreacid (Figure 2). Pyrethrins
are natural insecticides obtained by dried flowefspyrethrum Chrysanthemum
cinerariaefolium and C. coccineumn Those natural repellents and related synthetic
analogues (first synthesized by Staudiflgare instable in air and light, so this limit
restricts and penalizes their use in agricultuapqurotection against pests. Extensive
research has product important industrial works academic papers of a new and
powerful class of estersThose pyrethroids are photostable, biodegradatilecauple a
high insecticidal activity with a low mammalian toity.°

R R’
Pyrethrin | Me CH=CH,
R O Pyrethrin Il COMe CH=CH,
)=/¢ Cinerin | Me CH;Me
£ Cinerin Il CO,Me CH,Me
Jasmolon | Me Me
Jasmolon I COMe Me

Figure 2

% H. Staudinger, L. Ruzick&jelv. Chim. Actdl924 7, 177, 201, 212, 236, 245, 377.

In 1939 L. Ruzicka was Nobel laureate in Chemiatrgl in 1953 H. Staudinger too.

“ H. Staudinger, L. Ruzick&jelv. Chim. Actd 924 7, 448.

®a) S. Jeanmarfust. J. Chem2003 56, 559 and references cited therein; b) A. FimnD. Kellner, D.
loffe and E. ShapirdQrg. Process Res. De200Q 4, 77 and references cited therein; c) J. Cra3bsgtic.
Sci, 1996 46, 11; d) J. Martel, ichirality in Industry ed. A. N. Collins, G. N. Sheldrake and J. Crosby,
John Wiley & Sons, Chichester, UK992 ch. 4 pp. 87-109; e) K. Naumann, @memistry of Plant
Protection ed. W. S. Bowers, W. Ebing, D. Martin and R. \eglSpringer Verlag, Berlin, Germany,
199Q vol. 5, ch.1, pp. 3-100; f) J. Tessi€hem. Ind, 1984 199; g)Pyrethrum—The Natural Insecticide
ed. J. E. Casida, Academic Press, New York, URX3 h) D. Arlt, M. Jautelat and R. Lantzsdfngew.
Chem., Int. Ed. Engl1981, 20, 703; i) M. Elliott and N. F. JaneéShem. Soc. Re®978 7, 473.

® M. Elliott, ACS Symp. Set977 42,1 and references cited therein.




Chapter 2

trans and cis-2,2-Dimethyl-3-(2-methylprop-2-enyl)cyclopropaneariooxylic acids
(Chrysanthemic acid, ChA) so are important startimgterial for the preparation of
several natural and synthetic insecticides for ¢dbetrol of many kinds of undesired
mites, insects, and spiders in agriculture crop endhe public health sector. The
biologic activity is correlated to the chirality die optical isomers: the more effective
one is shown to be (d#)ans isomer, followed by (+Eis, instead the (—gis and (-)-

transare almost ineffective(Figure 3).

(COOH X COOH
— Y ToOH )=/ CcooH )=

(1R,3R)-(+)-trans1a (1IR,39)-(+)-cis 1b (1S3R)-(-)-cis1c (1S,39)-(-)trans 1d

Insecticidal activity among the four isomers of chysanthemate moiety

Figure 3

The first asymmetric synthesis was made by Aragaml co-workers exploiting the
reaction of alkyl diazoacetate with an olefin cggald by a chiral copper complex to

obtain an optically active alkyl cyclopropanecanjate (Figure 4).

Copper catalyst
:5 R trans-cis % ee %_ee
X ' CgH170 (trans) (cis)
E:C N/y”R. R'=—Q Et 51/49 68 62
CU‘O t-Bu 75/25 75 46
J/ t-Bu l-adamantyl 84/16 85 46
2 I-menthyl (de) 93/7 94 46

Figure 4

The asymmetric cyclopropanation is one of the naedfstient methods to synthesize

optically active chrysathemic acid est&fBo be employed in an industrially applicable

’ For the racemization and epimerization of chrysamtic acid isomers, see G. Suzukamo, M. Fukao and
T. NagaseChem. Letterd984 1799; G. Suzukamo, M. Fukao and M. Tamdretrahedron Letterg5,
1984 1595.

8 Aratani, T.; Yoneyoshi, Y.; Nagase, Tetrahedron Letter$975 1707;1977, 2599;1982 685. Aratani,
T.1985 1839.
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process this reaction needs to proceed with gosr@est and enantioselectivity, and to
use a simple alkyl diazoacetate and high catalystiency: a panoramic summary of
reactions and catalysts has been made by Itagakycasworkers? The use of ethyl
diazoacetate (although a toxic and hazardous claémroduct) allows a great atom
economy, and still now many industries prepare ésrof racemic chrysathemic acid in
mixtures oftrans andcis-isomers in ratios ranging from 65:35 to 9:1 exjnhgy a metal
catalyzed carbene insertion reaction of this stgrtmaterial on 2,5-dimethyl-2,4-
hexadiené! Mixtures with a poor content ofransChA can be enriched by
epimerization because of this isomer is the thegmanhically more stable and the
equilibrium ratio (depending on the operative ctinds) is on the order of 9:1.

2.2 Optical resolution

Enantiopurdrans andcis-ChA 1 are fundamental for the syntheses of pyrethroidis wi
greater insecticidal and repellent activity likgpeymethrin2a, deltamethrir2b and §)-
bioallethrin2c (Figure 5).

X O PR
//—O
@)
X= Cl, cypermethrir2a (9-bioallethrin2c

X= Br, deltamethrir2b
Figure 5

Asymmetric catalysis is an elegant and fascinatmge to the “chirality” but, many
limits hamper the industrial use of catalysis indarct, for example: a) the catalyst cost,
stability, availability and efficiency; b) the cestesulting from licensing patents; c) the

need of specialized equipment d) (frequently) tlse wf low temperatures, high

° Doyle, M. P.; McKervey, M. A.; Ye, TModern Catalytic Methods for Organic Synthesis vilithzo
CompoundsJohn Wiley & Sons: New York,998 Lebel, H.; Marcoux, J.-F.; Molinaro, C.; Charetie
A. Chem. Re. 2003 103 977

19 |tagaki, M.; Masumoto, K.; Suenobu, K.; YamamotoOrg. Process & Re\2006 10, 245.

1 Campbell, I. G. M.; Harper, S. H. Chem. Sod 945 283; Sanders, H. J.; Taff, A. Wad. Eng. Chem.
1954 46, 414.
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dilutions and purities of reagents and solvéhfShough progresses in this field during
the last two decades are indubitable and impres#ineoptical resolution of racemic
acids and basesa formation of diastereomerip andn salt® (Scheme 2), and their
separation by crystallization, is still the preégfrmethod to obtain a vast majority of

enantiopure molecules that are pharmaceutical grathemical targets.

®H-A+(+)-B —5 (+)-A(+)-B + (-)-A (+)-B The letterp is used to designate the

p salt n salt diasteroisomers resulting  fro
reaction of two constituents having
like sign of rotation, the lettar to
unlike sign.

=

Resolution of a racemic acid (£)-A with an enantiopre base (+)-B

Scheme 2

The essence of this type of resolution (a substekective process) is the differential
interaction of the enantiomers of a racemic mixtwrih the resolving agent to form a
pair of diastereomers, which exhibit different plogshemical properties and can be
separated by an achiral method. Finally the singjestereocisomers have to be
decomposed to obtain the unchanged agent and teeepantiomer$! Resolution can

be yielded by formation of covalent or non-covaldi@stereomers (Scheme 3); in the
second case, for example, by salt formation (wiillia or basic substrate) or complex

formation (with neutral racemate).

Optical Resolution

e Spontaneous resolution, induced Salt Formation
crystallization Complex Formation
. . # covalent “Half equivalent” method
* By Formation of Diasteromers # non -covalent  With mixture or resolving agent
« By substrate selective reactions With a derivate of the target
compound
«  Combined with ¥ order asym. Enantioselective chromatography
transformation: racemization and Enantioselective phase-transfer
deracemization
Scheme 3

Formation ofp andn salt is the preferred methodology particularly whiee undesired

enantiomer can be recycled, as in the case, and thleegoal is an industrial application

'? Blaser, H. UChem. Comn2003 293.

13 David KozmaCRC Handbook of Optical Resolutions via Diasterewmisric Salt formationCRC Press,
London,2003%; Jacques, J.; Collet, A.; Wilen, S. Bnantiomers, Racemates, and Resolutid¥igey and
Sons, New York1981

1 Fogassy, E.; Nogradi, M.; Kozma, D.; Egri, G.;d%tds, E.; Kiss, VOrg. Biomol. Chem2006 3011.
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(crystallization techniques is economical, scalable in general no complex or

expensive equipment is necessary).

2.3 The small molecule: DMPP

In the resolution of théransChA la Roussel-Uclaf has developed the most efficient
process? that uses as the resolving agent the enantiopliRe2R)-(-)-(threo-2-
dimethylamino-1-(4-nitrophenyl)-1,3-propanedi8l{DMAD). The precipitation of the

n salt occurs when this base is used with a cryzilbn co-solventi{Pr,O/MeOH).
Methanol is incorporated into the crystals of tlkesl soluble salt, and promotes the

nucleation and the crystal growth (Schemé&®4).

DMAD OH solvent Yield Optical purity S
i-Pr,O/MeOH 84.4 % 96.7 % 0.82
OH di-n-butyl ether/MeOH  99.2 % 83.9 % 0.83
N diethyl ether/MeOH 86.5 % 99.3 % 0.86
02N N 3

E. Fogassy, et al. Chem. Soc., Perkin Trans.200Q 149.

Scheme 4

In the scheme a new parameter is highlighted: #soRing Efficiency (S), also called
Fogassis parameter. This is used for a numerical charaetéon of the resolution and
so, it allows comparing the efficiency of differgbcesses. Resolving Efficiency is the

product of yield y) times the enantiomeric puritg.€) (Equation 1).

5 Inter alia: @) quinine: (i) I. C. M. Campbell and 1$. Harper,J. Sci. Food Agric1952 3, 189, (ii) L.
Crombie, J. Crossley and D. A. Mitchard, Chem. Sacl963 4957; b) L-lysine: M. Matsui and F.
Horiuchi, Agric. Biol. Chem1971, 35, 1984; c) L-2-benzylaminopropanol: F. Horiuelnd M. Matsui,
Agric. Biol. Chem.1973 37, 1713; d) (--(1-naphthyl)ethylamine: (i) F. Horiuchi, A. Higona H.
Yoshioka, Sumitomo Chemical Co. Ltéierman Pat2 300 3251975 (ii) K. Sasaki, Sumitomo Chem.
Co. Ltd, Japanese Pat98-16789,1999 e) (§-1-phenyl-2-p-tolyl)ethylamine: (i) M. ltagaki, G.
Suzukamo, K. Sasaki and K. Fujita, Sumitomo Chem. Gd, Eur. Pat 933349 A1,1999 (ii) G.
Suzukamo and K. Sasaki, Sumitomo Chemical Co.EBdr, Pat 1236708 A12002 f) (S-1-phenyl-2-
methylpropylamine: H. Hagiya, Sumitomo Chemical Ctl., Japanese Pat2001114728 A22001; g)
L- or D-N-methyl-ephedrine: C. Pavan, J. BulidonguBsel Uclaf,US Pat4 257 976,1981 h)
phenylglycinamide or 2-phenylglycinonitrile: F. BB E. Fogassy, L. Nagy,. Csiz, I. Czudor and E.
Kovacsne Kozsda, CHINOIN-BudapeBCTWO 90/081261990Q

6 Kozsda-Kovacs, E’., Keserii, G. M., Bocksei, Zij&wi, I., Simon, K., Bertdk, B., Fogassy, E.
Chem. Soc., Perkin Trans2R0Q 149.
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Resolving Efficiency

y=(R +R)/0.5G

_ # B, and R are the quantities (mol/l) of diastereomeric
S= (y X e-e-) salts precipitated
# G in the initial concentration of the racemate

Equation 1

The use of @ghreo-2-dimethylamino-1-aryl-1,3-propanediol, like inrocase the DMPP
4, as resolving agent gives to the process a pessilustrial andyreenapplication (in
accordance to the principles gfeen chemistry). The synthesis of those compounds
exploits the synthesis process technologies ob#tse of chloramphenicsl®, a potent
bacteriostatic antimicrobial, isolated from baateriStreptomices venezuelal the
past, this antibiotic was produced and used inelagale until the discovery of its
human toxicity. Due to this rare but serious sitfect (aplastic anemia), it was bandit
and a new similar drug was introduced in commeifueamphenicol. It is the methyl-
sulfonyl analogue ofchloramphenicob, but more potent and without the dangerous
side effects. The limit of this compound is thalyathe levorotating (—)-enantiomér)-

6 is active. The industrial synthesis provides irgéascale both the (+)- and the (-)-
enantiomer of a racemic precursoofVe could “recover” and exploit these optimized
synthetic industrial technologies to obtained aens@t of chiral target compounds in
both enantiomeric forms, that can be employed fangle to obtain versatile and good

resolving agents (Scheme 5).

Chloramphenicol 5 Thiamphenicol 6 Resolving agent
OH OH OH OH

OH OH

Cl Cl H
HN 9 HN
~N

o o Yo ¥

0] @] @)

6 (1R,2R)-(-) antibiotic

bandit d
andit drug 6 (1S29-(+) inactive

(DMPP)

Scheme 5

" poliakoff, M.; Fittzpatrick, J. M.; Farren, T. Rinastas P. TScience2002 297, 807.

18 “Chloramphenicol” is the assigned generic naméht compound-(-)-threo-N{1,10-dihydroxy-1-
pnitrophenylisopropyl)- dichloroacetamide for whiBlarke, Davis and Co. has adopted ‘Chloromycetin’
as its trademark; Bartz, Q. R.Biol. Chem1948 172, 445.

10
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2.4 Thep,,n, salt®

Due to this background, the aim of this work islevelop a practical process to resolve
racemic ChA mixtured of industrial origin by formation and separationooystalline
diastereomeric salts exploiting, like optically euresolving agent, thehreo2-
dimethylamino-1-phenyl-1,3-propanedib(DMPP). Despite the innumerable qualities
of the above described resolution method, somestiompredictable and exceptional
results occur: a well-crystallized and poorly sddulmixture brings to a racemic acid,
even after several recrystallizations. This phenmmecan be ascribed to the formation
of a 1/1 double salt, a third salt (callegn; salt) originating from a stable combination
of the p and n salts. Ladenbuf§ has postulated the existence of those salts at the
beginning of the last century, while the first stral evidence came lat€rln our case
racemictrans-ChA la forms p;,n; salts when treated with the pure enantiomers of
DMPP 4, where those new salts have the same rotatidmedDMPP4 enantiomer used
(Scheme 6).

(=DH OH
COOH X
I
TransChA la (+)-DMPP4
(@ (#)-ChA+2(+)B ———= (+)-ChA (+)-B + (-)-ChA (+)-B
p salt n salt
(b) (x)-ChA+2(+)-B ——  [(2)-ChA " (+)-B;]
p.,n; salt
Scheme 6

The single-crystal X-ray diffraction analysis (Figu6) has proved the uniqueness of
this salt, its supramolecular architecture and ithiah’t a simple mechanical mixture of

thep andn salts®?

% Rosini, G.; Borzatta, V.; Boschi, F.; Candido, Barotta E.; Righi, PChem. Commur2007, 2717.

2 |Ladenburg, AJustus Liebigs Ann. Chert908 340, 227.

“ Turkington, D. E.; MacLean, E. J.; Lough, A. Jer§uson G.; Glidewell, GActa Crystallogr., Sect. B:
Struct. Sci2005 61, 103.

2 Rosini, G.; Ayoub, C.; Borzatta, V.; Mazzanti, Marotta E.; Righi, PChem. Commur2006 4294.

11
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Figure 6

The presence of this salt can be exploited to recthe exceeding fraction of the major
enantiomer from non-racemic mixtufe.When a (+)ransChA (+)-1a enriched
mixture (50% ee) was treated with (+)-DMPB-4, the first 0.5 equivalents of added

base caused the precipitation of @, salt (Figure 7).

| (1S,25)-(+)-DMPP |

+
| (-)-trans-ChA (+)-trans-ChA (ee = 50%)

l i-Przo, A

(1S,2S)-(+)-DMPP

(-)-trans-ChA + (+)-trans-ChA

(+)-p4,n, salt Mother liquors

Figure 7

% For a very efficient resolution see: Rosini, GyoAb, C.; Borzatta, V.; Marotta E.; Mazzanti, A.;
Righi, P.Green Chem2007, 441.

12
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The same experiment was performed using the sabie &® (+)transChA (+)-1a
enriched mixture, but changing the base enantiomerompletely different behavior
was found: the addition of 0.5 equivalents of the[MPP (-)-4 (that is stoichiometric

to the excess of acid ee) caused the precipitafiamsalt (Figure 8).

(1R,2R)-(-)-DMPP

+
| (-)-trans-ChA (+)-trans-ChA (ee = 50%)

l i—PrZO, A

|(-)-trans-ChA [[EOFETIEREY (1R,2R)-(-)-DMPP
(+)-trans-ChA

Mother liquors (+)-n salt

Figure 8

In summary, when a non-racemic mixturetadnsChA 1la is treated with the pure
enantiomer of DMPR! with the same sign of rotation tlpe,n; salt is formed leaving
the exceeding enantiomer in solution. On the olfaerd, when an enriched mixture of
acid is treated with the pure enantiomer of bagk ofpposite sign and stoichiometric to
the exceeding fraction of theansChA la enantiomer,n salt always forms first,
leaving the acid racemate in solution. Charactegmaand solubility data of the salts

(Table 1,Table 2) did not fully explain this abgelspecificity fom salt formation.

DSC
o o frq <1 [a]p (c/g (10OmLY)
Mp/ C Peak/°C AHT) 9 in CHCJ solution at 23°C
(+)-p salt 90.0-92.0 88.81 -111.2 +39.7 ®.97
(+)-n salt 132.6-134.0 131.27 -126.7 +12.3 .
(+)-p,,ny salt  110.0-111.5 110.97 -146.4 +26.8 04).
Table 1

13
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Solubilities in i-Pr,O/mg ml™*
(performed by equilibrating the solid/liquid mix&uof the salt for 24h at the given temperature)

T/°C n salt p.,n; salt p salt
15 4.21 4.84 N.d. p salt is soluble in refluxing-PrO. Once
dissolved, it forms metastable solutions from
31 7.78 8.72 N.d. which precipitation is achieved only by
68 33.0 46.6 soluble scratching the container’s wallls.
Table 2

In the case depicted in Figure 7, the system ha®piportunity to choose between the
precipitation of the racemate as fhen; salt and that of thexceedingenantiomer as the

n salt. In such cases a specific and quantitatieeipitation of then salt has always
been observed. Unfortunately, this great selegtivit allows aquantitativerecovery of
the major transChA la the addition of 0.75 eq. (-)-DMPR-)-4 causes the
precipitation of a salt with only 66% ee. This % \wdue can be ascribed to 2 : 1
mixture ofn andp,,n; salts respectively.

To better understand this result we performed afstn crystallization experiments in
a parallel reactor (Table 3). The ten vessels wkaeged with increasing amounts of (—
)-DMPP (—)-4 (from 0.1 equiv. in vessel #1 up to 1 equiv. issa #10, in linear steps
of 0.1 equiv.). Then all the ten vessels were addédl equiv. of the scalemic mixture
of (+)-transChA (+)-1awith 50% ee in-Pr,O. The parallel reactor was heated at reflux
for 30 min and then the ten mixtures were let tgsi@lize. Chrysanthemic acid
obtained from solids and mother-liquors of eachsgksvas collected and separately
analyzed. The analyses showed thaglt precipitation occurs first (vessels 1-5) ap t
the point were all the exceeding ¢transChA (+)-1a enantiomer is consumed (0.5
equiv. of base for a 50% ee of ChA) leaving in 8ohuthetransChA la racemate.
Larger additions of the same DMPP base enantiomer (vessels 6-10) cause the

precipitation of thérans-ChA laracemate as th@,n; salt.
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vessel (_Zégm\?;éﬁ)tf Operation Precipitate
1 0.1
2 0.2 # addiction of (+}rans-ChA
3 0.3 (+)-1a(50% ee) iri-Pr,O n salt
4 0.4 # reflux for 30 min
5 0.5 # crystallization
6 0.6 # precipitate and mother liqugr
7 0.7 separation
8 0.8 # analysis p1,M salt
9 0.9
10 1.0
Table 3

This behavior may be explained by consideringnsChA la enantiomers self-

association in solution.

2.5 The diastereomeric dimer

In solution, the enantiomers can give rise to thenktion of three distinct dimers
(Scheme 7), namely the diastereomeric heterodinmet e two enantiomeric

homodimerg?

Trans-ChA self-association in solution

n [(+)-ChA (O)-ChA] + m=n [(-)-ChA]

M [(L)-ChA] +n [(+)-ChA] —~ Heterodimer
m'2 [(+)-ChA], + /2 [(-)-ChAL
m=>n \ Homodimer 1 Homodimer 2
Scheme 7

Three different situations can be considered. iié)al racemic compositionnf = n):

independently of the system preference, equal ateooh the two enantiomeric
homodimers are always formegh € n) and no free unmatched enantiomer is left after

the formation of heterodimem(- n = 0). (b) Initial non-racemic compositiom n)

with a preference for homodimerthe enantiomeric homodimers are formed in the

same initialm/nratio. (c)_Initial non-racemic compositiom n) with a preference for

the heterodimerafter the formation of heterodimer, the exceedmagtion of the major

enantiomer remains free in solution; this is théyarase where the initiain/n ratio

4 Gavezzotti, A.; Filippini, GChem. Comml998§ 287.
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between enantiomeric species is broken. This lptienomenon has been exploited in a
few cases for the achiral separation of the exogeeinantiomer from the racemate of a
non-racemic mixture of a chiral substarite.

The assumption that, in solutiomans-ChA la strongly prefers tdorm heterodimers,
can explain the different results obtainedh two enantiomers of DMPR. This can
also be implied by the fact that at room tempemmtacemidransChA lais solid (mp
54°C), while in enantiopure form is liquid (mp 1I°Z).

Thus, in a solution of enantioenrich#dnsChA 1a, the heterodimer actually acts as a
sequestrant of the minor enantiomer. Any base atlddte system would preferentially
react with the free fraction of the major enantiomeithout disrupting the stable
heterodimer. Given this picture, the addition ahei of the DMPP4 enantiomers
makes a big difference. If the DMRPbase added has the same rotation sign as the
exceedingirans-ChA 1a enantiomer (()-DMPP (-)-4, in Figure 1, reaction with the
free (-)-ChA(-)-1a would form thep salt, which is solubleT@able 2 and does not
precipitate. The only alternative for this baséoiglisrupt heterodimeric aggregate and
form the p;,n; salt.If the added enantiopure DMPFhas the opposite rotation sign with
respect to the exceedirntgansChA l1la enantiomer (f)-DMPP (+)-4, in Figure §,
reaction with the free (-)-Chf-)-1aprecipitates the less solubiesalt (Table 3. When
the free fraction of (—)-ChA~)-1lais consumed up to the n salt solubility levelHer
additions of the base would precipitate the hetienedas the,,n; salt

In an attempt to study the relative stability of th p;,n; andp salts we performed the
set of experiments depicted kilgure 9 In any case a salt was suspended in-4Rs20,
then 0.5 eq. of a pure enantiomettrains ChA la were added. The mixture was kept at
reflux for 30 min and then filtered. Enantiomer qmmsition oftrans-ChA 1a obtained

from the salts and the mother-liquors was deterchine

% 3) Tsai, W.-L.; Hermann, K.; Hug, E.; Rohde, Breling, A. S.Helv. Chim. Actal985 68, 2238; b)
Fogassy, E.; Faigl, F.;A’cs, Metrahedron1985 41, 2841; c) Nicoud, R.-M.; Jaubert, J.-N.; Rupprecht
I.; Kinkel, J.Chirality 1996 8, 234.
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Figure 9

The results were the following: (a) addition of @&. of (-)-ChA(-)-lato (+)4 salt
displaces 0.5 eq. of (+)-Ch@&)-1a from the salt to form the more stable and ins@ubl
(+)-p1,m salt; (b) addition of 0.5 eq. of (-)-Chf-)-1a to (+)41,m salt, does not
displace the remaining 0.5 eq. of (+)-Cf¥-1afrom the salt to form the salt: it only
displaces half of the remaining (+)-ChA)-1lato form a 1 : 1 mixture of andpi,n;
salts, so that a racemic composition is attainecdlution; (c)n salt formation is
completed by a addition of further 0.5 equiv. of-GhA (-)-1a and again attaining a
racemic composition in solution. Experiments (d)-stiow that it is possible to convert
the more stable and less solulblesalt into thep;,n; salt, provided that a racemic
composition of 1 is attained in solution: (d) aduhtof 0.5 eq. of (+)-ChA+)-1ato n
salt leads to the formation of the 1 : 1 mixturen@ndp,,n;salts and a racemic solution
of ChA 1a; (e) addition of further 0.5 eq. of (+)-Ch¢)-1a to this mixture of salts
leads to thep;,n; salt and a racemic solution of CHA; and (f) addition of 0.5 eq. of
(+)-ChA (+)-1ato p;,m salt causes no change since this would form treeddble and
more solubleg salt without the possibility to achieve a racesotution of 1.
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2.5 Conclusion

Considering its behavior with respect to the bad&PP 4, the major enantiomer in a
transChA 1la non-racemic mixture it is not all the same. Thet p# the major
enantiomer that exceeds the racemate forms thadt, while the fraction of the major
enantiomer that is part of the racemate behavestotally different way, forming the
p1,n; salt

This salt formation influence the enantiomer sefpamgprocess: when this phenomenon
is accompanied by the substrate self-aggregatiomescapable racemate “cage” may
form both in the solid phase (tlpg,n; salt) on one side and in the solution phase self-
aggregation of the substrate with preference ferhiiterodimer aggregat€igure 10.
This cage impedes the complete recovery of the meggantiomer of the substrate in an

enantioenriched mixture, allowing to recover ottlg exceeding part of it.

(+)-DMPP

(-)-ChA

~)-DMPP

(-)-DMPP
1

Figure 10

2.7 Experimental section

Enantiomeric composition of chrysathemic acid sasplas determined by CSP GC
(capillary column RBDEXsm™-RESTEK Corp.; 30 m; 0.32 mmID; 0,8, injector
275 °C; FID detector 300 °C; 80 °C (2 min) thenl®b °C (1.5 °C/min): f(+)trans
ChA] = 29.4min, {(-)transChA] = 30.3min. Differential scanning calorimetric
measurements were performed with a TA-Instrumer8€12920 apparatus adopting a
temp. program consisting of one heating ramp s@rfrom room temperature at a
heating rate of 4°C/min undernN
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Preparation of (+), (+)pand (+)41,n; salts: General procedure

A 250 mL round-bottomed flask was fitted with a matic stirbar and a reflux
condenser. The flask was charged witB 29)-(+)-DMPP (+)-4 (5.85 g, 30 mmol) and
100 mL ofiPr,O. The suspension was heated to reflux until tree b@as completely
dissolved, then the heating was stopped to add@0In(5.04 g dissolved in 20 mL of
IPrO) of (-)transChA (-)-1a (+)-transChA (+)-1a or (¥)transChA 1a in one
portion to obtain, respectively, the (m)salt, the (+)p salt and the (+jp;,n; salt. The
addition of (-)transChA (-)-1laand (x){ransChA 1a produced the quick precipitation
of, respectively the (+jsalt and the (+p,n; salt. The mixtures were heated for one
more hour, cooled to room temperature and the treguinicrocrystalline solids were
isolated by filtration, washed with-hexane and drieth vacuoto give the (+) salt
(95% vyield ) or the (+)p1,n; salt (94% vyield). After the addition of (#ans-ChA (+)-

la no precipitation of (+)p salt occurred, the solution was refluxed for odditonal
hour and then cooled at room temperature. It wasssary to scratch the walls of the

flask to start the precipitation of tipesaltas a white solid (80% yield).

(2)-trans-ChA«(1S 2S)-(+)-DMPP
[(+)-pu,n; salt]

'H NMR (300 MHz, CDCJ): & 1.08 §, 3H); 1.22 ¢ 3H); 1.30 (d, 1H, J; = 5.4 Hz,
J,=1.8 Hz); 1.68¢ 6H); 1.94 (d, 1H,J;= 8.0 Hz,J,=5.4 Hz); 2.71¢ 6H); 2.94 (M,
1H); 3.33 (d, 1H, J = 12.9 Hz, J=6.2 Hz); 3.52dd, 1H,, J = 12.9 Hz, J= 2.8 Hz);
4.67 @, 1H, 3= 9.5 Hz); 4.85¢, 1H, J;= 5.2 Hz); 7.341f, 5H); 7,41 bs 3H). *C-
NMR (75 MHz, CDC}): o6 19.10; 21.35; 23.06; 26.16; 27.94; 32.31; 32.4249;
37.63; 42.06; 58.41; 71.51; 71.69; 122.80; 122B5].68; 128.91; 129.27; 134.85;
141.86; 179.60; IR (KBry: 3,151; 2,922; 1,568; 1,421 €mMS (ES+,m/2: 196
(M*+1); 197 (M+2); (ES; m/2:167 (M-1); 168 (M). [a]p*° + 26.8 € 1.036, CHG));
m.p.: 109.7-111.5 °C; DSC: peak: 110.97 Al -146.4 Jg.

X-Ray crystal structure: orthorhombic, space group 22;, a = 11.1297(6),b =
13.4914(7)c = 28.0333(14) AV = 4209.3(4) & T = 293(2) KZ = 8,p. = 1.147 g cm
3 F(000) = 1584.0, graphite-monochromatedylcadiation § = 0.71073 A) (Mokq)
= 0.078 mm", colorless block (0.4 x 0.3 x 0.1 mMynempirical absorption correction
with SADABS (transmission factors: 0.9694 — 0.9922)00 frames, exposure time 10
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S, Omax = 27.50,Nmax = 14, knax = 17, Imax = 36, 45793 reflections collected, 9681
independent reflectiondRg; = 0.045), solution by direct methods (SHELX&Y7nd
subsequent Fourier syntheses, full-matrix leasgsEpionF,? (SHELX97°), hydrogen
atoms refined with a riding model, data / paransete®681 / 4955F?) = 1.030,R(F) =
0.0605 andvR(F?) = 0.1136 on all dat&R(F) = 0.0387 andvR(F?) = 0.1187 for 1652
reflections withl > 26(1), weighting schemev = 1/[c*(F,?) + (0.056P)? + 0.252P]
whereP = (F,2 + 2F2)/3, largest difference peak and hole 0.144 antiz0e A3,

(-)trans-ChA+1S2S-(+)-DMPP
[(+)-n salt]

'H-NMR (300 MHz, CDC}): & 1.08 6, 3H); 1.22 ¢, 3H); 1.30 @d, 1H, 1= 5.4 Hz, d=
1.8 Hz); 1.69¢ 6H); 1.94 (d, 1H, 3= 7,9 Hz, 3=5.4 Hz); 2.71¢ 6H); 2.94 (n, 1H);
3.31 ¢d, 1H, 3= 12.9 Hz, = 6.2 Hz); 3.4 dd, 1H,, J = 12.9 Hz, J= 2.8 Hz); 4.68
(d, 1H, 3= 9.5 Hz); 4.85¢, 1H, 3= 5.2 Hz); 7.321f, 5H); 7.67 bs 3H). *C-NMR
(75 MHz, CDC} ): 6 18.60; 20.83; 22.57; 25.67; 27.33; 31.77; 37.5658; 57.83;
71.00; 122.37; 127.20, 128.42, 128.77; 134.32; 3941179.20. IR (KBr)v: 3,151;
2,922; 1,568; 1,421 ¢ MS: (ES+,m/2: 196 (M'+1); 197 (M+2); (ES; m/2: 167
(M™-1); 168 (M). [a]p®® + 12.3 € 0.9720, CHGJ)); m.p.: 132.6-134.0 °C. DSC: peak:
131.27 °CAH; -126.7 J§.

X-Ray crystal structure: orthorhombic, space group 22;, a = 7.3883(8),b =
10.1582(11)¢ = 28.935(3) AV = 2171.6(4) R T = 293(2) KZ = 4,p. = 1.112 g cn,
F(000) = 792.0, graphite-monochromated dyloadiation § = 0.71073 A)u(Mok,) =
0.076 mm*, empirical absorption correction with SADABS (tsamission factors:
0.9694 — 0.9922), 2400 frames, exposure time BRQ8= 29.98,hnax = 10, Knax = 14,
Imax = 40, 6299 reflections collected, 3606 independefiections, solution by direct
methods (SHELXSY?) and subsequent Fourier syntheses, full-matrigtieguares on
Fo? (SHELX97), hydrogen atoms refined with a riding model, daggarameters =
3606 / 495,5F?) = 1.045,R(F) = 0.0560 andvR(F?) = 0.1441 on all dataR(F) =
0.0387 andvR(F?) = 0.1187 for 1652 reflections with> 25(1), weighting schemev =
1/[6°(Fo?) + (0.056P)* + 0.252P] whereP = (F,> + 2FA)/3, largest difference peak
and hole 0.144 and —0.177 €A

%6 Sheldrick, G. MSHELX97 Universitat Gottingen, Germany, 1997.
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X-ray crystal structure of the n salt

CCDC 287292 contains the supplementary crystalfdgcadata for then salt. These
data can be obtained free of charge from The CalgérCrystallographic Data Centre

via www.ccdc.cam.ac.uk/data_request/cif.

A. L. Spek (2005) PLATON, A Multipurpose Crystallaghic Tool, Utrecht University, Utrecht, The
Netherlands.

(+)-trans-ChA«1S 2S-(+)-DMPP
[(+)-p salt]
'H-NMR (300 MHz, CDC}): 3 1.08 6, 3H); 1.23 §, 3H); 1.32 (id, 1H, 1= 5.4 Hz, 4=
1.78 Hz); 1.69 & 6H); 1.94 @d, 1H, 1= 8,0 Hz, J=5.4 Hz); 2.70 § 6H); 2.94 (n,
1H); 3.33 ¢ld, 1H, J = 12.9 Hz, J= 6.2 Hz); 3.51dd, 1H,, J = 12.9 Hz, J= 2.9 Hz);
4.65 @, 1H, 3= 9.6 Hz); 4.87 ¢, 1H, 3= 5.3 Hz); 7.321f, 5H); 7.50 bs 3H). **C-
NMR (75 MHz, CDC} ): 5 18.41; 20.66; 22.37; 25.48; 27.32; 31.78; 36.7648;
57.82; 70.86; 71.13; 122.10; 126.98, 128.21, 128188.25; 141.19; 178.73. IR (KBr)
v: 3,151; 2,922; 1,568; 1,421 &mMS: (ES+ m/2: 196 (M'+1); 197 (M+2); (ES-,
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m/2: 167 (M-1); 168 (M). [a]p?°+ 39.7 € 0.9320, CHGJ); m.p.: 93.7-96.6 °C. DSC:
peak: 88.81 °CAH; -111.2 Jg.

The levorotating enantiomers of, p- and p;,m salts were prepared by reacting
(1R,2R)-(-)-DMPP and, respectively+)-trans-ChA and (-)-trans-ChA and (x}trans-
ChA.

DSC profiles

125

88.81°C
’,VI 130.19°C
754 m— . = B S - — p salt
n
110.97°C / \\ n Salt
25 P S : e
. i\
g b o LA P i S ,n,salt
g a5
o : B7.1%5“C 110.33°C 131.27°C
- /\ A
= Vil A n salt +p salt
$ e B P SO e
i
i 11.27°C /" \ It
: L RE e ] P sa
A from toluene
I
12,5+ /
'\ ,n.salt
from toluene
-17.5 T T
20 70 120
Exo Down Temperature (°C) Universal V2.3C TA Instruments

General procedure for the recovery of the enantiontec excess of (+@ans-ChA
(+)-1a from a scalemic mixture through formation of(+)-p;,n; salt.
(1S,29)-(+)-DMPP (+)-4 (2.34 g, 12 mmol) was dissolved in 40 mL of HexO and to
this solution was added a solution of 5.04 g (30afyrof a scalemic (+jrans-ChA (+)-
la(ee = 60%) in 20 mL afPr,O. The mixture was heated at 65 °C under stirringn
cooled to ambient temperature. When a solid stattedprecipitate heating was
protracted for half an hour and then cooled to 0f@er stirring for 15 min. The solid is
filtered and washed twice wiitPrL,O (10 mL).

The salt was dried and afforded 4.05 g (93 % yieldj+)-p;,n; salt with mp 110.0-
111,5°C and q]p +26.3 € 1.026, CHGJ). From this salt, after the acidic/basic
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treatment described previously, both racemict(ahsChA 1a and the free base were
recovered.

Washing of the mother liquors with an aqueous Hfllitson until pH 3.5, drying and
evaporation under vacuum (30 °C/24 mbar) afforddégb 2y of (+)transChA (ee >
95%, 88% yield based on excess of {fa)asChA (+)-1a of the starting mixture).

Recovery of the excess of (#jans-ChA, with (1S,25)-(+)-DMPP through

precipitation of (+)-pg,n; salt.

(+)-trans-ChA (+)-DMPP
p1,n; salt  (+)trans-ChA(+)-1a from ML

(+)-1a (+)-4

(+):(=), ee (%Y (eq) yield® (%) ee (%¥ yield® (%)
75:25, 50 0.5 92 94 92
80:20, 60 0.4 93 96 94
85:15, 70 0.3 92 96 93
90:10, 80 0.2 88 94 90

a) Determined by CSP GC; b) Referred tottans-ChA 1lapresent in the starting mixture; Referre:
to the excess of (#fansChA (+)-1apresent in the starting mixture.
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Chapter 3

[2+2]-Cycloaddition reactions with chiral keteniminium salt

3.1 Background
3.1.1 First part

Prostaglandins (PGs), which are one of the classanple of lipid mediators acting as
local hormones, were discovefédy Von Euler in the 1930s and their structuresewer
elucidated in the mid-1960s by the pioneering stofiergstrom® and his group. An
extraordinary chemical and biological resedfchas been induced by the possible
pharmacological utility of this type of lipids. Thehow a remarkable activity in a wide
variety of mammalian tissues. Therefore they plalges role in immune response,
inflammation and in tissue repair. These lipid nagolis belong to the natural family of
ecosanoids (derived from essential fatty acidsatiod). They are potent but very labile
molecules, so they are not stored but biosynthdsitrethe Scheme 8&he oxygenated
metabolism of arachidonic acid is shown, wherelttoéransformation affords the key
intermediate PGH2 by exploiting prostaglandine K synthaseand two oxygen
molecules. In turn, this is transformed into progtdin PGI2 (see chapter 4, paragraph
4.1), molecule with vasodilating and platelet aggieegatory properties, and
transformed into thromboxane TXA2 (vasoconstrictiomediator) and different

prostaglandins PGS as well.

2"\Jon Euler, U. SArch. Exp. Pathol. Pharmakal934 175, 78.

8 a) Bergstrom, S.; Sjovall, Acta Chem. Scand.957, 11, 1086; b) Bergstrom, S.; Sjovall, Acta
Chem. Scand196Q 14, 1693 ; c) Bergstrom, S.; Sjovall, Acta Chem. Scandl96Q 14, 1701; d)
Bergstrom, S.; Ryhase, R.; Samuelsson, B.; Sjo¥alicta Chem. Scand.962 16, 501; e) Bergstrom,
S.; Ryhase, R.; Samuelsson, B.; SjovalBidl. Chem 1963 238 3555.

% a) Bindra, J. S.; Bindra, Rrostaglandin Synthesigcademic Press, New York977, 7 b) Mitra, A.
The Synthesis of Prostaglandingiley: New York,1977c) New Synthetic Routes to Prostaglandins and
TromboxanesRoberts, S. M., Scheinmann, F., Eds.; Academis®rNew York1982d) Newton, R. F.;
Roberts, S. MProstaglandins andromboxanesButterworth: London1982¢e) Corey, E. J.; Cheng, X.-
M. The Logic of Chemical Synthesidohn Wiley and Sons: New YorKk,989 f) Nicolaou, K. C,;
Sorensen, E. J. l@lassics in Total Synthesis- Targed$rategies, Method® CH: Weinheim,1996 65 g)
Das, S.; Chandrasekhar, S.; Yadav, J. S.; Grégh8n. Rev2007, 3286.
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Arachidonic acid Prostanoids
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Prostanoids are obtained by total synti@disllowing three main basic ideas: 1) the
core structure cyclopentane is prepared with thghtrisubstituents in appropriate
positions to add the chains later. In this elegauat versatile approach tmrey lactone
7 3! can be considered a milestone in the prostaglasithesis Kigure 13; 2) a five-
membered cyclic compound containing the first chaiooupled with the second one;

3) one pot procedure that exploits the three-corapbooupling.

O
0 /f?st chain

N
S
N

N

0 second chain

AcO H 7

Corey lactone

Figure 11

Like described above, theorey lactonaderivates are highly versatile intermediates for

the synthesis of prostaglanditfsBicyclo[3.2.0]heptanones and bicyclo[3.2.0]hept-3-

% Nicolaou, K. C.; Vourlomis, D.; Wissinger, N.; Bar, P. SAngew. Chem., Int. E@00Q 39, 45.

3L Corey, E. J.; Weinshenker, N. M.; Schaaf, T. Kuper, W.J. Am. Chem. So&969 91, 5675.

%2 a) Corey, E. JAndersen, N. H.; Cadson, R. MPaust, J.; Vedejs, E.; Vlattas, |.; Winter, R. E.JK
Amer.Chem. Soc1968 90, 3245; b) Corey, E. JVlattas, I.; Andersen, N. H.; Harding Khid., 1968
90, 3247; c) Corey, E. JVlattas, I.; Harding K.jbid., 1969 91, 535.
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en-6-one¥’ could be attractive building blocks to generatesthimportant molecules
and other natural biologically active compoundspé#mticular we can consider the 1,2-
polysubstituted cyclobutanoriés like the monoterpenoids grandisol, filifolone,

raikovenal, and lineatift (Scheme 9).

Bicyclo[3.2.0]hept-3-en-6-ones

y e 0

—>, HOm o)

OBn OBn

... to prostacyclin

A /P

/ - or 4
—_—
HO

... to monoterpenoids

Scheme 9

These molecules are characterized by a rigid skelahd the presence of two fused
rings of different size that can be modified andiclionalized in a straightforward
manner. From a synthetic point of view, their atiiree features appear to be: 1) the
possession of two functional groups like the carbarbon double bond in the five-
membered ring and the carbonyl group in the fowe;@&) the wedge form, that make
possible selective modifications at the less hiaddop-side €xoside), 3) the possible
reactivity that involves both groups at once siticey are joined by a bridge-head

carbon atom (Figure 12).

Figure 12

¥ Marotta, E.; Righi, P.; Rosini, @rg. Proc. Res. & Devel999 3, 206 and references cited therein.
% Lee-Ruff, E.; Mladenova, GChem. Rev2003 103, 1449.
% Rosini, G.; Laffi, F.; Marotta, E.; Pagani, |.;dRi, P.J. Org. Chem1998 63, 2389.
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Due to the great importance of these cyclopentsecadfolds, the last decades have seen
many academic works devoted to find an efficiertt a@rsatile synthesis. For example,
a general convenient and racemic approach to li@y2.0]hept-3-en-6-ones exploits
heptenoic acids like starting material. In the $e0el0 the reaction conditions and the
mechanism are shown: the sequence of events denatessthe impossibility to obtain
an enantiopure product even if starting with a @gtpure acid. The loss of chirality
occurs during the 1,2 elimination of acetic acidgenerate am,p-unsaturated mixed
anhydride. Olefiniax,f-unsaturated ketene can be generated in two isofaeasdZ),

but only the 3,42-unsaturated intermediate can cyclize intramolebtula

HO
X% COOH COOAc COOAc y
KOAC -AcOH - AcOH
ACzo

-AcOH
O

WX‘”

Scheme 10

Enantiopure targets can be obtained by followirdjfferent synthetic route or simply
resolving the racemic compounds. For example aci&ft method for the resolution is
the stereoselective reduction to the correspondicghols, followed by the conversion
into diastereoisomers using (-)§4R)-camphanic acid chloride as resolving agent and
then chromatography separation. After a mild atl@hydrolysis, the conversion to the
enantiopure target is performed by oxidation. Th§ [magnitudes of bicycles are

consistent with the geometric structure of thessaturated ketone chromophotes.

% Erman, W. F.; Treptw, R. S.; Bakuzis, P.; WenkErt]. Am. Chem. So&971, 93, 657.
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3.1.2 Second part

In the early years of the @entury, Hermann Staudingéhas discovered ketefieand

its reaction¥’ starting from the [2+2]-cycloaddition of cyclopadiene with
diphenylketene, prepared by the dehalogenatiorhlmr@diphenylacetyl chloride with
granulated zinc (Scheme 11). This discovery has lmeade two decades before the
development of the Diels-Alder cycloaddition, asdiill a fundamental mainstay of the
organic chemistry.

diphenylketene [2+2] reaction with cyclopentadiene
O
Ph O . Ph Ph @ 74
CIH 2 c=0 cC=0 — >
PH  ClI Ph>= Ph>= \ Ph
Ph
Scheme 11

Ketenes are highly useful and versatile organictrea intermediates that can undergo
many possible transformations. They are charae@tizy an high electron density at the
C2-substituted carbon and prefer to react withredkeacross the C=C rather than C=0
bond. The traditional interpretation of the Stagginreaction mechaniéfhis shown in

Figure 13

37 Staudinger, HChem. Ber1905 38, 1735.

% a) Staudinger, HDie KeteneVerlag Enke: Stuttgarf,912 b) Staudinger, HFrom Organic Chemistry
to Macromoleculeswiley: New York,197Q c) Staudinger, H.; Klever, H. WChem. Ber1908 41, 594;
d) Staudinger, H.; Klever, H. WChem. Ber1908 41, 1516.

%9 a) Staudinger, HLiebigs Ann. Cheml907, 356, 51; b) Staudinger, HChem. Ber1907 40, 1145; c)
Staudinger, H.; Suter, EEhem. Ber192Q 53B, 1092; d) Staudinger, H.; Rheiner, Aelv. Chim. Acta
19247, 8.

0 Machiguchi, T.; Hasegawa, T.; Ishiwata, A.; Teiash S.; Yamabe, S.; Minato, J. Am. Chem. Soc.
1999 121, 4771 and references cited therein.
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zwitterionic intermediate

’IuI
@)

T
w

transition state

Figure 13

The bicycle can be formed through: 1) a two-stepchmaism via a  zwitterionic
intermediate or 2) a concerted pathway via tramsistate, where theyclopentadiene
HOMO orthogonally interact with the ketene LUMO.idtwell known that in thermal
reaction ketenes are regarded as good antarafemmponents. A large number of
experiment§ have followed theStaudingerpioneering studies, with important new
discoveries from laboratories around the world. fuest representative and remarkable
development is found in a key initial stage of thial synthesis of prostaglandifi¢see
3.1.1).

An alternative to ketenes cycloaddition involves thaction of keteniminium salts with
alkenes. The higher contribution to this field Hsmen made by Ghos&zand co-

workers.

Electronic structure

/
O N®
\
Ketene keteniminium ion

Figure 14

“1 a) Tidwell, T. T.Ketenes Wiley: New York, NY, 1995 b) Hyatt, J.; Raynolds, R. WOrg. React.
1994 45, 159; Tidwell, T. TEur. J. Org. Chen2006 563.

“2a) Corey, E. J.; Schaaf, T. K.; Huber, W.; KoallikU.; Weinshenker, N. Ml. Am. Chem. So&97Q
92, 397; b) Corey, E. J.; Noyori, R.; Schaaf, T.X.Am. Chem. Sod97Q 92, 2586; c) Corey, E. J.;
Shirahama, H.; Yamamoto, H.; Terashima, S.; Verdweaelu, A.; Schaaf, T. KI. Am. Chem. So&971
93, 1490.

3 Ghosez, L.; Marchand-Brynaert,"Iminium Salts in Organic Chemistry Part 1Bohme, J., Viehe, H.
G., Eds., Wiley: New Yorkl1 976 421.

30



Chapter 3

These ketene equivalents are readily available fxomade, more electrophilic than
ketenes and avoid the dimerization problem oftexoentered in ketene reactions
(Figure 14. The presence of a tetravalent iminium catiompisrto hook a chiral
auxiliary group on nitrogen to yield pure cyclicdgpolycyclic derivates that are
important building blocks for the stereocontroltEhstruction of more complex carbon
frameworks. Keteniminium salts can be easily sysittesl by treatment, in an inert
solvent, of an amide with triflic anhydride and@mucleophilic base or from-halo
enamine®® In a recent papér,Ghosehas provided an efficient [2+2]-cycloaddition
between olefins and chiral keteniminium salt, gatest in-situ from N-
tosylsarcosinamid8 (

Scheme 12). This reaction involving ketenes beamnghiral substituent led to

asymmetric products. A model reaction with cyclotrex has been exploited to
investigate the best auxiliary among various mdesuwith C, symmetry. In the
scheme has been report two auxiliary examplesngrisiom an asymmetric Baker’s
yeast reductior8a®® and prolinol8b.*” Ketenimium generated from these secondary
amines has been tested in reaction of a wide yaokblefins with good yields and
diastereoselection.

CHNTsMe O
@) a b
MeTsN
N,
o NRIF | R7O'R, NTsMe
a) Tf,0, 2,6-ditert-butyl-4methylpyridine, cyclohexene;
b) H,0/CCl, w O\ N
| 8a | ome8b
81 % vyield 70 % vyield
93 % ee 92 % ee
Scheme 12

The cycloaddition of a ketene or keteniminium sz be regarded as the most

successful way for the four-membered carbocyclimpounds preparatiéh and the

44 a) Falmagne, J.-B.; Escudero, J.; Taleb-SahracuGi®sez, LAngew. Chem., Int. Ed. Engl981, 20,
879; b) Saimoto, H.; Houge, (Hesbain-Frisque, A.-M.; Mockel, AGhosez, L.Tetrahedron Letters
1983 24, 2251.

%> Ghosez, L.; Nahuteau-Betzer, F.; Genicot, C.;fitmta, A.; Cordier, hem. Eur. J2002 8, 3411.

4 Masamune, S.; Kennedy, M.; ShortJPOrg. Chem1989 54, 1755.

47 Seebach, D.; Kalinowski, H.; Bastani, B.; Crass, Baum, H.; Dorr, H.; DuPreez, N.; Ehrig, V.;
Langer, W.; Nussler, C.; Oei, H.; Schimdt, Melv. Chim. Actal 977, 60, 301.

“8 Snider, B. B.Chem. Rey1988 793 and references cited therein.
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regio- and stereo-controlled polycyclic compounds de obtained by the [2+2]

intramolecular versiof (Figure 15.

Intramolecular version

N

\/\(CHQ)n N~ Ry —» n(H,C) Ro
\

R, N’@)

' )

Ry
/O /g\R1
n(H,C) ~«— n(HCO)
Figure 15

3.1.3 Third part

The above described highly selective asymmetricti@a could provide an attractive
route to a wide variety of enantiopure prostanossffolds’® To improve this
methodology it could be interesting work with heuie acids 9 (to
bicyclo[3.2.0]heptanoned0) and, more attractive, with heptadienoic acits (to
bicyclo[3.2.0]hept-3-en-6-onek?). In this last hypothesis the base has to extlex-
proton to create a new double bond and the keteninsalt. The geometry of this new
B,y-double bond is fundamental for the reaction outeonthe E-unsaturated
intermediates cannot undergo bicyclization while gtarting material double bond
configuration is independent because ofdlfedouble bond is destroyed in the reaction

evolution (Scheme 13).

49a) Marks, 1.; Ronsmans, B.; Hesbain-Frisque,DJumas, S.; Ghosez, . Am. Chem. So&985 107,
2192; b) Ghosez, L.; O'Donnell, M. Pericyclic Reactions;Marchand, A. P., Lehr, R. E., Eds,;
Academic: New York1977;Vol. 11, 79; c) Frey, H. M.; Isaacs, N. . Chem.SodB. 197Q 830; d)
Brady, W. T.Tetrahedronl981, 2949.Brady, W. T.Synthesid 971, 415; e) Brady, W. TThe Chemistry
of Ketenes, Allenes and Related CompouBRdsai,S.,Ed.; Interscience: New Yori,980;278.

% Adam, J.; Ghosez, L.; Houk, K. Mngew. Chem Int. EA999 38, 2728.
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Hypothesis
R©.R
5 OH ! |N 2 HB E1
) _N.
"X 0° Wow Lo R
— 11 | Hr ) T Ha | Hy Ha
Base
heptadienoic acids y-proton extraction E-isomer
R
HpB 31 HR Ha N
H c* MR /o R
Y = ® 2@ HY /
__Ho OTf 0
Z-isomer bicyclo
Scheme 13

This asymmetric [2+2] reaction has to be performéd a cheap, convenient and easily
synthesized chiral auxiliary. We have decided tost tahe 5-benzyl-2,2,3-
trimethylimidazolidin-4-onel3** as auxiliary. This compound is a secondary antiaé t
can be obtained in large scale and in both enasetionforms starting from the amino
acid phenylalanind4 (Figure 16). The synthetic procedure reportediterdture has
been modified to optimize the synthetic processt Ewample, we replaced the
crystallization step of crudé&3 in hot isopropyl alcohol with a simple washing in

acetone.
auxiliary synthesis
NH
NHz  gweowsoo,  NHpHCI - lNeor H\WH
—_— % N
*>COOH H*\COOMe
Ph Ph Ph- O
14 14(1) 14(11)
1) acetone/ pTsOH; HCI Ph
14(I)

H HCI 13
(9 or R) - 5-benzyl-2,2,3-trimethylimidazolidin-4-one

Figure 16

51 Ahrendt, K. A.; Borths, C. J.; MacMillan, D. W. @. Am. Chem. So200Q 122, 4243.

33



Chapter 3

It is often employed as an organocatalyst, and fiesceve for various class of
cycloaddition through the LUMO-lowering activatiaf a,3-unsaturated carbonyls via
the reversible formation of iminium ion%In our case it could be able to enantioselect
the cycloadduct inducing the closure of the cycidydrom the favorite and less
hindered side. The presence of a second amide giooydd not be a problem: if this
group is attacked by the anhydride it can’t be dfarmed into keteniminium ion
(Figure 17).

Tf,0
\ 0 2 :} O, @/ O, @/
N O~/ =N =
S SRR 0N SRR S
%N N)v B @{\l o
Ph ‘) ase R C
R\/go R oY OTf )]\
("~ TR0 \_,Hv Hy R™ “Hy
Chiral amide Anhydride attack Proton extraction ddeminium ion
Figure 17

Differently by the standard reaction condition wavé decided to use two equivalents

of anhydride to be sure of obtain one equivalerkedéniminium ion.

3.2 Result and discussion

3.2.1 Acids and Amides synthesis

From these assumptions we have prepared a set i@l @mideswith different
substituents by reacting hepta-2,6-dienoic aditloor hepta-6-enoic acidg with the
enantiopure MacMillan imidazolidinone 13 as auxiliary. Herein, we report the
preparation of these classes of acids. Both syiotk&iategies start from pent-4-enoic
acids15 (Scheme 14).

2 3a) Jen, W. S.; Wiener, J. J. M.; MacMillan, D. ®.J. Am. Chem. So200Q 122, 9874, b) Paras, N.
A.; MacMillan, D. W. C.J. Am. Chem. So2001, 123 4370, c) Austin, J. A.; MacMillan, D. W. Q.
Am. Chem. So@002 124, 1172; d) Brown, S. P.; Goodwin, N. C.; MacMilldh, W. C.J. Am. Chem.
S0c.2003 125, 1192; €) Ouellet, S. G.; Tuttle, J. B.; MacMilld. W. C.J. Am. Chem. So2005 127,
32.
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Route A hepta-2,6-dienoic acids
1) Mel, K,CO; OH
2) DIBAL
3) malonic acid, Pyridine or triethyl phosphonoacetate X AN o)
NaH
\/\il 4) hydrolysis 11
X
O '
15 1) LAH OH
2) p-toluenesulfonyl chloride \/M
3) diethyl malonate, NaH, Nal O
4) hydrolysis and reflux of HCI or Decafin 9
Route B hepta-6-enoic acids
Scheme 14

In the route A to obtain the acidsl (Scheme 15), the pent-4-enoic aclds were
transformed into the corresponding methylesi€rdy treating with Mel and ¥CO; in
DMF at room temperature for 1h to obtain good rédalacsubstrates. The estdi8were
converted into aldehydek7 with a cold solution of DIBAL in dry dichlorometha
under inert atmosphere. The 4-pentenylaldehyidewere refluxed with dry pyridine
and malonic acid until the condensation was corepletethod A). The reaction times
were too long and the yields are not high so a sgnthetic strategy was followed. In
the method B the aldehydic derivates were treated with triethyl phosphonoacetate
and NaH in dry THF, then hydrolyzed. In the Tableyilds of all steps are

summarized.
Route A
OH OMe H OH
Wo ;\/\/&O A\/\/J%O 34 Wo
15 16 17 11

1) Mel, K;COs 3) malonic acid, Pyridine or triethyl phosphonoacetbiaH

2) DIBAL 4) hydrolysis hepta-2,6-dienoic acids

Scheme 15
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Route A

Reaction yields (%)

Acid synthesis

Reduction to Method Method Hepta-2,6-dienoic acids

Entry  Methylation

aldehyde
A B
N COH
1 16a(100) 17a(100) 73 N
11a
commercial ethyl N CozH
2 4-methyl-4- 17b (98) 74
pentenoate 11h
OBn
available
3 compound’ 17c(99) 80 \)/\/\/CozH
11c
commercial \></\/CO H
methyl 3,3- 2
4 dimethyl-4- 17d(95) 52 X
pentenoate 11d
commercial 5-
5 methylhex-5-en- 72 X COH
2-one
11e
commercial hex- \/\)\/COZH
6 5-en-2-one 7
11f
7 16b (95) 17e(87) 30
11g
8 16¢(91) 17f (99) 45 \)\/\/COzH
11h
alci @ucm
commercial cis-
9 4-decenal 87 X COZH

11i

#Marotta, E.; Righi, P.; Rosini, ®rg. Lett.2000 2, 4145.

Table 4

To obtain the hepta-6-enoic aciflsve followed the second route B (Scheme 16): the
pent-4-enoic acid45 were reduced using a solution of LAH in dry THFdan inert
atmosphere to give the corresponding alcoti@s These were converted in more
reactive electrophiled9 treating with p-toluenesulfonyl chloride and dry pyridine.

Substituted 4-pentenylmalonat@® were prepared in good yields by alkylation of
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diethyl malonate with 4-pentyl tosylates using Nadithe base in presence of dry Nal.
The desired acid® (Table 5) were obtained after a hydrolysis stepdoged in
decarboxylation conditions. The first approach wesremoval of a molecule of carbon
dioxide by treating with an excess of HCI at reflthe moderate yields and the long
reaction times (several days) suggested us to ehdagarboxylation agent. Decdlin
was added to the diacids and heated untihb @& evolution ceased. The Decélin
removal afforded the crude mono-acids.

Route B

2) p-toluenesulfonyl chloride
OH ——> OH —=> OTs i

3) diethyl malonate, NaH,
Nal
4) hydrolysis and reflux of

(/\/L HCI or Decalif?
19 —></\‘/002Et 4 hepta-6-enoic acids

Scheme 16
Route B
Reaction yields (%)
; Decarboxylation
Reduction . .
Entry to alcohol Tosylate Malonate HCl  Decalif Hepta-6-enoic acids

CO,H
1 18a(99) 19a(76) 20a(98) 58

2 18b(95) 19b(66) 20b (98) 61 CO,H

3 18¢c(89) 19c(87) 20c(61) 87 CO,H
Commerci CO.H
al 5- 2
4 bromepen 200 (100) 99
t-1-ene
\/\/\/COZH
5&
9e

& commercially available hept-6-enoic acid.

Table 5
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These resulting hepta-2,6-dienoic acidsand hepta-6-enoic acidswere successful
converted into the corresponding acid chloridestregtment with a cool solution of
oxalyl chloride in anhydrous dichloromethane. Riescof the chlorides withR)- or
(9-imidazolidinonel3 in anhydrous dichloromethane, at room temperagune with

pyridine presence gave in good yields the desingdicamides?1 (Table 6).

Synthetic amides

§/
9]
)
o
T
Y

/
Ph
) 2) pyridine, 13 ><

21

O
1) oxalyl chloride N
*
N

Amides from hepta-2,6-
dienoic acids

Amides from hepta-2,6-

Entry yield dienoic acids

Entry yield

O N/ O N/
1 37 N)< 8* 89 \)\/\/T:(
WO 21a ~ N~ 70 21h

O N/ o y,
Ph\j Ph\_fN
oS
X (0]

9 86

Y\M (CHa)aCHy N><
W .
21b O 21

Amides from hepta-6-enoic

Entry yield acids

0] N/ 0 y
N
R e
\J\M 10 80 N
AN X O 21c WO
O /

211
O\ ./
\jN jN
4 26 °h )< 11 80 oh N)<

N

W@ 21d M@ 21m
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5 & 12 50
W
ﬁ
M

6° 13 61

g
o~y o
Vz_
. O 21f \/\/\(K
\/\M SN 210

7a

2 Synthesized withR) —imidazolidinone too.

Table 6

3.2.2 The [2+2] reaction and bicycles

As shown in Scheme 17, amid2%a-i from hepta-2,6-dienoic acids can be converted
into the corresponding ketene iminium triflate gatment with two equivalents of
triflic anhydride (added dropwise over one hourthe presence of 2,6-tirt-butyl-4-
methylpyridine as base (1.2 eq.). The bicyclo[3I#ft-3-en-6-one’2 can be obtained
after hydrolysis (HO/CHCL, reflux, 4h) of the crude iminium salts, while thexiliary

13 was recoveredc(a. 20 % yield) by the extraction of the aqueous laatgpH 14 with
ether.
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The [2+2] cycloaddition reaction

5 - S

N/ O, @,

Ph \/2‘ Ph\/Z:N
N )( TF,0/dichloroethane y ﬁ >

NN 26-di-tert-butyl-4-methylpyridine (I_;‘,

Z ) [

. p,
Ph O

MN/ H,O/CHCl,
N >
V/,
4 @
O
Ph \’*ﬁ ‘N enantioenriched bicyclo
N
Hy
chiral auxiliary 13

Scheme 17

The bicycle relative structure was established BWQESY1D experiments and the
absolute structure was assigned comparingdhgdign of these molecules with known
compounds? As indicated in Table 7, at room temperature thelaaddition affords
cyclobutanoned 2 with moderate to good yields, a good diasterectiele and high
enantiomeric excess. Because of the high volatlitthe product yields were calculated
by GC analysis on the crude after the hydrolysp.st

Bicyclo[3.2.0]hept-3-en-6-ones

_ Yield® 0
Entry Amide Product DF (%) E€ (%)

o)
1 21a {:I:/I/ 66 91
12a
o)
2 21b m ; ; -
12b

%3 pagani, |.; Righi, P.; Rosini, G.; Bertolasi, Wledici, A.; Tetrahedron: Asymmett}995 6, 2319.
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O O
3 21c §j:/( {:I:/( 92/8 35 93 67
BnO BnO—§ Major Minor
12cMajor 12cMinor
O
4 21d Qj 40 57
12d
O
5 2le - - -
12e
O
6° 21f 71 93
12f
O
7¢ 21g 4{:1:/( 65 93
129
O O
8¢ 21h @:/I/ 51/49 66 87 84
§ Major Minor
12h Major 12h Minor
O O
9 21i @:/( {:I:/r 88/22 70 92 91
(CH3)4CH3 (CH2)4CH3 Major Minor
12i Major 12i Minor

3Calculated to crude product by GC-analysis with aileht 19091Z-413E HP-1 Methyl siloxane colurfiBetermined by GC-
analysis with a Restek 13104 Rt-betaDEXsm coludi@ynthesized the opposite enantiomer wiRjx {midazolidinone.

Table 7

The reaction is sensitive of substituents at thep@sition, in fact entry 2 and 5 were
unsuccessful. Testing reaction conditions we hawend that acetic anhydride and
trifluoroacetic anhydride are not active to fulfiketene generation and that,
interestingly, the diastereo- and enantiocontr@sdoot improve at lower temperatures.
With optimized reaction conditions in hand, we sett to synthesize substituted
bicyclo[3.2.0]heptanones trying intermolecular anttamolecular process (Table 8,

Table 9) and oxa-bicyclo[3.2.0]heptanones (Table 10
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Bicyclo[3.2.0]heptan-6-ones

INTRAMOLECULAR
O, 7/
Ph\/*?N i
){ a) TF,O/dichloroethane o)
N b) 2,6-di-tert-butyl-4-methylpyridine * 7
O ¢ HO/CHCly - " 10
F
21(1-p) enantioenriched bicyclo
H a
Entry Amide Product DF Y(';I)()j E€ (%)
O O
1 21l _<:I:/r '<:I:/I/ 55/45 32 85 90
Major Minor
10aMajor 10aMinor
O O
2 21m <:I:/( §j:/( 47/53 34 87 92
5 Major Minor
10b Major 10b Minor
0 0
3 21n 67/33 28 79 93
Major Minor
10cMajor 10cMinor
O
4 210 - - -
10d
O
5  21p <:I:/|/ 25 88
10e
@) O
6  21i° <:I:/( <:I:/[/ 8822 70 92 91
(CH2)4CH3 (CH2)4CH3 Major Minor
10f Major 10f Minor

3Calculated to crude product by GC-analysis with aileht 19091Z-413E HP-1 Methyl siloxane columiBetermined by
GC-analysis with a Restek 13104 Rt-betaDEXsm coliynthesized by hydrogenation with Pit/C of 12i bicycle.

Table 8
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The amides22a 22b for the intermolecular sequence were prepared essrithed

previously starting from acetyl chlorid& (yield 97%) and heptanoic acit (yield

81%) (Scheme 18).

Oy ./
)O]\ pyridine, 13 . Ph\j%
Cl N
23 22
a /go
o ./
1 lyl chlorid N
j)\ ) oxalyl chlori e: Ph\/z_\k
HO”™ ™(CH,)4,CH;  2) pyridine, 13 N
24 22b O7 “(CHy)4CHj
Scheme 18
Bicyclo[3.2.0]heptan-6-ones
INTERMOLECULAR
o 7

a) TF,O/dichloroethane
b) 2,6-di-tert-butyl-4-methylpyridine

’

O C)HzO/CHCI:;
22(a-b) enantioenriched bicyclo
H a
Entry Amide Product Df Y(';l)(; E€ (%)
H
s 0
1 22a 3 96
H  10e
H H
s //O g /O
2 22b G_ <:|: 65/35 5 63 80

-

H (CH,),CHj;
10f Major

P Y
H (CHy)4CH3
10f Minor

Major Minor

3Calculated to crude product by GC-analysis with aileht 19091Z-413E HP-1 Methyl siloxane columiBetermined by
GC-analysis with a Restek 13104 Rt-betaDEXsm column.

Table 9
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As shown in Table 8 the reaction proceed with maigeyields and high enantiomeric
excess. The reaction with the amRiaand22b gave the corresponding bicycle in very
low yields but with a high and opposite ee. Sortistg from the same auxiliary §-5-
benzyl-2,2,3-trimethylimidazolidin-4-one(S)-13] the two mechanisms have an
opposite enantioselectivity but the intermoleciydancess is disadvantage. The above
results shown that the C2 is another denied positlte reaction critically depends on
the no-replacement of the bridge head hydrogens.ré&sulting enantioselection is very
good, instead diastereoselection is lower thandigy.2.0]hept-3-en-6-ones.

Because of the great importance of these bicyckesave thought that the synthesis of
molecules containing a hetero atom (like oxygen)l¢de interesting to expand the
products set. The hepta-6-enoic ad8gor the oxa-products were synthesized with two
new synthetic routes starting from 3-buten-126l and prop-2-en-1-oR7 and then

converted into the corresponding ami@8§Scheme 19).

O, /

N

Ph )<

CO,H N 1) C1COCOCI N

o oot (oo e T

A Br X 2) pyridine, 13 0
25a

g @

G
o) /
I
Ph .
Ot-Bu 1) Cs,CO; O\/\CC)zH pcicococt ™ N)<

OH + -, -
f ho 2)TFOH X 2) pyridine, 13 o/\/k
27 25b L~ 28

Scheme 19

28a
(@)

These chiral intermediateé28 gave oxa-bicycles in moderate yields and enanti@me

excess (Table 10).
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Oxa-Bicyclo[3.2.0]heptan-6-ones

. Yield®* E€
Entry Amide Product (%) (%)
O

0
1 28a d 50 40
29a

//O

2 28b @) 17 60

L

Tw

29b

&Calculated to crude product by GC-analysis with agileht 19091Z-413E HP-1 Methyl siloxane
column.’Determinated by GC-analysis with a Restek 13104 RtEEXsm column.

Table 10

To complete the study we have made a large numbegxperiments to obtain
bicyclo[4.2.0]heptanones which, unexpectedly, havsuccess.

3.3 Conclusion

Several works followed the initial Corey route teetresearch of new syntheses of
prostaglandins analogues and their intermediatescalise of the demonstrated
importance of bicyclo[3.2.0]heptanon&6 and bicyclo[3.2.0]hept-3-en-6-onek2 like
versatile building blocks to generate these impartaolecules we decided to find an
asymmetric synthesis. In this chapter, we have Idped an efficient and simple
method for preparing a large scale of bicycles viiph regio- and stereoselectivity
exploiting the [2+2]-cycloaddition of chiral keteninium salts.
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3.4 Experimental section

Route A: synthesis of hepta-2,6-dienoic acids
Route A

OH OMe H OH
WO ;\/\/&O L\/\/go 34 WO
15 16 17

11

1) Mel, KoCOs 3) malonic acid, Pyridine or triethyl phosphonoacetblaH

2) DIBAL 4) hydrolysis hepta-2,6-dienoic acids

(Scheme 15)

General Procedure® for the synthesis of Methyl esters 16 Solid potassium
carbonate (1.1 eq.) was added to a solution of B8ifll eq.) in DMF (1.0 mL/mmol)
cooled with an ice-water bath. After 10 min, mettodide (2 eq.) was added and the
mixture was stirred at 0 °C for 30 min. The reattwas warmed to room temperature
and stirred for an additional hour. Water was adddtie mixture and the aqueous layer
was extracted three times with diethyl ether. Tomlgined organic layers were dried
with MgSQ, and the solvent was evaporated under reduce peesBoe methyl ester

was directly used in the next step without furtperification.

W]\O/

Methyl pent-4-enoate (16a):5.0 g (49.9 mmol) of commercial pent-4-enoic acid
afforded 5.7 g of product (49.9 mmol, 100 % vyieft).NMR (400MHz, CDC}): & 2.40
(m, 4H), 3.68 § 3H), 5.00 fn, 1H), 5.06 n, 1H), 5.82 f, 1H); **C NMR (100MHz,
CDCly): 8 28.7 (CH), 33.2 (CH), 51.4 (CH), 115.4 (CH), 136.5 (CH), 173.4 (C).

\/\HJ\O/

Methyl 2-methylpent-4-enoate (16b): 10.4g (98.6 mmol) of commercial 2-
methylpent-4-enoic acid afforded 10.9 g of prod@%.0 mmol, 95 % yield)*H NMR
(300MHz, CDC}): 6 1.16 ¢, 3H,J = 6.8Hz), 2.181f, 1H), 2.41 (n, 1H), 2.53 ext

**In according to literature: Garner, P.; Park, JOv. Synthese€oll. Vol. 9,1998 300.
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1H,J = 7.1Hz), 3.67€ 3H), 5.05 n, 2H), 5.75 (0, 1H); *C NMR (75MHz, CDCY): &
16.5 (CH), 37.7 (CH), 39.1 (CH), 51.4 (CHJ, 116.8 (CH), 135.4 (CH), 176.5 (C).

0]
\)\/U\O/

Methyl 3-methylpent-4-enoate (16¢)5.0 g (43.8 mmol) of commercial 3-methylpent-
4-enoic acid afforded 5.2 g of product (40.1 mned, % vyield)."H NMR (300MHz,
CDCl): 61.06 €, 3H,J=6.9Hz), 2.27dd, 1H,J = 7.4, 14.8Hz), 2.37d¢, 1H,J=7.1,
14.8Hz), 2.681, 1H), 3.67 § 3H), 4.96 @t, 1H,J = 1.3, 10.2Hz), 5.0, 1H,J = 1.3,
17.0Hz), 5.78 ¢dd, 1H, J = 6.9, 10.2, 17.0Hz)**C NMR (75MHz, CDC}): & 19.7
(CHs), 34.4 (CH), 41.1 (Ch), 51.4 (CH), 113.3 (CH), 142.4 (CH), 162.3 (C).

General Proceduré” for the reduction to aldehydes 17 in a dry three-necked flask,
equipped with magnetic stirring bar, rubber septd bbw temperature thermometer,
was added the methyl est&6 (1 eq.) in dry dichloromethane (2.0 mL/mmol). The
solution was cooled to -78 °C and a solution of BIBLM in dichloromethane (1.7 eq.)
was added dropwise. The rate of addition is adjusiekeep the internal temperature
below -65° C. The reaction mixture was stirred7& 2C until it was complete by GC
analyses. The reaction was quenched by slowly iaddiof cold methanol
(0.4 mL/mmol) again keeping the internal tempetelow -65° C. The emulsion was
slowly poured into an ice-cold solution of HCI 1M.7T mL/mmol) and stirred for 15
min. The mixture was extracted three times witheetifhe combined organic layers
were washed with brine, dried with Mgs@nd the solvent was evaporated under
reduce pressure. The crude aldehyde was directly without further purification for

the hepta-2,6-dienoic acid formation.

General Procedure for the synthesis of hepta-2,6-oic acids 11 :

Method A°® Malonic acid (1.2 eq.) and dry pyridine (1.6 eqdre added to a stirred
solution of the aldehyd#7 (1 eq.) in dry dichloromethane (2.0 mL/mmol). Thiture
was heated to reflux until reaction was complete@y analyses. The mixture was
acidified to pH 1 with HClI 1M and washed three tameith diethyl ether. The

%5 |In according to literature: Snyder, B. B.; AllefifoA. J.; Kulkarni, y. SJ. Org. Chem1988 53, 5320.
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combined organic layers were dried with MgSidd the solvent was evaporated. The
crude products were purified by flash chromatogyaph

2-Methylpent-4-enal (17€):10.0 g (78.0 mmol) of methyl est&6b afforded 6.7 g of
product (67.8 mmol, 87 % yield).

4-Methylhepta-2,6-dienoic acid (11g): 17e(7.0g, 71.3 mmol) afforded the
corresponding acid (3.0 g, 21.4 mmol, 30 % yieldiromatographic conditions :
petroleum ether/EtOAc/CIEI/AcOH = 87/8/5/0.1 gradient to 75/15/10/0.2; codsd
oil; [Ry (87/8/5/0.1) = 0.26]*H NMR (300MHz, CDC}): & 1.08 ¢, 3H, J = 6.6Hz),
2.16 (n, 1H), 2.44 (, 1H), 5.04 ;, 2H), 5.73 n, 1H), 5.80 ¢d, 1H,J = 1.4, 15.6Hz),
7.02 @d, 1H, J = 7.4, 15.6Hz), 10.26s( OH); **C NMR (75MHz, CDC}): & 18.5
(CHs), 36.2 (CH), 39.9 (Ch), 116.8 (CH), 119.2 (CH), 135.6 (CH), 156.4 (CH), 172.2
©).

\)\/\/COZH

3-Methylpent-4-enal (17f): 5.1 g (40.0 mmol) of methyl estd6c afforded 3.9 g of
product (39.7 mmol, 99 % yield).

5-Methylhepta-2,6-dienoic acid (11h): 17f (3.9g, 39.7 mmol) afforded the
corresponding acid (2.5g, 17.9 mmol, 45 % yieldiromatographic conditions :
petroleum ether/EtOAc/CIEI/AcOH = 87/8/5/0.1 gradient to 75/15/10/0.2; caded
oil; [Rr (87/8/5/0.1) = 0.17]*H NMR (400MHz, CDC}): & 1.04 €, 3H, J = 6.8Hz),
2.25 fn, 1H), 2.34 n, 1H), 4.98 n, 1H), 5.01 , 1H), 5.73 ddd, 1H,J = 6.9, 10.4,
17.2Hz), 5.83dt, 1H,J = 1.5, 15.5Hz), 7.03ddd 1H,J= 7.1, 7.7, 15.5Hz), 10.86,(
OH); *C NMR (100MHz, CDGJ): 6 19.6 (CH), 36.7 (CH), 39.1 (Ch), 113.5 (CH),
121.9 (CH), 142.7 (CH), 150.3 (CH), 171.9 (C).
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7" (CHy)4CHg
~_CO,H

(6E)-Dodeca-2,6-dienoic acid (11li):commercialcis-4-decenal (850 mg, 4.4 mmol)
afforded the corresponding acid (754 mg, 3.8 mndd1,% yield); chromatographic
conditions : petroleum ether/EtOAc/@El,/AcOH = 75/15/10/0.2; colorless olil; {R
(75/15/10/0.2) = 0.51]. IR (neaty 2957, 2927, 2857, 1696, 1651 ¢mH NMR
(300MHz, CDC4): 8 0.89 (m, 3H), 1.30 fn, 6H), 2.01 {n, 2H), 2.25 {n, 4H), 5.38 fn,
2H), 5.84 tn, 1H), 7.08 n, 1H); *C NMR (75MHz, CDC}): & 14.0 (CH), 20.8 (CH),
22.5 (CH), 25.5 (CH), 27.2 (CH), 29.2 (CH), 31.4 (CH), 32.3 (CH), 120.8 (CH),
127.4 (CH), 131.5 (CH), 151.7 (CH), 175.0 (C).

General Procedure for the synthesis of hepta-2,6-eoic acids 11 :

Method B Triethyl phosphonoacetate (1 eq.) in THF (0.2 mhtl) was added to a
suspension of NaH (60 % wt, 1 eq.) in THF (1.0 minoh) at room temperature. The
mixture was stirred for 1h, then ketone or aldehl/d¢l eq.) was added to the solution
and the reaction was stirred overnight. The THF wersoved via distillation, the
residue was washed with water and the aqueous Vegerextracted with diethyl ether.
The combined organic layers were washed twice kuitie and dried with MgS© The
solvent was evaporated to obtain the crude estera Btirred solution of this esters
(1 eq.) in THF (0.2 mL/mmol), a solution of NaOH%(n water (2.5 eq.) was added.
The mixture was heated to reflux until reaction wasiplete by TLC. The mixture was
washed once with diethyl ether and acidified to Joiith HCI 1M. The aqueous layer
was extracted three times with diethyl ether. Tomlgined organic layers were dried
with MgSQ, and the solvent was evaporated to afford the caaitd that was directly
engaged in the next step without further purificati

\/\/\/002H

Pent-4-enal (17a):5.7 g (49.9 mmol) of methyl estdi6a afforded 4.2g of product
(49.9 mmol, 100 % vyield).

Hepta-2,6-dienoic acid (11a): 1744.2 g, 49.9 mmol) gave the corresponding acid
(4.6 g, 36.8 mmol, 73 % yield) as a colorless Bil.NMR (400MHz, CDC}): 5 2.24

%% |In according to literature: Katzenellenbogen, J.@xumrine, A. LJ. Am. Chem. So&976 98, 4925.
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(m, 2H), 2.34 fn, 2H), 5.02 f, 1H), 5.06 (¢, 1H), 5.80 ddt, 1H,J = 6.4, 10.2, 23.5Hz),
5.85 @t, 1H,J = 1.5, 15.6Hz), 7.08d{, 1H,J = 6.7, 15.6Hz), 9.14s( OH); *C NMR
(100MHz, CDC}): & 31.5 (CH), 31.8 (CH), 115.6 (CH), 121.0 (CH), 136.8 (CH),
151.3 (CH), 171.9 (C).

Y\/\/COZH

4-Methylpent-4-enal (17b): 1.5 g (10.5 mmol) of commercial ethyl 4-methylpdnt-
enoate afforded 1.0 g of product (10.2 mmol, 98iétdy.

6-Methylhepta-2,6-dienoic acid (11b):aldehydel7b (1.0 g, 10.2 mmol) afforded the
corresponding acid (1.2 g, 7.6 mmol, 74 % vyieldaagellow oil.'"H NMR (400MHz,
CDCl): 8 1.73 6, 3H), 2.18 {, 2H, J = 7.7Hz), 2.381f, 2H), 4.73 tn, 1H), 5.85 (i,
1H,J= 1.5, 15.6Hz), 7.08d¢, 1H,J = 6.7, 15.6Hz), 11.865( OH); **C NMR (100MHz,
CDCl): & 22.2 (CH), 30.2 (CH), 35.7 (CH), 110.8 (CH), 120.8 (CH), 143.9 (C),
151.4 (CH), 172.0 (C).

OBn
\)/\/\/COZH

3-(Benzyloxymethyl)pent-4-enal  (17c): 6.0g (24.1 mmol) of ethyl 3-
(benzyloxymethyl)pent-4-enoaadforded 4.9 g of product (24.0 mmol, 99 % yield).
5-(Benzyloxymethyl)hepta-2,6-dienoic acid (11c)aldehydel7c (4.9 g, 24.0 mmol)
afforded the corresponding acid (4.7 g, 19.2 mr861% vyield) as a colorless oil. IR
(neat):v 3030, 2858, 1695, 1651 ¢m'H NMR (400MHz, CDCY): & 2.28 (m, 1H),
2.50 (n, 1H), 2.54 fn, 1H), 3.37 ¢d, 1H,J = 6.6, 9.2Hz), 3.45dd, 1H,J = 5.3, 9.2Hz),
4.50 6, 2H), 5.08 (n, 1H), 5.11 fn, 1H), 5.69 ddd, 1H,J= 7.7, 10.9, 16.8Hz), 5.83(
1H), 7.03 @it, 1H,J = 7.3, 15.5Hz), 7.32nf, 5H); *C NMR (100MHz, CDCJ): & 34.1
(CHyp), 42.8 (CH), 72.7 (Ch), 73.0 (CH), 116.5 (CH), 122.1 (CH), 127.5 (2CH),
127.6 (2CH), 128.3 (CH), 138.0 (CH), 138.1 (C), 4@CH), 171.8 (C).
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3,3-Dimethylpent-4-enal (17d): 4.0g (28.1 mmol) of commercial methyl 3,3-
dimethyl-4-pentenoate afforded 3.0 g of product{26mol, 95 % yield).
5,5-Dimethylhepta-2,6-dienoic acid (11d)aldehydel7d (3.0 g, 26.7 mmol) afforded
the corresponding acid (2.1 g, 14.0 mmol, 52 %dyiels a colorless oil. IR (neat):
v 2954, 1697, 1651 cm'H NMR (400MHz, CDC}): 5 1.04 6§, 6H), 2.22 ¢d, 1H,J =
1.5, 7.8Hz), 4.96dd, 1H,J=1.1, 17.2Hz), 4.984d, 1H,J= 1.1, 17.2Hz), 5.79dd, 1H,
J=10.9, 17.2Hz), 5.82d¢l, 1H,J = 1.5, 15.5Hz), 7.02d¢, 1H,J = 7.7, 15.5Hz);C
NMR (100MHz, CDC}): & 26.7 (2CH), 36.9 (C), 45.2 (Ch), 111.4 (CH), 122.7
(CH), 146.8 (CH), 149.2 (CH), 171.8 (C).

Y\)\/COZH

3,6-Dimethylhepta-2,6-dienocic acid (11le): commercial 5-methylhex-5-en-2-one
(1.7 g, 15.4 mmol) afforded the corresponding &&id g, 11.0 mmol, 72 % yield) as a
yellow oil. IR (neat):v 2938, 1693, 1640 ¢ *H NMR (400MHz, CDC)): 5 1.73 §,
3H), 2.18 §, 3H), 2.25 (n, 4H), 4.72 (0, 2H), 5.70 ¢ 1H), 11.60 ¢ OH); **C NMR
(100MHz, CDC4): & 19.0 (CH), 22.3 (CH), 35.4 (CH), 39.3 (CH), 110.7 (CH),
115.3 (CH), 144.3 (C), 162.7 (C), 172.5 (C).

\/\)\/C()zH

3-Methylhepta-2,6-dienoic acid (11f).commercial hex-5-en-2-one (2.0 g, 20.4 mmol)
afforded the corresponding acid (2.2 g, 15.6 mrii@|% yield) as a colorless oilH
NMR (600MHz, CDC}): 5 2.17 6, 3H), 2.26 fn, 4H), 5.02 (d, 2H,J = 16.9, 32.8Hz),
5.70 (n, 1H), 5.78 i, 1H); *°*C NMR (150MHz, CDCJ): & 19.0 (CH), 31.4 (CH),
40.3 (CH), 115.4 (CH), 115.5 (CH), 137.0 (CH), 162.3 (CH), 172.5 (C).
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Route B: synthesis of hepta-6-enoic acids
Route B

3) diethyl malonate, NaH,
Nal
4) hydrolysis and reflux of

HCI or Decalif?
19 A K/\(COZ 4, hepta-6-enoic acids

20 CO,Et

70 Z 7z 1) LAH
1 2 2) p-toluenesulfonyl chloride
OH —> OH —/ OTs i
15 18 19

(Scheme 16)

General Proceduré’ for the synthesis of alcohols 18A solution of acidl5 (1.0 eq.)

in dry THF (0.2 mL/mmol) was slowly added to ar&tt solution of LiAlH, (1 molar

eq.) in dry THF (2.0 mL/mmol). The mixture was it overnight at room temperature.
The reaction mixture was cooled to 0°C and castpoutreated with water
(0.038 mL/mmol), with a 15 % aqueous solution of(¥a (0.038 mL/mmol), and
finally with water (0.11 mL/mmol). After 1 h at rootemperature, the suspension was
filtered through a pad of Celite. The solids werasted twice with diethyl ether. The
filtrate was dried over MgSfand evaporated under reduced pressure. The crude
product was used directly in the next step witHacther purification.

WOH

2-Methylpent-4-en-1-ol (18a): commercial 2-methylpent-4-enoic acid (10.0 g,
87.6 mmol) afforded the corresponding alcohol (8.B86.8 mmol, 99 % vyield) as a
colorless oil*H NMR (400MHz, CDC}): 5 0.92 ¢, 3H,J = 6.6Hz), 1.721f, 1H), 1.91
(m, 1H), 2.18 fn, 1H), 2.36 ¢, 1H), 3.46 (n, 1H), 5.00 M, 1H), 5.72 ¢dt, 1H,J = 7.1,
10.1, 17.1Hz)*C NMR (100MHz, CDCJ): & 16.2 (CH), 35.4 (CH), 37.7 (Ch), 67.6
(CH,), 115.9 (CH), 136.9 (CH).

*"|In according to literatureFaillier, C.; Gille, B.; Bellosta, V.; Cossy, J. Org. Chem2005 70, 2097.
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\)\/\OH

3-Methylpent-4-en-1-ol (18b): commercial 3-methylpent-4-enoic acid (4.5 g,
39.6 mmol) afforded the corresponding alcohol (3.87.8 mmol, 95 % vyield) as a
colorless oil.*H NMR (400MHz, CDC}): 5 1.02 @, 3H,J = 6.8Hz), 1.57 ¢, 2H,J =
6.8Hz), 2.30fept 1H,J = 6.8Hz), 3.65( 2H, J = 6.4Hz), 4.94 1, 1H), 5.01 fn, 1H),
5.72 @dd, 1H,J = 8.0, 10.4, 17.2Hz)-*C NMR (100MHz, CDCJ): 5 20.3 (CH), 34.7
(CH), 39.2 (CH), 61.0 (CH), 112.9 (CH), 144.0 (CH).

hex-5-en-2-0t® (18c): commercial hex-5-en-2-one (4.5 g, 45.8 mmol) aféar the
corresponding alcohol (4.0 g, 40.6 mmol, 89 % yield a colorless oitH NMR

(300MHz, CDCH): & 1.19 , 3H, J = 6.0Hz), 1.541f, 2H), 2.14 fn, 2H), 3.81 o,

1H), 5.00 fn, 2H), 5.83 (dt, 1H,J = 6.6, 10.1, 23.6Hz}°C NMR (75MHz, CDC}):

523.2 (CH), 30.0 (CH), 38.1 (CH), 67.3 (CH), 114.5 (CH), 138.4 (CH).

General Proceduré® for the synthesis of tosylates 19p-Toluenesulfonyl chloride
(1.3 eq.) was added in small portions to a stigeldition of the alcohol8 (1 eq.) in
pyridine (6 eq.) at 0 °C. The suspension was stifog 10 min, then it was warmed to
room temperature and kept stirring for another Zhe mixture was poured in water
and then it was extracted twice with,@t The organic layers were washed with HCI 1
M, dried over MgS@and evaporated in vacuo. The crude product wasiquiby flash
chromatography.

W OTs

2-Methylpent-4-enyl 4-methylbenzenesulfonate (19ap.0 g (89.9 mmol) of alcohol
18a afforded 17.4 g of product (68.2 mmol, 76 % vyieldhflash chromatographic
conditions : petroleum ether/ £x = 4/1 gradient to 3/2; [R(3/2) = 0.46].*H NMR

%% Conti, P.; Dellanoce, C.; De Amici , M.; De MicheC.; Carrea, G.; Zambianchi Fetrahedron:
Asymmetry1 998 9, 657.

% In according to literature: Courchay, F. C.; Bamgim, T. W.; Wagener, K. BJ. of Organometallic
Chem.2006 585.
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(400MHz, CDCH): 5 0.90 €, 3H,J = 6.8Hz), 1.901f, 2H), 2.10 {n, 1H), 2.45 (s, 3H),
3.83 @d, 1H,J = 6.0, 9.6Hz), 3.89dd, 1H,J = 6.0, 9.6Hz), 4.97n4, 2H), 5.65 n, 1H),
7.35 @, 2H,J = 8.4Hz), 7.79¢, 2H, J = 8.4Hz);**C NMR (100MHz, CDCJ): & 16.0
(CHs), 21.5 (CH), 32.6 (CH), 36.9 (Ch), 74.3 (CH), 117.0 (CH), 127.8 (2CH), 129.7
(2CH), 133.0 (C), 135.2 (CH), 144.6 (C).

\)\/\OTS

3-Methylpent-4-enyl 4-methylbenzenesulfonate (19b)3.0 g (29.9 mmol) of alcohol
18b afforded 5.0 g of product (19.7 mmol, 66 % yieldjlash chromatographic
conditions : petroleum ether/Jx = 2/1; [R (1/1) = 0.69]*H NMR (400MHz, CDC}):
50.96 ¢, 3H,J = 6.7Hz), 1.63 1, 2H), 2.24 (M, 1H), 2.45 (s, 3H), 4.031( 2H), 4.88
(m, 2H), 5.54 @dd, 1H,J = 7.9, 10.5, 16.9Hz), 7.34I,(2H, J= 8.8Hz), 7.79d, 2H,J =
8.8Hz);°C NMR (100MHz, CDCYJ): & 20.0 (CH), 21.6 (CH), 34.0 (CH), 35.1 (Ch),
68.7 (CH), 114.0 (CH), 127.8 (2CH), 129.7 (2CH), 133.1 (C), 142.4 (CH)4.6 (C).

\/\)\OTS

1-Methylpent-4-enyl 4-methylbenzenesulfonate (19¢cB.8 g (37.9 mmol) of alcohol
18c afforded 8.4 g of product (33.1 mmol, 87 % yieldjlash chromatographic
conditions : petroleum ether/&x = 2/1; [R (1/1) = 0.74]*H NMR (400MHz, CDC}):
51.26 ¢, 3H,J = 6.2Hz), 1.59dddd 1H,J = 5.3, 6.2, 9.5, 14.4Hz), 1.78ddd 1H,J
=6.0, 7.1, 9.0, 14.1Hz), 2.0Mm(2H), 2.44 (s, 3H), 4.631( 1H), 4.91 (n, 1H), 4.95 (M,
1H), 7.33 (n, 2H), 7.79 n, 2H); *C NMR (100MHz, CDCJ): & 20.6 (CH), 21.4
(CHs), 28.8 (CH), 35.5 (CH), 79.7 (CH), 115.2 (Ch), 127.5 (2CH), 129.6 (2CH),
134.4 (C), 136.9 (CH), 144.4 (C).

General Proceduré® for the synthesis of substituted 4-pentenylmalonas 20:
Diethyl malonate (2 eq.) was added at O °C to pesusion of NaH (60% wt in mineral
oil, 1.5eq.) in a dry 10:1 mL THF/DMF mixture (228L THF/mmol) under B The
reaction mixture was stirred for 30 min. Then tbgytatel9 (1 eq.) and anhydrous Nal

% |n according to literature: Jahn, U.; Hartmann,mx, |.; Joneg, P. GEur. J. Org. Chen2001, 3333.
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(0.4 eq.) were added at room temperature. The neixtuas heated to reflux until
reaction was complete by TLC. The mixture was gbedcwith a saturated NEI
solution. The aqueous layer was extracted threestiwith ether. The combined organic
layers were dried with MgSQCand the solvent was evaporated. The crude prodast
purified by flash chromatography.

AN CO,Et

Diethyl 2-(2-methylpent-4-enyl)malonate (20a):4.5 g (17.7 mmol) of tosylaté9a
afforded 4.2 g of product (17.4 mmol, 98 % yiel@hromatographic conditions :
petroleum ether/BO = 5/1; [R (4/1) = 0.62]. IR (neatl 1751, 1733 cm. *H NMR
(300MHz, CDC}): 5 0.91 @, 3H,J = 6.6Hz), 1.27t( 6H,J = 7.2Hz), 1.531, 1H), 1.69
(m, 1H), 1.96 (n, 1H), 2.08 fn, 2H), 3.44 (d, 1H,J = 6.6, 8.7Hz), 4.20 Roverlapped
4H, J = 7.2, 7.5Hz), 4.99n, 1H), 5.04 (, 1H), 5.75 i, 1H); *C NMR (75MHz,
CDCly): 8 14.0 (2CH), 18.9 (CH), 30.7 (CH), 35.2 (Ch), 40.9 (CH), 50.0 (CH), 61.2
(2CHy), 116.3 (CH), 136.4 (CH), 169.5 (C), 169.7 (C).

N CO,Et
CO,Et

Diethyl 2-(3-methylpent-4-enyl)malonate (20b):3.1 g (12.2 mmol) of tosylat&9b
afforded 2.9 g of product (12.0 mmol, 98 % yiel@hromatographic conditions :
petroleum ether/B® = 4.5/0.5; [R (4/1) = 0.53]. IR (neat) 1749, 1732 cm. *H
NMR (400MHz, CDC#): & 1.00 @, 3H,J = 6.8Hz), 1.27( 6H,J = 7.2Hz), 1.321f,
2H), 1.88 (M, 2H), 2.14 fkept 1H, J = 7.2Hz), 3.29 t( 1H, J = 7.6Hz), 4.19 (@
overlapped 4H, J = 7.2, 7.2Hz), 4.96n, 2H), 5.66 ddd, 1H,J = 7.6, 10.4, 17.2Hz);
13C NMR (100MHz, CDGJ): d 14.0 (2CH), 20.1 (CH), 26.5 (CH), 34.0 (CH), 37.5
(CH), 52.0 (CH), 61.2 (2C}), 113.2 (CH), 143.7 (CH), 169.5 (2C).
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N CO,Et
CO,Et

Diethyl 2-(1-methylpent-4-enyl)malonate (20c):8.0 g (31.4 mmol) of tosylat&é9c
afforded 4.7 g of product (19.2 mmol, 61 % yiel@hromatographic conditions :
petroleum ether/BO = 4.5/0.5; [R (4.5/0.5) = 0.38]. IR (neat)i 1752, 1733 cfm. *H
NMR (400MHz, CDC}): 6 1.00 ¢, 3H, J = 6.8Hz), 1.27 (2 overlapped 6H, J =
7.1Hz), 1.321f, 1H), 1.54 (, 1H), 2.04 (n, 1H), 2.15 (, 1H), 2.28 n, 1H), 3.24 ¢,
1H,J = 7.9Hz), 4.194, 4H,J = 7.1Hz), 5.78ddt, 1H,J = 6.8, 10.2, 17.0Hz)*C NMR
(100MHz, CDC}): 6 14.0 (CH), 16.6 (2CH), 30.9 (CH), 32.6 (CH), 33.3 (Ch), 57.5
(CH), 60.9 (CH), 61.0 (CH), 114.6 (CH), 138.0 (CH), 168.6 (C), 168.7 (C).

N CO,Et
CO,Et

Diethyl 2-methyl-2-(pent-4-enyl)malonate (20d): Commercial 5-bromopent-1-ene
(5.4 g; 34.4 mmol; 1.2 eq.) was used in place ef titsylate and reacted with 5.0 g
(28.7 mmol, 1 eq.) of methyl diethyl malonate téoed 6.9 g of product (28.7 mmol,
100 % vyield). [R (4.5/0.5) = 0.45]'H NMR (400MHz, CDC}): 5 1.25 ¢, 6H, J =
7.1Hz), 1.34 1, 2H), 1.40 ¢, 3H), 1.86 tn, 2H), 2.07 (, 2H), 4.18 §, 4H,J = 7.1Hz),
4.95 fm, 1H), 5.01 (n, 1H), 5.78 ddt, 1H,J = 6.6, 10.2, 16.8Hz)**C NMR (100MHz,
CDCl): 6 13.9 (2CH), 19.7 (CH), 23.5 (CH), 33.7 (CH), 34.8 (CH), 53.4 (2CH),
60.9 (C), 114.7 (Ch), 137.9 (CH), 172.2 (2C).

General Procedure for the decarboxylation step to épta-6-enoic acids 9 :

Method A A solution of NaOH 10 % in water (2.5 eq.) was edido a stirred solution
of the diesteR0 (1 eq.) in THF (0.2 mL/mmol). The mixture was heghto reflux until
the reaction was complete by TLC. The mixture wasshved once with ether and
acidified to pH=1 with HCI 1M. The aqueous layersitracted three times with ether.
The combined organic layers were dried with Mg®@d the solvent was evaporated.
THF (1.0 mL/mmol) and HCI| 1M (2 eq.) were addedtihe crude product and the
mixture was heated to reflux until decarboxylatieas complete by TLC. The aqueous

layer was extracted three times with ether. Theliped organic layers were dried with
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MgSO, and the solvent was evaporated. The crude prodast purified by flash
chromatography.

4-Methylhept-6-enoic acid (9a):3.7 g (15.4 mmol) of dieste20a afforded 1.3 g of
product (8.9 mmol, 58 % vyield). Chromatographic ditons : petroleum
ether/E§O/AcOH = 3/2/0.1; [R (3/2/0.1) = 0.36]. IR (neat)i 2960, 2928, 1710 ch
'H NMR (300MHz, CDC}): 8 0.90 ¢, 3H,J = 6.5Hz), 1.461f, 1H), 1.56 fn, 1H), 1.71
(m, 1H), 1.94 (n, 1H), 2.08 n, 1H), 2.37 M, 2H), 5.01 (¢, 2H), 5.77 ¢, 1H); **C
NMR (75MHz, CDC}): & 18.9 (CH), 31.0 (CH), 31.8 (Ch), 32.2 (CH), 41.0 (CH),
116.1 (CH), 136.8 (CH), 180.5 (C).

3-Methylhept-6-enoic acid (9b):2.9 g (11.9 mmol) of dieste20b afforded 1.0 g of
product (7.3 mmol, 61% vyield). Chromatographic ndiions : petroleum
ether/E$O/ACOH = 4/1/0.1; [R (3/2/0.1) = 0.50]*H NMR (300MHz, CDC}): & 1.00
(d, 3H,J = 6.6Hz), 1.341f, 2H), 1.63 (n, 2H), 2.12 hept 1H,J = 6.9Hz), 2.34t( 2H, J

= 7.4Hz), 4.92 16, 1H), 4.97 f, 1H), 5.67 (dd, 1H,J = 7.7, 10.2, 17.3Hz), 11.5,(
OH); *C NMR (75MHz, CDCJ): & 20.0 (CH), 22.3 (CH), 34.0 (CH), 35.8 (CH),

37.5 (CH), 112.8 (Ch), 144.0 (CH), 180.3 (C).

Method B* A solution of NaOH 10% in water (2.5 eq.) was atlte a stirred solution
of the diesteR0 (1 eq.) in THF (0.2 mL/mmol),. The mixture was teshto reflux until
reaction was complete by TLC. The mixture was wesbrece with ether and acidified
to pH=1 with HCI 1M. The aqueous layer was extradieree times with ether. The
combined organic layers were dried with MgSénd the solvent was evaporated.
Decalirf (1:1 wt% ) was added to this crude product andntheure heated to 185°C.
CO, evolution was monitored with a mineral oil bubbld@he reaction was stirred
vigorously until gas evolution ceased. Upon coqlibgcalirf was removed in vacuo
affording acid.
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\/\)\/COZH

3-Methylhept-6-enoic acid (9¢):3.0 g (16.1mmol) of dieste2Oc afforded 2.0 g of
product (14.0 mmol, 87 % yieldfH NMR (400MHz, CDC}): & 0.99 ¢, 3H, J =
6.8Hz), 1.391h, 2H), 2.01 fn, 1H), 2.08 (n, 2H), 2.28 n, 2H), 4.98 fn, 2H), 5.79 (dt,
1H,J = 6.6, 10.1, 16.8Hz)*C NMR (100MHz, CDGJ): 5 19.4 (CH), 29.6 (CH), 31.1
(CH,), 35.7 (CH), 41.5 (CH), 114.6 (CH), 138.4 (CH), 179.8 (C).

wCOZH

2-Methylhept-6-enoic acid (9d):3.0 g (16.1 mmol) of dieste20d afforded 2.3 g of
product (16.0 mmol, 99 % vyieldfH NMR (400MHz, CDCJ): & 1.11 ¢, 3H, J =
6.9Hz), 1.37 1fy, 3H), 1.63 (, 1H), 1.99 (M, 2H), 2.39 n, 1H), 4.88 n, 1H), 4.94 fn,
1H), 5.72 @dt, 1H,J = 6.6, 10.2, 16.8Hz), 11.88,(OH); **C NMR (100MHz, CDGJ):
0 16.7 (CH), 26.3 (CH), 32.9 (CH), 33.5 (CH), 39.3 (CH), 114.7 (C}), 138.3 (CH),
183.6 (C).

Synthesis of §)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one hydrodloride®*:

auxiliary synthesis

NH
NHz  jweowsoo,  NHpHCI - fhteor H\(H
_— . ~
*>COOH H*\COOMe
Ph Ph Ph- O
14 14(I) 14(10)
1) acetone/ pTsOH; HCI Ph
14(11)
H HCI 13
(9 or (R) - 5-benzyl-2,2,3-trimethylimidazolidin-4-one
Figure 16
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(S)-5-Benzyl-2,2,3-trimethylimidazolidin-4-one hydrodloride (13)

O ./
N
Ph\j )<
” HCI
To a solution of ethanolic MeNH8 M, 46 mL) was addedS(-phenylalanine methyl
estef! 14(1) (22.1 g, 123 mmol) and the resulting mixture waisresl at room
temperature for 15 h. The solvent and the exceddeMH, were removed in vacuo.
The obtained $-phenylalanine N-methyl amide hydrochloride wasated with an
aqueous solution NaHGGand the free amine was extracted three times GHICIs,
dried and concentrated. To this amidkIl) (21.3 g, 119 mmol) was added MeOH (180
mL), acetone (180 ml) anpg-TsOH (220 mg, 1.2 mmol). The reaction mixture was
heated to reflux for 24 h, cooled to room tempertnd concentrated. The residue was
taken up in BO and 119 mL of a HCI-ED (2 M) solution was added to precipitatg
The yellow salt was washed with cool acetone alterdid to afford 30.3 g (yield 71%)
as white solid.
'H NMR (300MHz, DMS0): 5 1.61 §, 3H), 1.76 §, 3H), 2.92 ¢, 3H), 3.13 dd, 1H,J
=10.5, 15.1Hz), 3.53¢l, 1H,J = 3.5, 15.2Hz), 4.66d¢, 1H,J = 3.6, 10.6Hz), 4.86b&
2H), 7.23-7.511, 5H); *C NMR (75MHz, dDMSO): 5 22.3 (CH), 24.4 (CH), 25.8
(CHs), 35.0 (CH), 59.8 (CH), 79.2 (C), 128.8 (2CH), 130.3 (2CH304 (CH), 136.7
(C), 167.9 (C); HPLC (free amin@hiralcel® OD-H, n-hexané/PrOH (96:4), flow 1
mL/min, A= 254 nm, (R) = 10.6 min, (S = 12.1 min.

General Procedure for the synthesis of chiral amide 21: A solution of oxalyl
chloride (3 eq.) in dry dichloromethane (4.0 mL/m)ynweas added dropwise to a stirred
solution of acidl1 or 9 (1 eq.) in dry dichloromethane (4.5 mL/mmol) &@®and under

a positive pressure of nitrogen. After 5h at O fii& solvent and the excess of oxalyl
chloride was removed in vacuo. The crude chloridas vdissolved in anhydrous
dichloromethane (2.8 mL/mmol) and the §-( or (R)-5-benzyl-2,2,3-
trimethylimidazolidin-4-one hydrochloridé3 (1.1 eq.) was added. The mixture was
cooled to 0 °C and dry pyridine (2.2 eq.) was addée mixture was allowed to warm

to room temperature; after 24h TLC analysis revkdlat the starting material was

®1 (9-phenylalanine methyl ester hydrochloride: Effergee, F ; Burkard, ULiebigs Ann. Cheni.986
334. R)-phenylalanine methyl ester hydrochloride: comnadiscavailable.

59



Chapter 3

consumed and water was added. The organic layemaaBed twice with water, and
then the aqueous layers were extracted three tmtbsether. The combined organic
layers were dried with MgSQCand the solvent was evaporated. The crude prodast
purified by flash chromatography.

O ./
Ph \
oY
WC
(S)-5-Benzyl-1-hepta-2,6-dienoyl-2,2,3-trimethylimidaolidin-4-one (21a): hept-2,6-
dienoic acidlla (2.1 g, 16.6 mmol) gave the corresponding amide @2 36.9 mmol,
37 % yield); chromatographic conditions : petroleetiner/E3O = 1/2; colorless ail; [R
(1/1) = 0.28]. IR (neaty 1701, 1654 c. *H NMR (600MHz, CDC}): 5 0.65 &, 3H),
1.55 &, 3H), 2.28 (n, 2H), 2.40 fn, 2H), 2.67 §, 3H), 3.16 (, 1H), 3.35 n, 1H), 4.57
(m, 1H), 5.03 (n, 1H), 5.09 (, 1H), 5.83 (n, 1H), 6.16 ,, 1H), 7.04 i, 1H), 7.05 I,
2H), 7.21 fn, 3H); *C NMR (100MHz, CDGJ): 5 22.4 (CH), 23.8 (CH), 24.2 (CH),
31.6 (CH), 32.2 (CH), 38.1 (CH), 60.3 (CH), 79.0 (C), 115.7 (GH 122.7 (CH),
127.3 (CH), 128.4 (2CH), 130.3 (2CH), 135.2 (C)7 13(CH), 146.6 (CH), 159.2 (C),
169.4 (C).

thot\l ri;
WO

(9)-5-Benzyl-2,2,3-trimethyl-1-(6-methylhepta-2,6-diroyl)imidazolidin-4-one

(21b): hept-2,6-dienoic acid1b (536 mg, 3.8 mmol) gave the corresponding amide
(844 mg, 2.5 mmol, 66 % vyield); chromatographicdibans : petroleum ether/Ed =
1/2; colorless oil; [R (1/1) = 0.24]. IR (neaty 1704, 1660 cm. *H NMR (400MHz,
CDCl): 6 0.64 6, 3H), 1.10 ¢, 3H), 1.11 ¢, 3H), 1.57 ¢, 3H), 2.31 (d, 2H,J = 1.2,
7.6Hz), 2.68 fh, 3H), 3.17 dd, 1H,J = 5.6, 13.8Hz), 3.38d¢, 1H,J = 2.0, 13.8H2z),
4.60 (n, 1H), 4.99 fn, 1H), 5.01 (, 1H), 5.86 dd, 1H,J=10.5, 17.3Hz), 6.1d( 1H,J

= 15.0Hz), 7.04r0, 1H), 7.06 fn, 2H), 7.22 (, 3H); **C NMR (100MHz, CDCJ): &
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22.3 (2CH), 23.7 (CH), 24.1 (CH), 30.2 (CH), 36.0 (CH), 38.0 (CH), 60.2 (CH),
79.5 (C), 110.9 (Ch), 122.5 (CH), 127.2 (CH), 128.3 (2CH), 130.2 (2CH), 135.2 (C),
144.1 (C), 146.7 (CH), 163.8 (C), 167.1 (C).

(S)-5-Benzyl-1-(5-(benzyloxymethyl)hepta-2,6-dienoy2,2,3-
trimethylimidazolidin-4-one (21c): hept-2,6-dienoic acidlc (2.2 g, 9.1 mmol) gave
the corresponding amide (3.5 g, 7.8 mmol, 86 %dyjethromatographic conditions :
petroleum ether/EtOAc= 1/1; colorless oil;[R1/1) = 0.36]. IR (neaty 1704, 1661,
1626 cnt. 'H NMR (400MHz, CDCY) (of the mixture of the two diastereocisomess):
0.63 6, 3HmMiInor), 0.64 6, 3Hmajor), 1.56 § 3HmMInor + 3HMajor), 2.37 M, 1Hminor
+ 1Hmajor), 2.61 M, 1Hminor + 1Hmajor), 2.68 (, 1Hminor + 1Hmajor), 3.13 M,
1Hminor), 3.14 (M, 1Hmajor), 3.34 (, 1Hminor + 1Hmajor), 3.48 (, 2Hminor +
2Hmajor), 4.53 6, 2Hminor + 2Hmajor), 4.56 M, 1Hminor + 1Hmajor), 5.15 (M,
2Hminor + 2Hmajor), 5.76 (, 1Hminor + 1Hmajor), 6.17 (n, 1HMinor + 1Hmajor),
7.05 M, 1Hminor + 1Hmajor), 7.28 M, 10HMinor + 10HMajor); *C NMR (75MHz,
CDCls) (of the mixture of the two diasterecisomer$):21.9 (MminorCHg), 22.0
(majorCH3), 23.4 (najorCH; + minorCH3), 23.8 (najorCH; + minorCHg), 33.8
(minorCHy), 34.1 (majorCH,), 42.8 (inorCH), 42.9 (ajorCH), 59.8 (najorCH +
minorCH), 72.5 (ninorCH,), 72.7 (najorCH, + minorCH,), 72.8 (majorCH,), 79.0
(majorC + minorC), 116.2 fhajorCH,), 116.4 (inorCH,), 123.5 (najorCH), 123.7
(minorCH), 126.9 (inorCH), 127.1 (hajorCH), 127.2 finorCH), 127.3 fnhajorCH),
128.0 (2najorCH + 2minorCH), 129.9 fhajorCH), 130.0 (inorCH), 134.9 finorC +
majorC), 137.9 (ajorCH), 138.2 (inorCH), 144.6 fajorCH), 144.7 (inorCH),
163.3 (minorC + majorC), 166.7 finorC + majorC).
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Oy ./
Ph \
N
\XMO
(S)-5-benzyl-1-(5,5-dimethylhepta-2,6-dienoyl)-2,2,8imethylimidazolidin-4-one

(21d): hept-2,6-dienocic acidlld (2.0 g, 12.9 mmol) gave the corresponding amide
(1.2 g, 3.4 mmol, 26 % yield); chromatographic atods : petroleum ether/EtOAc =
1/1; colorless oil; [R (1/1) = 0.40]. IR (neat)v 1704, 1661, 1626 ch 'H NMR
(600MHz, CDC}): 6 0.64 €, 3H), 1.10 ¢, 3H), 1.11 ¢, 3H), 1.57 ¢, 3H), 2.31 {d, 2H,

J = 1.2, 7.6Hz), 2.68n4, 3H), 3.17 €d, 1H, J = 5.6, 13.8Hz), 3.38d(d, 1H, J = 2.0,
13.8Hz), 4.601f, 1H), 4.99 (, 1H), 5.01 f, 1H), 5.86 ¢d, 1H,J = 10.5, 17.3Hz), 6.17

(d, 1H, J = 15.0Hz), 7.04 16, 1H), 7.06 (, 2H), 7.22 fn, 3H); *°C NMR (150MHz,
CDCl): & 22.2 (CH), 23.7 (CH), 24.0 (CH), 26.5 (CH), 26.9 (CH), 37.1 (C), 37.9
(CH,), 45.4 (CH), 60.1 (CH), 79.4 (C), 111.3 (GH 124.5 (CH), 127.1 (CH), 128.3
(2CH), 130.1 (2CH), 135.1 (C), 144.3 (CH), 146.$4jC163.5 (C), 167.0 (C).

Y)\v%

(S5)-5-benzyl-1-(3,6-dimethylhepta-2,6-dienoyl)-2,2,8imethylimidazolidin-4-one
(21e): hept-2,6-dienoic acidle (1.0 g, 6.5 mmol) gave the corresponding amid® g1.
, 5.1 mmol, 78 % yield); chromatographic conditiangetroleum ether/EtOAc = 3/2;
colorless oil; [R (3/2) = 0.32]. IR (neat)p 1704, 1651 cim. *H NMR (600MHz,
CDCl): 6 0.66 €, 3H), 1.57 ¢, 3H), 1.78 §, 3H), 2.18 §, 3H), 2.26 {n, 2H), 2.36
2H), 2.68 §, 3H), 3.19 @d, 1H,J = 5.9, 14.1Hz), 3.31dd, 1H,J = 2.0, 14.1Hz), 4.50
(dd, 1H, J = 1.7, 5.6Hz), 4.70,(2H, J = 11.7Hz), 5.89¢ 1H), 7.03 fn, 2H), 7.23 n,
3H); **C NMR (150MHz, CDGJ): & 18.6 (CH), 22.3 (CH), 22.5 (CH), 23.7 (CH),
24.1 (CH), 35.4 (CH), 37.4 (CH), 38.3 (CH), 60.7 (CH), 79.3 (C), 110.9 (GH
118.5 (CH), 127.1 (CH), 128.3 (2CH), 130.2 (2CH}55 (C), 144.5 (C), 153.6 (C),
165.2 (C), 167.4 (C).
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(S)-5-benzyl-2,2,3-trimethyl-1-(3-methylhepta-2,6-disoyl)imidazolidin-4-one
(211): hept-2,6-dienoic acid1f (1.0 g, 7.1mmol) gave the corresponding amide 1.5
4.5 mmol, 63 % vyield); chromatographic conditionpetroleum ether/EtOAc = 3/2;
colorless oil; [R (3/2) = 0.50]."H NMR (400MHz, CDC}): & 0.66 &, 3H), 1.57 §,
3H), 2.32 fn, 3H), 2.68 ¢, 3H), 3.20 (0, 1H), 3.31 (, 1H), 4.51 (n, 1H), 5.05 (n, 1H),
5.89 6, 1H), 7.04 (, 2H), 7.22 (, 3H); °C NMR (100MHz, CDCJ): 5 18.5 (CH),
22.4 (CH), 23.6 (CH), 24.0 (CH), 31.4 (CH), 37.3 (CH), 39.5 (CH), 60.6 (CH),

79.2 (C), 115.5 (CH), 118.7 (CH), 127.0 (CH), 128.2 (2CH), 130.1 (2CH35.4 (C),
137.3 (CH), 153.3 (C), 165.0 (C), 167.3 (C).

O, 7
Py
Ph
Y
\/NO

(S)-5-benzyl-2,2,3-trimethyl-1-(4-methylhepta-2,6-diroyl)imidazolidin-4-one

(219): hept-2,6-dienoic acidllg (1.5 g, 10.7 mmol) gave the corresponding amide
(3.0 g, 8.8 mmol, 82 % yield); chromatographic dtods : petroleum ether/EtOAc =
3/2; white solid, m.p. 114°C; [R(3/2) = 0.25]. IR (KBr)v 1715, 1660, 1633 ¢ 'H
NMR (400MHz, CDC}) (of the mixture of the two diastereoisomers):0.65 §,
3Hminor), 0.66 § 3Hmajor), 1.14 @, 3HMinor, J = 5.5Hz), 1.16 ¢, 3HMajor, J =
5.5Hz), 1.57 (8 overlapped3Hminor + 3Hmajor), 2.23 (m, 2Hminor + 2Hmajor), 2.53
(hept 2Hminor + 2Hmajor, J = 6.8Hz), 2.69 (8 overlapped 3Hminor + 3Hmajor),
3.17 @d, 1Hminor, J = 4.5, 14.0Hz), 3.18d@, 1Hmajor, J = 5.5, 14.0Hz), 3.37 (&
overlapped 1Hminor + 1Hmajor, J = 2.2, 14.0Hz), 4.60n§, LHminor + 1Hmajor), 5.07
(m, 2Hminor + 2Hmajor), 5.79 @dt, 1Hminor, J = 7.0, 10.3, 17.0Hz), 5.80ddt,
1Hminor, J = 7.0, 10.3, 17.0Hz), 6.14l,(1Hminor + 1Hmajor, J = 15.0Hz), 6.96dd,
1Hminor, J = 8.0, 15.0Hz), 7.03dd, 1Hmajor, J = 7.0, 15.0Hz), 7.05n{, 2Hminor +
2Hmajor), 7.22 (m, 3Hminor + 3Hmajor); *C NMR (100MHz, CDGJ) (of the mixture
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of the two diastereocisomers):18.9 fninorCHz), 19.3 (majorCHs), 22.2 (majorCHs +
minorCHs;), 23.6 (majorCH; + minorCHg), 24.0 (najorCH; + minorCHs), 36.0
(minorCH), 36.6 (najorCH), 37.9 (MinorCH,), 38.0 (majorCH,), 40.0 (inorCHy),
40.4 (najorCH,), 60.1 (najorCH, + minorCH,), 79.3 (ajorC + minorC), 116.7
(majorCH, + minorCHy), 120.7 (inorCH), 121.0 (hajorCH), 127.1 (hajorCH +
minorCH), 128.2 (ZninorCH), 128.3 (PnhajorCH), 130.1 (ZninorCH), 130.2
(2majorCH), 135.1 finorC + majorC), 135.7 (hinorCH), 136.0 fhajorCH), 151.6
(minorCH), 151.7 fhajorCH), 163.7 finorC), 163.8 (ajorC), 166.9 finorC +
majorC).

O ./
N
Ph )<
N
WC
(S)-5-benzyl-2,2,3-trimethyl-1-(5-methylhepta-2,6-disoyl)imidazolidin-4-one

(21h): hept-2,6-dienoic acid1h (770 mg, 5.5 mmol) gave the corresponding amide
(2.7 g, 4.9 mmol, 89 % yield); chromatographic ditions : petroleum ether/EtOAc =
3/2; colorless oil; [R (3/2) = 0.26]. IR (neatp 1704, 1651 ci. *H NMR (400MHz,
CDCls) (of the mixture of the two diastereocisomefs).65 (2 overlapped3Hminor +
3Hmajor), 1.10 @, 3Hminor, J = 6.6Hz), 1.11 d, 3Hmajor, J = 6.6Hz), 1.57 (8
overlapped 3Hminor + 3Hmajor), 2.33 M, Hminor + Hmajor), 2.38 M, 2HMinor +
2Hmajor), 2.69 (& overlapped3Hminor + 3Hmajor), 3.17 @d, 21Hminor + 1Hmajor, J

= 5.6, 14.0Hz), 3.37dd, 1Hminor + 1Hmajor, J = 1.3, 14.0Hz), 4.60n§, 1Hminor +
1Hmajor), 5.00 M, Hminor + HmMajor), 5.06 M, Hminor + HmMajor), 5.80 M, HMinor +
Hmajor), 6.19 (m, Hminor + Hmajor), 7.02 (, Hminor + Hmajor), 7.06 (, 2HMinor +
2Hmajor), 7.22 M, 2Hminor + 2Hmajor); **C NMR (100MHz, CDGJ) (of the mixture

of the two diastereocisomers):19.6 fninorCHz), 19.9 (majorCHs), 22.2 majorCHs +
minorCHs;), 23.6 (najorCH; + minorCHg), 24.0 (majorCH; + minorCHs), 36.8
(minorCH), 37.0 (najorCH), 37.8 (MinorCH,), 37.9 (majorCH,), 39.1 (inorCHy),
39.4 fnajorCH,), 60.0 (majorCH + minorCH), 79.3 (najorC + minorC), 113.4
(majorCHy), 113.6 (MinorCH,), 127.0 (najorCH + minorCH), 128.2 (2inorCH),
128.3 (2najorCH), 130.1 (ZninorCH), 130.2 (2najorCH), 135.1 fninorC + majorC),
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142.9 (majorCH + minorCH), 145.4 fhajorCH), 145.5 finorCH), 163.5 finorC +
majorC), 166.9 finorC + majorC).

O, 7/
Ph N

(S)-5-benzyl-1-((6Z)-dodeca-2,6-dienoyl)-2,2,3-triméylimidazolidin-4-one  (21i):
hept-2,6-dienoic acidl1li (0.52 g, 2.7 mmol) gave the corresponding amid&1(Q,
1.8 mmol, 86 % vyield); chromatographic conditionpetroleum ether/EtOAc = 3/2;
colorless oil; [R (3/2) =0.37].*H NMR (400MHz, CDC}): & 0.67 &, 3H), 0.89 fn,
3H), 1.30 (n, 6H), 1.57 §, 3H), 2.05 (n, 2H), 2.32 (n, 4H), 2.69 §, 3H), 3.17 {d, 1H,
J=5.6, 14.1Hz), 3.37d¢, 1H,J = 2.0, 14.1Hz), 4.59¢, 1H,J = 2.0, 5.5Hz), 5.42n(,
2H), 6.16 @, 1H,J = 16.0Hz), 7.06r6, 2H), 7.23 (n, 3H); *C NMR (100MHz, CDGJ):

0 14.0 (CH), 22.3 (CH), 22.5 (CH), 23.7 (CH), 24.2 (CH), 25.8 (CH), 27.2 (CH),
29.2 (CH), 31.4 (CH), 32.5 (CH), 38.1 (CH), 60.2 (CH), 79.5 (C), 122.5 (CH), 127.2
(CH), 127.8 (CH), 128.3 (2CH), 130.3 (2CH), 131CHj}, 135.2 (C), 146.9 (CH), 163.8
(©), 167.2 (C).

thofN Ii;
Wo

(S)-5-benzyl-2,2,3-trimethyl-1-(4-methylhept-6-enoyimidazolidin-4-one (210):
hept-6-enoic aci®a (0.9 g, 6.3 mmol) gave the corresponding amidé ¢g15.1 mmol,
80 % vyield); chromatographic conditions : petroleather/EtOAc = 3/2; colorless oil;
[R: (3/2) = 0.30]. IR (neat)p 1706, 1655 cm. *H NMR (400MHz, CDC}) (of the
mixture of the two diastereoisomer$)0.69 €, 6H), 0.94 ¢, 6H,J = 6.3Hz), 1.54 ¢
6H), 1.58 (n, 4H), 1.79 (n, 2H), 1.98 n, 2H), 2.09 (n, 2H), 2.40 fn, 4H), 2.69 §, 6H),
3.16 @d, 2H,J = 5.5, 14.0Hz), 3.36nf, 2H), 4.51 (, 2H), 5.03 n, 4H), 5.80 n, 2H),
7.09 (n, 4H), 7.24 (n, 6H); *C NMR (100MHz, CDCJ) (of the mixture of the two
diastereoisomersf 19.2 (CH), 19.4 (CH), 22.3 (CH), 22.4 (CH), 23.9 (2CH), 24.2
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(2CHy), 31.6 (CH), 31.7 (CH), 32.3 (CH), 32.4 (CH), 33.1 (GM 33.2 (CH), 38.0
(2CH,), 41.0 (CH), 41.2 (CH), 61.6 (CH), 61.7 (CH), 79.5 (2C), 116.0 (§H116.1
(CHp), 127.3 (2CH), 128.4 (4CH), 130.2 (4CH), 135.2 }2C36.8 (2CH), 167.2 (2C),
171.2 (C), 171.3 (C).

tht\l li<
\)MO

(S)-5-benzyl-2,2,3-trimethyl-1-(5-methylhept-6-enoyimidazolidin-4-one (21m):
hept-6-enoic acid9b (0.51 g, 3.6 mmol) gave the corresponding amided @1
2.9 mmol, 80 % vyield); chromatographic conditionpetroleum ether/EtOAc = 3/2;
colorless oil; [R (3/2) = 0.51]. IR (neat)p 1707, 1656 cm. ‘H NMR (400MHz,
CDCl) (of the mixture of the two diastereoisomes).68 €, 3H), 1.02 dd, 3H,J =
1.1, 6.7Hz), 1.37r6, 2H), 1.54 § 3H), 1.73 (n, 2H), 2.16 kept 1H, J = 6.9Hz), 2.39
(m, 2H), 2.68 ¢ 3H), 3.16 dd, 1H, J = 5.3, 14.1Hz), 3.36d¢, 1H, J = 1.8, 14.1Hz),
4.50 @dd, 1H, J = 2.2, 5.3Hz), 4.9 2H), 5.70 ddd, 1H,J = 7.5, 10.2, 17.4Hz), 7.09
(m, 2H), 7.24 fn, 3H); *C NMR (100MHz, CDGCJ) (of the mixture of the two
diastereoisomersp 20.1 (CH), 22.3 (CH), 22.8 (CH), 23.9 (CH), 24.2 (CH), 35.4
(CH,), 36.0 (CH), 37.7 (CH), 37.8 (Ch, 60.6 (CH), 79.5 (C), 112.9 (GH 127.3
(CH), 128.4 (2CH), 130.2 (2CH), 135.1 (C), 144.HjC167.2 (C), 171.0 (C).

Oy ./
I

w)v”é

~ 0
(S)-5-benzyl-2,2,3-trimethyl-1-(3-methylhept-6-enoyimidazolidin-4-one (21n):
hept-6-enoic aci@c (1.1 g, 7.7 mmol) gave the corresponding amidg ¢1.3.7 mmol,
50 % vyield); chromatographic conditions : petroleather/EtOAc = 3/2; colorless oil;
[Rf (1/1) = 0.55]. IR (neat)p 1704, 1658 cm. *H NMR (600MHz, CDC}) (of the
mixture of the two diastereoisomers):0.67 (% overlapped6H), 0.93 ¢, 3H, J =

6.0Hz), 1.06 ¢, 3H, J = 6.8Hz), 1.54€ 3H), 1.55 ¢ 3H), 2.14 (n, 8H), 2.35 (n, 4H),
2.67 & 3H), 2.68 & 3H), 3.26 (n, 2H), 4.52 fn, 1H), 4.54 (, 1H), 4.99 (n, 4H), 5.81
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(m, 2H), 7.09 tn, 4H), 7.14 (, 6H); *C NMR (150MHz, CDGCJ) (of the mixture of the
two diastereoisomers® 19.0 (CH), 19.7 (CH), 22.0 (CH), 22.1 (CH), 23.6 (2CH),
23.9 (2CH), 29.7 (CH), 30.2 (CH), 30.9 (CH), 31.0 (CH), 35.3 (CH), 36.0 (CH),
37.8 (2CH), 42.5 (CH), 42.7 (CH), 60.4 (CH), 60.5 (CH), 79.3 (2C), 114.3 (§H
114.4 (CH), 127.0 (2CH), 128.2 (4CH), 130.0 (4CH), 134.9,(C35.0 (C), 138.2
(2CH), 166.9 (C), 167.0 (C), 170.2 (C), 170.4 (C).

Sy

(S)-5-benzyl-2,2,3-trimethyl-1-(2-methylhept-6-enoyimidazolidin-4-one (210):
hept-6-enoic aci@d (1.3 g, 9.1 mmol) gave the corresponding amid@ ¢15.6 mmol,
61 % vyield); chromatographic conditions : petroleather/EtOAc = 3/2; white solid;
m.p. 76°C; [R (3/2) = 0.20]. IR (KBr)v 1699, 1649 ci. *H NMR (400MHz, CDCY)
(of the mixture of the two diasterecisomer§)0.73 §, 3H), 1.28 ¢, 3H, J = 6.5Hz),
1.42 (n, 3H), 1.54 ¢, 3H), 1.63 fn, 1H), 2.03 (n, 2H), 2.67 (M, 1H), 2.68 §, 3H), 3.08
(dt, 1H,J = 5.3, 14.0Hz), 3.37d¢d, 1H,J = 2.6, 14.0Hz), 4.56d¢, 1H,J = 2.5, 5.3Hz),
4.97 (n, 1H), 4.99 fn, 1H), 5.75 @dt, 1H,J = 6.7, 10.2, 23.8Hz), 7.1 2H), 7.24 (n,
3H): **C NMR (100MHz, CDGCJ) (of the mixture of the two diastereocisomes)t7.0
(CHs), 22.5 (CH), 23.8 (CH), 24.1 (CH), 26.3 (CH), 33.5 (CH), 35.0 (CH), 38.0
(CH), 38.8 (CH), 60.4 (CH), 79.5 (C), 114.9 (GH 127.2 (CH), 128.3 (2CH), 130.3
(2CH), 135.0 (C), 137.9 (CH), 167.1 (C), 175.1 (C).

tht\l li<
SN

(S)-5-benzyl-1-hept-6-enoyl-2,2,3-trimethylimidazoliéh-4-one  (21p): commercial
hept-6-enoic acid (1.1 g, 8.6 mmol) gave the c@wading amide (2.3 g, 7 mmol, 82 %
yield), [0]p?®+54.2 €1.000, CHCI,); chromatographic conditions : petroleum
ether/EtOAc = 2/1; colorless oil; [R(2/1) = 0.43, 0.31]. IR (neat): 1704, 1660, 1647
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cmi’. *H NMR (600MHz, CDCY): & 0.68 &, 3H), 1.48 (n, 2H), 1.54 § 3H), 1.75
(quintet 2H, J = 7.4Hz), 2.111, 2H), 2.39 @t, 1H,J = 7.6, 15.2Hz), 2.44d¢, 1H,J =

7.3, 15.2Hz), 2.685( 3H), 3.16 dd, 1H, J = 5.6, 14.1Hz), 3.36d¢, 1H, J = 2.3,

14.1Hz), 451 dd, 1H, J = 2.1, 5.3Hz), 4.97m( 1H), 5.03 §dd, 1H, J = 1.4, 3.5,
17.0Hz), 5.82ddt, 1H, J = 6.6, 10.0, 16.7Hz), 7.09n( 2H), 7.24 (, 3H); 1°C NMR

(150MHz, CDCY): & 22.2 (CH), 23.8 (CH), 24.1 (CH), 24.5 (CH), 28.3 (CH), 33.4

(CHp), 35.1 (CH), 37.8 (CH), 60.5 (CH), 79.4 (C), 114.6 (GH 127.2 (CH), 128.3
(2CH), 130.1 (2CH), 135.0 (C), 138.2 (CH), 167.), (€70.9 (C).

General Procedurd® for the [2+2] Intramolecular cycloaddition-hydrolysis
sequencelUnder N, 2,6-ditert-butyl-4-methylpyridine (1.2 eq.) was added toiaisg
solution of amide21 (1 eq.) in dry 1,2-dichloroethane (6.8 mL/mmol).sAlution of
triflic anhydride (2 eq.) in dry 1,2-dichloroetha(i.8 mL/mmol) was added dropwise
in one hour to this mixture. Stirring was continuadil reaction was complete by GC.
The mixture was concentrated in vacuo and takeim apbiphasic system CH{H,0 =
1/1 (9 mL/mmol). This mixture was refluxed for 5kgooled, extracted with
dichloromethane four times and dried over MgS®he solvent was removed by
distillation to give a brownish oil. This oil wasaken up inn-pentane (1 mL/mmol),
caused the precipitation of the 2,6tdrt-butyl-4-methylpyridine. The liquid was
charged into a column for the flash chromatograjhigfication. Because of the high
volatility of the product yields were calculate BC analysis on the crude after the
hydrolysis step. The amine was recoverea.(20 % yield) by extracting the aqueous

layer at pH 14 with diethyl ether.

Bicyclo[3.2.0]hept-3-en-6-ones

@)

oul

(1S,55) Bicyclo[3.2.0]hept-3-en-6-one (12a)amide 21a (1.9 g, 6.0 mmol) gave the
corresponding highly volatile bicycle (434 mg, #nfnol, 66 % vyield, 91 % ee);
chromatographic conditionsi:pentane/ CkCl, = 1/0 gradient to 2/1; colorless oil;{R
(2/1) = 0.20].*H NMR (600MHz, CDC}):  1.59 fn, 1H), 1.63 (n, 1H), 1.75 fn, 1H),
1.84 (n, 2H), 2.04 {n, 1H), 2.68 n, 3H), 2.49 dd, 1H,J = 3.2, 4.4, 18.2Hz), 2.89(
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1H), 3.19 @dd, 1H,J = 4.4, 9.4, 18.5Hz), 3.551( 1H); **C NMR (150MHz, CDGJ): &
25.6 (CH), 29.8 (CH), 40.2 (CH), 73.6 (CH), 125.1 (CH), 1B38CH), 207.6 (C); GC
t(1R,5R) = 7.72min, {1S5S) = 8.46min.

O O

ouf

BnO BnO—"

Major Minor

(IR,2S5S) and (IR,2R)5S) -2-(Benzyloxymethyl) bicyclo[3.2.0]hept-3-en-6-an
(12c): amide 21c (2.3 g, 5.2 mmol) gave the corresponding bicyc#20(mg |,
1.8 mmol, 35 % vyield) in axaendomixture (dr 92/8; eenajor 93 %; eeminor 67 %);
chromatographic conditionsn-pentane/B0D = 8/2; yellow oil; [R (7/3) = 0.48].H
NMR (300MHz, CDC}) (of the mixture of the two diasterecisome@R.66-3.72 1,
6H), 4.22 (n, 1H), 4.51 fn, 2H), 5.70 n, 1H), 5.88 M, 1H), 7.32 (M, 5H); °*C NMR
(75MHz, CDC}) (of the mixture of the two diasterecisomers)28.8 (CH), 29.8 (CH),
46.7 (CH), 48.8 (CH), 52.8 (Ch), 54.6 (CH), 69.3 (Ch}, 73.5 (CH), 73.6 (Ch}, 73.7
(CH), 73.8 (CH), 74.1 (CH), 127.3 (CH), 127.4 (4CH), 127.8 (CHP8.9 (4CH),
134.8 (CH), 134.9 (CH), 138.7 (2C), 206.51 (2C); @6lumn: Agilent 190917-413E,
HP-1 Methyl siloxane column; (initial column temptrre 50°C (2min); heating rate,
10°C/min (to 150°C), 25°C/min (to 275°C)){major) = 16.4min, {minor) = 16.6min;
GC (column: Restek 13104 RBDEXsm; column temperature 180°C (30mimgjor
t(1S2RER) = 14.7min, {1R2S5S) = 15.3min, minor. t(1S2SHR) = 12.9min,
t(1R,2R5S) = 13.4min.

(1S,55) 2,2-Dimethylbicyclo[3.2.0]hept-3-en-6-one (12d): amide 21d (1.1 g,
1.2 mmol) gave the corresponding highly volatileyisle (170 mg, 1.2 mmol, 40 %
yield, 57 % ee); chromatographic conditionspentane/ ChCl, = 2/1; yellow olil; [R
(2/1) = 0.28].*H NMR (300MHz, CDCJ): 5 1.10 §, 3H), 1.18 ¢, 3H), 2.54 ddd, 1H, J
= 6.1, 6.2, 8.6Hz), 2.8&(d 1H,J = 4.4, 8.4, 17.9Hz), 3.13dd 1H,J = 3.1, 6.3,
17.9Hz), 4.201f, 1H), 5.47 (d, 1H,J = 2.6, 5.4Hz), 5.66dd, 1H,J = 2.2, 5.4Hz)}*C
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NMR (75MHz, CDC}): 6 21.2 (CH), 30.6 (CH), 37.5 (CH), 41.5 (C), 47.4 (GH
73.2 (CH), 123.5 (CH), 144.7 (CH), 206.6(C); GClgron: Agilent 19091Z-413E, HP-
1 Methyl siloxane column; (initial column tempena&u50°C (2min); heating rate,
10°C/min (to 150°C), 25°C/min (to 275°C)):% 7.3min; GC (column: Restek 13104
Rt-BDEXsm; column temperature 80°C (30min})1R5R) = 29.7min, (1S5 =
31.3min.

(1S,5R) 4-Methylbicyclo[3.2.0]hept-3-en-6-one  (12f): (§-amide 21f (1.4 g,
4.11 mmol) gave the corresponding bicycle (355 tn§,mmol, 71 % vyield, 93 % ee);
chromatographic conditionst-pentane/ChCl, = 4/1 gradient to 2/1; yellow oil; [R
(2/1) = 0.28, permanganat& NMR (600MHz, CDC}): 8 1.76 (n, 3H), 2.38 i, 1H),
2.80 fm, 3H), 3.23 n, 1H), 4.02 fn, 1H), 5.46 (, 1H); **C NMR (150MHz, CDGJ): &
15.2 (CH), 26.7 (CH), 40.2 (Ch), 53.3 (CH), 76.1 (CH), 126.6 (CH), 134.9 (C), 207.5
(C); GC (column: Agilent 19091Z-413E, HP-1 Methytbgane column; (initial column
temperature 50°C (2min); heating rate, 10°C/minl&6°C), 25°C/min (to 275°C)); £
6.9min; GC (column: Restek 13104 RDEXsm; initial column temperature 120°C
(20min); heating rate, 5°C/min (to 180°CY)(1R,5S) = 5.4min, {1S5R) = 5.5min.

@)

nouf

(1S,5R) 3-Methylbicyclo[3.2.0]hept-3-en-6-one  (129): (§-amide 21g (1.8 g,
5.3 mmol) gave the corresponding bicycle (422 m§,n3mol, 65 % yield, 93 % ee);
[a]p?® + 783.5 ¢ 0.500, CHGJ); chromatographic conditionsi-pentane/CkCl, =
100/0 gradient to 2/1; yellow oil; fR(2/1) = 0.15, permanganatéf NMR (400MHz,
CDCly): & 1.80 (n, 3H), 2.29 (n, 1H), 2.75 i, 1H), 2.80 fn, 2H), 3.21 (, 1H), 4.18
(m, 1H), 5.21 fn, 1H); **C NMR (100MHz, CDGCJ): 5 16.5 (CH), 26.5 (CH), 44.4
(CH,), 53.1 (CH), 73.5 (CH), 119.1 (CH), 134.9 (C), 208.6 (C); G®lumn: Agilent
19091Z-413E, HP-1 Methyl siloxane column; (init@lumn temperature 50°C (2min);
heating rate, 10°C/min (to 150°C), 25°C/min (to ZZ: t = 7.3min; GC (column:
Restek 13104 REDEXsm; initial column temperature 120°C (20min);atieg rate,
5°C/min (to 180°C)) t(1R,59) = 6.5min, {1S5R) = 7.6min.
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O O

ouf

Major Minor

,IIIII,

(1IR,2R,5S) and (1R,2S,55) 2-Methylbicyclo[3.2.0]hept-3-en-6-one (12h)(S-amide
21h (1.8 g, 5.3 mmol) gave the corresponding bicyd@2(mg, 3.5 mmol, 66 % yield)
in a endoexo mixture (dr 49/51; eemajor 84 %; eeminor 87 %); chromatographic
conditions: n-pentane/ChLCl, = 4/1 gradient to 2/1; yellow oil; [R (2/1) = 0.31,
permanganate].'H NMR (600MHz, CDC)) (of the mixture of the two
diastereoisomersp 1.05 @, 3Hminor, J = 7.0Hz), 1.17 4, 3Hmajor, J = 7.3Hz), 2.41
(dt, IHminor, J = 5.8, 9.0Hz), 2.75n(, 1Hminor), 2.80 (m, 1Hmajor), 2.83 (M,
1Hminor), 2.94 (M, 1Hmajor), 3.17 @d, 1Hminor, J = 4.4, 9.0Hz), 3.20n{, 1Hmajor),
3.23 fn, 1Hmajor), 4.19 (, 1HmMajor), 4.26 M, 1Hminor), 5.56 (, 1Hminor), 5.59 (M,
1Hmajor), 5.69 (M, 1Hmajor), 5.89 M, 1Hminon); **C NMR (150MHz, CDGJ) (of the
mixture of the two diastereoisomers): 13.4 (CHmajor), 21.5 (CHminor), 30.5
(CH.major), 33.3 (CHminor), 41.9 (CHninor), 45.8 (CHmajor), 48.0 (CHninor),
52.1 (CHminor), 72.8 (CHnajor), 73.8 (CHnminor), 124.3 (CHnajor), 124.9
(CHminor), 139.4 (CHininor), 139.5 (CHnajor), 207.4 (@najor), 207.7 (Gninor); GC
(column: Agilent 19091Z-413E, HP-1 Methyl siloxar@lumn; (initial column
temperature 50°C (2min); heating rate, 10°C/min I(E®°C), 25°C/min (to 275°C)):
t(major) = 6.9min, f{minor) = 6.4min; GC (column: Restek 13104 [REXsm; initial
column temperature 120°C (20min); heating rate, /®i€ (to 180°C)) major.
t(1S2S5R) = 5.1min, {(1R,2R,5S5) = 5.6min;minor. t(1S2R,5R) = 6.0min, {{1R,255S)

= 6.5min.

af ot
(CH2)4CH; (CH2)4CH3
Major Minor

(1S,55,7S) and (1S,5S,7R) 7-Pentylbicyclo[3.2.0]hept-3-en-6-one (12i)amide 21i
(460 mg, 1.2 mmol) gave the corresponding bicyt&8(mg , 0.8 mmol, 70 % yield) in
mixture (dr 88/22; eemajor 92 %; eeminor 91 %); chromatographic conditions:
pentane/ChLCl, = 3/1 gradient to 2/1; yellow oil; [R(2/1) = 0.31]. IR (neatp 2956,
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2926, 2855, 1774 c¢m 'H NMR (600MHz, CDC)) (of the mixture of the two
diastereoisomers)d 0.89 ¢, 3Hmajor, J = 7.0Hz), 0.89 rh, 3Hminor), 1.29 (M,

4Hmajor + 4Hminor), 1.38 (m, 2Hmajor + 2Hminor), 1.48 (, 1Hminor), 1.50 (M,

1Hmajor), 1.60 (M, 1Hminor), 1.70 (, 1Hmajor), 2.47 (, 1Hmajor), 2.50 M,

1Hmajor), 2.52 M, 1Hminor), 2.57 (, 1Hminor), 2.84 @dg 1Hmajor, J = 2.3, 7.9,
15.6Hz), 2.95 ddt, 1Hmajor, J = 3.2, 5.98, 9.0Hz), 3.09m( 1Hminor), 3.28 (M,

1Hminor), 4.14 (, 1Hmajor), 4.25 (M, 1Hminor), 5.60 (, 1Hminor), 5.65 (g,

1Hmajor, J = 2.6, 5.3Hz), 5.88dg, 1Hmajor, J = 2.3, 4.7Hz), 5.91nf, 1Hminor); **C

NMR (150MHz, CDC}) (of the mixture of the two diastereocisomers): 13.9

(CHsmajor), 22.4 (CHmajor), 26.5 (CHminor), 26.8 (CHmajor), 28.0 (CHminor),

28.9 (CHmajor), 29.6 (CHminor), 30.1 (CHminor), 30.4 (CHminor), 31.6

(CHzminor), 31.7 (CHmajor), 32.7 (CHminor), 33.3 (CHnajor), 40.5 (CHmajor),

61.7 (CHminor), 66.0 (CHnajor), 70.7 (CHnajor), 71.5 (CHninor), 116.1 (CHhninor),

125.3 (CHminor), 126.2 (CHmnajor), 133.3 (CHmnajor), 211.2 (Gninor + Cmajor); GC

(column: Agilent 19091Z-413E, HP-1 Methyl siloxarelumn; (initial column
temperature 50°C (2min); heating rate, 10°C/min I(E®°C), 25°C/min (to 275°C)):
t(major) = 11.2min, {minor) = 11.5min; GC (column: Restek 13104 fBEXsm;

initial column temperature 120°C (20min); heatirager 5°C/min (to 180°C)inajor.

t(1R5R,7R) = 22.8min, {1S5579 = 23.2min, minor. t(1R5R,7S = 25.6min,
t(1S5S7R) = 26.3min.

Bicyclo[3.2.0lheptan-6-ones

@) 0

Major Minor

(1S,3R,55) and (1S,3S,55) 3-Methylbicyclo[3.2.0]heptan-6-one (10a)(S-amide?21l
(1.17 g, 3.4 mmol) gave the corresponding bicytR6(mg, 1.1 mmol, 32 % vyield) in a
exaendo mixture (dr 55/45; eemajor 85 %; ee minor 90 %); chromatographic
conditions :n-pentane/ ChLCl, = 4/1 gradient to 3/2; colorless oil; {R(2/1) = 0.27,
permanganate]. IR (neat):2952, 2920, 2847, 1734 ¢ém'H NMR (600MHz, CDC})
(of the mixture of the two diastereoisomed)1.04 @, 3Hmajor, J = 6.7Hz), 1.05d,
3Hminor, J = 6.0Hz), 1.18 ddd, 1Hminor, J = 6.0, 8.9, 13.0Hz), 1.26n( 1Hmajor),
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1.42 @dd, 1Hmajor, J = 7.2, 11.7, 12.7Hz), 1.54ldd, 1Hminor, J = 5.6, 8.5, 13.0Hz),
1.89 dd, 1Hmajor, J = 5.9, 13.0Hz), 1.95dddd 1Hminor, J = 1.0, 6.9, 9.9, 13.0Hz),
2.09 m, 1Hmajor), 2.12 M, 1Hmajor), 2.18 M, 1HmMinor), 2.26 M, 1Hminor), 2.56
(ddd, 1Hmajor, J = 3.6, 4.3, 18.4Hz), 2.6{, 1Hminor, J = 3.5, 17.9Hz), 2.82n,
1Hminor), 2.88 M, 1Hmajor), 3.19 (m, 1Hmajor + 1Hminor), 3.56 (, 1Hmajor), 3.63
(m, 1Hminon; *C NMR (100MHz, CDGJ) (of the mixture of the two
diastereoisomers)d 18.8 (majorCHz), 20.0 (inorCHs), 29.4 (ajorCH), 30.1
(minorCH), 32.8 (hajorCH), 36.7 (ninorCH,), 38.0 (najorCH,), 39.9 (inorCH), 41.2
(majorCHy), 42.2 (inorCHy), 51.9 (majorCH,), 52.6 MinorCH,), 65.2 (ajorCH),
65.8 MminorCH), 214.1 (hajorC), 215.0 fminorC); GC (column: Agilent 19091Z-413E,
HP-1 Methyl siloxane column; (initial column temptrre 50°C (2min); heating rate,
10°C/min (to 150°C), 25°C/min (to 275°C)){rhajor) = 6.86min, {minor) = 7.1min;
GC (column: Restek 13104 BRBEXsm; column temperature 80°C (30min)najor.
t(1R,3S5R) = 21.6min, {1S3R59 = 28.9min; minor. t(1R3R5R) = 23.7min,
t(1S3S59) = 28.1min.

Illu,, H
(@)

Major Minor

(1R,2R,55) and (1R,2S,5S) 2-Methylbicyclo[3.2.0]heptan-6-one (10b):(S-amide
21m (0.95 g, 2.7 mmol) gave the corresponding bic{tls mg, 0.9 mmol, 34 % yield)
in a endoexo mixture (dr 53/47; eanajor 87 %, eeminor 92 %); chromatographic
conditions:n-pentane/CHCIl, = 2.5/1; colorless oil; [R (2/1) = 0.19, permanganate].
'H NMR (600MHz, CDC})) (of the mixture of the two diasterecisomer§)0.95 ¢,
3Hminor, J = 7.0Hz), 1.06 ¢, 3HmMajor, J = 6.7Hz), 1.56 fh, 2Hmajor), 1.66 (M,
2Hminor), 1.83 (, 2Hmajor + 2Hminor), 2.17 (M, 1Hminor + 1Hminor), 2.52 M,
1Hmajor + 1Hminor), 2.71 M, 1Hmajor), 2.77 (m, 1Hmajor), 2.89 @dd 1Hmajor, J =
4.7, 9.1, 18.2Hz), 3.1d@dd 1Hminor, J = 4.7, 9.9, 19.0Hz), 3.52n( 1Hmajor), 3.57
(m, 1Hminon; *C NMR (100MHz, CDGJ) (of the mixture of the two
diastereoisomers)d 14.7 {najorCHz), 20.0 MinorCH;), 26.9 (minorCH,), 28.6
(majorCH,), 31.6 (inorCH,), 31.8 MajorCH,), 33.3 (najorCH), 36.3 (inorCH),
37.2 (majorCH), 39.6 (ninorCH), 45.1 (hajorCH,), 51.2 MinorCHy), 64.2 MinorCH),
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64.7 (majorCH), 214.0 (ninorC), 214.1 majorC); GC (column: Agilent 190917-413E,
HP-1 Methyl siloxane column; (initial column temptrre 50°C (2min); heating rate,
10°C/min (to 150°C), 25°C/min (to 275°C)}(rhajor) = 7.2min, {{minor) = 7.0min;
GC (column: Restek 13104 RBEXsm; column temperature 80°C (30min)major.
t(1S2S5R) = 25.9min, {1R2R55 = 28.6min; minor. t(1S2R5R) = 24.9min,
t(1R,2S5S) = 27.5min.

W

. 0O O

Major Minor
(1S,4S,55) and (1S,4R,5S) 4-Methylbicyclo[3.2.0]heptan-6-one (19c):amide 21n
(1.28 g, 3.7 mmol) gave the corresponding bicyt@0(mg, 1.05 mmol, 28 % yield) in
a endoexo mixture (dr 67/33; eemajor 79 %; eeminor 93 %); chromatographic
conditions :n-pentane/ChkCl, = 4/1 gradient to 3/2; colorless oil;{{R2/1) = 0.22,
permanganate].'H NMR (600MHz, CDCj)) (of the mixture of the two
diastereoisomersp 0.89 @, 3Hminor, J = 7.3Hz), 1.13d, 3Hmajor, J = 7.0Hz), 1.38
(m, 1Hmajor), 1.55 @d, 1Hminor, J = 6.7, 12.9Hz), 1.8, 2Hminor + 2Hmajor), 1.84
(m, 1Hmajor), 2.00 (, 1Hminor), 2.11 (, 1Hmajor), 2.43 Quintet 1Hminor, J =
6.7Hz), 2.49 ddd 1Hmajor, J = 3.5, 4.4, 18.4Hz), 2.51m( 1Hminor), 2.83 M,
1Hminor), 2.91 (, 1Hmajor), 3.12 @dd 1Hmajor, J = 4.7, 9.0, 18.4Hz), 3.1ddd
1Hminor, J = 4.4, 9.4, 18.4Hz), 3.231( 1Hminor), 3.41 (n, 1Hmajor); *C NMR
(150MHz, CDC}) (of the mixture of the two diastereoisomer8)15.3 (najorCHj3),
19.7 minorCHg), 28.7 (minorCH), 29.3 (najorCH), 30.2 (najorCH,), 31.8
(minorCHy), 32.9 MajorCH, + minorCH,), 37.0 MminorCH), 39.2 fnajorCH), 51.1
(minorCHy), 51.5 MajorCH,), 69.0 (majorCH), 72.0 (minorCH), 213.1 (hajorC), 213.9
(minorC); GC (column: Agilent 19091Z7-413E, HP-1 Methylogiane column; (initial
column temperature 50°C (2min); heating rate, 10fi@/(to 150°C), 25°C/min (to
275°C)): t(major) = 13.5min, {minor) = 13.7min; GC (column: Restek 13104 Rt-
BDEXsm; column temperature 80°C (30min)najor. t(1S4S5S = 26.2min,
t(1R,4R,5R) = 29.0min;minor. t,(1R,4S5R) = 24.3min, {1S4R,55) = 25.9min.
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(1S,55) Bicyclo[3.2.0]heptan-6-one (10e)amide21p (750 mg, 2.28 mmol) gave the
corresponding highly volatile bicycle (63 mg, O0ramol, 25 % vyield, 88 % ee);
[a]p®° +182.6 € 0.390, CHCY); chromatographic conditionsn:pentane/ChCl, = 3/1
gradient to 2/1; colorless oil; [R(2/1) = 0.20, permanganatéH NMR (600MHz,
CDCl): & 1.59 (n, 1H), 1.63 (, 1H), 1.75 fn, 1H), 1.84 n, 2H), 2.04 i, 1H), 2.49
(ddd 1H,J = 3.2, 4.4, 18.2Hz), 2.89n( 1H), 3.19 ddd, 1H,J = 4.4, 9.4, 18.5Hz), 3.55
(m, 1H); *C NMR (150MHz, CDCYJ): 8 24.7 (CH), 28.8 (CH), 29.8 (Ch}, 32.7 (CH),
51.5 (CH), 64.8 (CH), 214.8 (C); GC (column: Agilent 19094%Z3E, HP-1 Methyl
siloxane column; (initial column temperature 502n(n); heating rate, 10°C/min (to
150°C), 25°C/min (to 275°C)); £ 4.3min; GC (column: Restek 13104 FRREXsm;
column temperature 80°C (30min)}(1R,5R) = 16.7min, {1S5S) = 18.9min.

@) O
(CH)4CH3 (CH3)4CH3
Major Minor

(IR,55,7S) and (IR,55,7R) 7-Pentylbicyclo[3.2.0]heptan-6-one  (10f): 2-
Methylbicyclo [3.2.0]hept-3-en-6-on&2i (60 mg, 0.33 mmol, 1 eq.) was dissolved in
methanol (2 mL/mmol) and the flask was saturateti witrogen. To this solution Pd/C
5 % (13 mg, 0.04 g/ mmol) was added and the flaak saturated with hydrogen. At the
flask was connected a gas-burette of hydrogen lamdeaction was stirred until the H
adsorption end. After 3h the mixture was filteretbtigh a pad of celite and the filtrate
was concentrated under reduce pressure to affordgd80.24 mmol, 71 % vyield) of
product as colorless oil. IR (neat)2953, 2929, 2857, 1771 ¢ém‘H NMR (600MHz,
CDCl) (of the mixture of the two diastereocisomeds.90 €, 3H,J = 7.0Hz), 1.33rf,
4H), 1.53 (n, 1H), 1.64 n, 2H), 1.77 (, 1H), 1.86 (, 2H), 2.00 ,, 1H), 2.55
1H), 2.60 , 1H); **C NMR (150MHz, CDGC) (of the mixture of the two
diastereoisomersy 13.4 (CHmajor + CHzminor), 22.0 (CHmajor), 22.9 (CHminor),
24.8 (CHmajor), 26.2 (CHminor), 26.3 (CHminor), 26.3 (CHmajor), 26.9
(CHzminor), 28.5 (CHninor), 28.9 (CHmajor), 29.1 (CHnajor), 29.6 (CHminor),
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31.2 (CHmajor), 31.3 (CHminor), 32.4 (CHmajor), 33.2 (CHminor), 36.1
(CHzmajor), 60.3 (CHninor), 61.1 (CHnajor), 63.6 (CHnajor), 62.3 (CHninor), 119.4
(Cminor + Cmajor); GC (column: Agilent 19091Z-413E, HP-1 Methyl csiine
column; (initial column temperature 50°C (2min);akiag rate, 10°C/min (to 150°C),
25°C/min (to 275°C)):fmajor) = 11.8min, {minor) = 11.5min; GC (column: Restek
13104 RtpDEXsm; initial column temperature 120°C (20min)atieg rate, 5°C/min
(to 180°C))major. t(1S5R,7R) = 23.8min, {1R,5579) = 24.1min,minor. t(1S5R, 7S

= 25.5min, {1R,557R) = 25.8min.

General Procedurd® for the [2+2] Intermolecular cycloaddition-hydrolysis
sequence2,6-Di-tert-butyl-4-methylpyridine (1.1 eq.) was added to luson of amide
22ao0r22b (1 eq.) in dry 1,2-dichloroethane (10 mL/mmol).isTmixture was cooled at
0°C and then a solution of trific anhydride (2)egn dry 1,2-dichloroethane
(2 mL/mmol) was added dropwise in one hour. Thetunéxwas stirred until reaction
was complete by GC. It was concentrated in vacubtaken up in a biphasic system
CHCI3/H,O = 1/1 (9 mL /mmol). This mixture was refluxed foin, cooled, extracted
four times with dichloromethane and dried over MgStThe solvent was removed by
distillation to give a brownish oil. This oil waaken inn-pentane (1 mL/mmol), which
caused the precipitation of the 2,6tdrt-butyl-4-methylpyridine. The liquid was
charged into column for the flash chromatographidfigation. Because of the high
volatility of the products the yields were calceldty GC analysis on the crude after the
hydrolysis step. The chiral amine was recovere@Xyacting the aqueous layer at pH
14 with ether.

'“II
O

Tuwe

(1R,5R) Bicyclo[3.2.0]heptan-6-one (10e)amide22a (600 mg, 2.30 mmol) gave the
corresponding bicycle (8 mg, 0.07 mmol, 3 % vyieRRb % ee); chromatographic
conditions :n-pentane/ChKCl, = 3/1 gradient to 2/1; colorless oil;{{R2/1) = 0.20,
permanganate].
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B P Y
H (CHp)4CH3  H (CH2)4CH3

Major Minor
(1S5R,7R) and (1S,5R,7S) 7-Pentylbicyclo[3.2.0]heptan-6-one (10f):amide 22b
(400 mg, 1.2 mmol) gave the corresponding bicytRrig, 0.065 mmol, 5 % yield) in
mixture (dr 65/35; eemajor 63 %; eeminor 80 %); chromatographic conditionsn:

pentane/ChLCl, = 1/0 gradient to 3/1; yellow oil; fR(3/1) = 0.23, permanganate].

OH
\/\/O\/ko

2-(But-3-enyloxy)acetic acid 25&% Sodium hydride (50% dispersion in mineral oil,
3.1 g, 65 mmol) was washed with hexanes and susdendb0 mL of dry THF, and the
mixture was cooled to 0 °C. 3-Buten-12 (5.1g, 71 mmol) was added dropwise over
15 min. The resulting mixture was stirred at 0 o€ 15 min, warmed to 25 °C for 15
min, and then recooled to 0°C. In a second flaskjusn hydride (50% dispersion in
mineral oil, 3.1 g, 65 mmol) was washed with hexaaled suspended in 25 mL of THF,
and the mixture was cooled to 0 °C. Bromoacetid §8ig, 65 mmol) dissolved in 25
mL of THF was added into the second flask, andntindure was stirred at 0 °C for 5
min. The sodium alkoxide of the alcohol was thedeatlinto the flask containing the
sodium carboxylate of bromoacetic acid. The restltaixture was warmed to room
temperature and stirred for 3 h. The reaction wanghed with water, and the THF
was removed in vacuo. The aqueous layer was wasttledliethyl ether, acidified and
then extracted three times with diethyl ether. Exéracts were washed with water,
dried over NgSQy, filtered, and concentrated in vacuo. The alkoeyiacacid was
obtained in 94% vyield and was used without furgnification.

'H NMR (400MHz, CDC}) : 6 2.39 (t, 1H, J = 1.4, 6.7Hz), 2.41t( 1H,J = 1.4,
6.7Hz), 3.631%, 2H,J = 6.7Hz), 4.15¢, 2H), 5.08 n, 1H), 5.13 M, 1H), 5.82 {dt, 1H,

J = 6.7, 10.0, 17.0Hz), 10.%,(1H); *C NMR (100MHz, CDCJ): 5 33.8 (CH), 67.6
(CHy), 71.1 (CH), 116.9 (CH), 134.3 (CH), 175.7 (C).

%2 Crimmins, M. T.; Choy, A. LJ. Am. Chem. So999 121, 5653.
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(S)-5-benzyl-1-(2-(but-3-enyloxy)acetyl)-2,2,3-trimdtylimidazolidin-4-one 28a: A
solution of oxalyl chloride (5.8 g, 46 mmol) in IAL of dry toluene was added
dropwise to a stirred solution of ackba (2 g, 15 mmol) in 60 mL of dry toluene at
0 °C and under a positive pressure of nitrogenerAmin at 0 °C, few drops of dry
DMF were added and the mixture was stirred at roemperature for 2h. The solvent
and the excess of oxalyl chloride were removed aosue. The crude chloride was
dissolved in 35 mL of anhydrous dichloromethane ahd §)-5-benzyl-2,2,3-
trimethylimidazolidin-4-one hydrochloride3 (4.1 g, 16 mmol) was added. The mixture
was cooled to 0 °C and dry pyridine (2.6 g, 32 nnwehs added. The mixture was
allowed to warm to room temperature; after 24h Tdr@lysis revealed that the starting
material was consumed and water was added. Thaiorigger was washed twice with
water, and then the aqueous layers were extraeted times with ether. The combined
organic layers were dried with Mg%@nd the solvent was evaporated. The crude was
purified by flash column chromatography (&H,/MeOH 97:3) to afford the
corresponding amide (3.1 g, yield 64 %).
Colorless oil, R0.38 (CHCl,/MeOH 97:3),'H NMR (400MHz, CDC}): 5 0.70 6,
3H), 1.57 §, 3H), 2.42 n, 2H), 2.69 ¢, 3H), 3.12 {d, 1H,J = 5.6, 14.2Hz), 3.35d(,
1H,J = 2.5, 14.2Hz), 3.62nf, 2H), 4.21 {d, 1H, J = 13.8, 55.5Hz), 4.7f( 1H), 5.08
(m, 1H), 5.13 (0, 1H), 5.84 ddt, 1H,J = 6.7, 10.2, 17.1Hz), 7.11n( 2H), 7.24 (n,
3H); **C NMR (100MHz, CDGJ): & 22.5 (CH), 24.0 (CH), 24.4 (CH), 34.2 (CH),
37.6 (CH), 59.9 (CH), 71.4 (Ch, 71.9 (CH), 80.1 (C), 117.2 (Ch), 127.6 (CH),
128.7 (2CH), 130.4 (2CH), 134.8 (CH), 135.5 (C)7 B6(C), 170.9 (C).

ol
(1S,59)-2-oxabicyclo[3.2.0]heptan-7-one  29a: Under N, 2,6-ditert-butyl-4-

methylpyridine (2.2 g, 11 mmol) was added to aisty solution of amide8a (3.0 g,
9.1 mmol) in 53 mL of dry 1,2-dichloroethane. Awwbn of triflic anhydride (5.1 g, 18
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mmol) in 18 mL of dry 1,2-dichloroethane was adafdpwise in one hour to this
mixture. Stirring was continued until reaction wasmplete by GC. The mixture was
concentrated in vacuo and taken up in a biphasstesy CHCYH,O = 60/60. This
mixture was refluxed for 5h, cooled, extracted wdiichloromethane four times and
dried over MgS@ The solvent was removed by distillation to givierawnish oil. This
oil was taken up im-pentane and the liquid was charged into a coluanrttfe flash
chromatographic purification (CEl./n-pentane 4:1 gradient to 0:1) to afford 100 mg
(yield 50%, ee 40%) of oxabicyclo.

'H NMR (400MHz, CDC}): 5 1.93 m, 1H), 2.09 tn, 1H), 2.54 ddd, 1H,J = 3.4, 4.0,
18.0Hz), 3.11f, 1H), 3.18 fn, 1H), 3.77 ddd, 1H,J = 5.6, 9.2, 11.3Hz), 4.23n( 1H),
5.08 (n, 1H); **C NMR (100MHz, CDGJ): 5 30.5 (CH), 31.7 (Ch), 49.5 (CH), 68.8
(CHp), 93.8 (CH), 210.9 (C); GC (column: Agilent 19094%Z3E, HP-1 Methyl
siloxane column; (initial column temperature 502Z(n); heating rate, 10°C/min (to
150°C), 25°C/min (to 275°C)); £ 6.5min; GC (column: Restek 13104 FREXsm;
initial column temperature 100°C (2min); heatingeral.5°C/min (to 180°C)):.
t(1R,5R) = 9.6min, {{1S59) = 10.2min.

\AO/\/&O

3-(Allyloxy)propanoic acid 25b %% Dry CsCO; (3.2 g, 10 mmol) was suspended in 6
mL of dry DMF. The mixture was cooled to 0°C atat-butyl acrylate (1.3 g, 10
mmol) was added dropwise. After 15min a solutionPobp-2-en-1-0l27 (0.6 g, 10
mmol) in 4 mL of DMF was slowly added. The reactiwas stirred overnight at 40°C.
Then, brine was added and the product was extraioted times with diethyl ether. The
organic phase was washed three times with brires, tihe organic layer was dried with
anhydrous Ng50O,. The solvent was removed under reduced presswatic thetert-
butyl ester as colorless oil (1.1 g, 58 % yield)isTester was dissolved in 20 mL of dry
CHCl,, treated with 1.9 g (17.4 mmol) of trifluoroaceticid and stirred overnight at
40°C. The solvent and the acid excess were remorddr reduced pressure to afford
672 mg (89% yield) of acid.

%3 |n according to literature: Perrone, M. G.; Sadtea, E.; Del’lUomo, N.; Giannessi, F.; Milazzo, F.
M.; Sciarroni, A. F.; Scilimanti, A.; Tortorella, \Eur. J. Med. Chen2005 40, 143.
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'H NMR (400MHz, CDC}) : 6 2.62 fn, 2H), 3.70 0, 2H), 3.99 fn, 2H), 5.17 n, 1H),
5.25 n, 1H), 5.87 (, 1H), 10.3 § 1H);°C NMR (100MHz, CDCJ): & 35.0 (CH),
65.3 (CH), 72.2 (CH), 117.6 (CH), 134.5 (CH), 177.5 (C).

O 7/
I
Ph Naw N ><
) O/\/J\O

((R)-1-(3-(allyloxy)propanoyl)-5-benzyl-2,2,3-trimethyimidazolidin-4-one 28b: A
solution of oxalyl chloride (3.8 g, 30 mmol) in 8&.rof dry dichloromethane was added
dropwise to a stirred solution of acizgbb (1.3 g, 10 mmol) in 40 mL of dry
dichloromethane at 0 °C and under a positive presstinitrogen. After 5min at 0 °C,
few drops of dry DMF were added and the mixture stased at room temperature for
2h. The solvent and the excess of oxalyl chloriggememoved in vacuo. The crude
chloride was dissolved in 30 mL of anhydrous diohioethane and thdR)-5-benzyl-
2,2,3-trimethylimidazolidin-4-one hydrochlorids3 (2.7 g, 10.3 mmol) was added. The
mixture was cooled to 0 °C and dry pyridine (1.2@,7 mmol) was added. The mixture
was allowed to warm to room temperature; after ZLRE analysis revealed that the
starting material was consumed and water was addssl.organic layer was washed
twice with water, and then the aqueous layers wrtected three times with ether. The
combined organic layers were dried with MgSEd the solvent was evaporated. The
crude was purified by flash column chromatograpbiACl,/MeOH 97:3) to afford the
corresponding amide (1.8 g, yield 60 %).

Colorless oil, R0.36 (CHCl,/MeOH 97:3),'H NMR (400MHz, CDC}): & 0.66 6,
3H), 1.54 6, 3H), 2.67 § 3H), 2.70 fn, 2H), 3.21 dd, 1H,J = 5.6, 14.0Hz), 3.38d(,
1H,J = 2.2, 14.0Hz), 3.851, 2H), 4.03 (, 2H), 4.59 i, 1H), 5.18 n, 1H), 5.28 (M,
1H), 5.91 {dt, 1H,J = 5.5, 10.3, 17.1Hz), 7.14n( 2H), 7.22 fn, 3H); *C NMR
(100MHz, CDCY}): 6 22.2 (CH), 23.7 (CH), 24.1 (CH), 35.9 (CH), 37.7 (CH), 60.5
(CH), 66.2 (CH), 72.1 (CH), 79.4 (C), 116.9 (Ch), 127.1 (CH), 128.2 (2CH), 130.3
(2CH), 134.4 (CH), 135.1 (C), 167.0 (C), 169.2 (C).
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(1R,55)-3-oxabicyclo[3.2.0]heptan-6-one  29b: Under N, 2,6-ditert-butyl-4-
methylpyridine (1.3 g, 6.2 mmol) was added to &istj solution of amid€8b (1.7 g,
5.1 mmol) in 31 mL of dry 1,2-dichloroethane. Awwbn of triflic anhydride (2.9 g, 10
mmol) in 27 mL of dry 1,2-dichloroethane was adakdpwise in one hour to this
mixture. Stirring was continued until reaction wasmplete by GC. The mixture was
concentrated in vacuo and taken up in a biphasitesy CHCY/H,O = 34/34. This
mixture was refluxed for 5h, cooled, extracted wdiichloromethane four times and
dried over MgSQ@ The solvent was removed by distillation to givierawnish oil. This
oil was taken up im-pentane and the liquid was charged into a coluanrttfe flash
chromatographic purification (CEl,/n-pentane 5:1 gradient to 0:1) to afford 100 mg
(yield 17%, ee 60%) of oxabicyclo.

'H NMR (400MHz, CDCJ): 4 2.75 @dd, 1H,J = 3.2, 4.6, 18.0Hz), 3.11( 1H), 3.23
(m, 1H), 3.54 {d, 1H,J = 6.9, 9.5Hz), 3.72nG, 1H), 3.75 i, 1H), 4.10 ¢, 1H,J =
4.1Hz), 4.311f, 1H); *C NMR (100MHz, CDGJ): & 30.2 (CH), 51.9 (Ch), 65.4 (CH),
70.7 (CH), 74.2 (CH), 210.1 (C); GC (column: Agilent 19091Z-413E, HRVEthyI
siloxane column; (initial column temperature 50Zn(n); heating rate, 10°C/min (to
150°C), 25°C/min (to 275°C)); £ 6.3min; GC (column: Restek 13104 FREXsm;
initial column temperature 100°C (2min); heatingerd..5°C/min (to 180°C))t,(1S5R)

= 8.2min, {(1R,55) = 8.7min.
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Chapter 4

A different process to lloprost

4.1 The drug

In 1976 Prostacyclin (PG@I 30 was discovered by Vanet al,®* it is a metabolite of
arachidonic acid (see chapter 3, paragraph 3.arj,has been shown to be a potent
inhibitor of human platelet aggregation and a retaf vascular tissue. These important
biological properties have attracted the attentbechemistry, medicine and biolody
and make Prostacyclin per se an interesting drugtratment of cardiovascular
diseases. However, because of the labile enol éthege, PGJ 30 is a very unstable
compound: under physiological conditions its chexhiand metabolic instability is
demonstrated by a half-life of only 3 seconds. Themical instability is provoked by a
fast hydration of the ring O-atom. The metabolistatility is caused by the enzymatic
degradation of botlr andw-chain via a rapid oxidation in tleeposition to the carboxy
group (Figure 18).

a-side chain

.................

COOH |

Figure 18

® a) Moncada, S.; Gryglewski, R.; Bunting, S.; VaheR.Nature 1976 263, 663; b) Gryglewski, R. J.;
Stock, G.Prostacyclin and its Stable Analogue llopraSpringer: Heidelberdl 987 c) Wise, H.; Jones,
R. L.; Prostacyclin and its Receptorsluwer Academic Publishers: New YorZQ0Q

% a) Prostacyclin Vane, J. R., Bergstrom, S., Eds.; Raven Presa Nerk 1979 b) Collins, P. W.;
Djuric, S. W.Chem. Rev1993 93, 1533; c¢) Schinzer, On Organic Synthesis Highlights, Nvaldmann,
H., Ed.; VCH: New York1995 p 301; d)Platelets and Their Factorvon Bruchhausen, F., Walter, U.,
Eds.; Springer-Verlag: Berlii,997
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This disadvantageous feature severely hampers #@aicmal application. Intensive
efforts were devoted to synthesize a wide numbanafogs in the search for stable and
therapeutically useful mimics as possible new hrdmbotic drugs. The carba-
prostacyclin analogues carbacyéfinand isocarbacyclfi show chemically and
biologically stability but a reduced activity asngpared to PGI30. The Schering group
headed by Vorbriggen and Skuballa, successfulligaed and developed carbocyclic
prostacyclin analogue like llopro&t, ®*®® 3-oxa-iloprost32°° and cicaprosB83™
(Scheme 20).

ProstacyclirB0 3-oxa-iloprost32
COOH O/\COOH
/
Q
O\/\/\/\/ O\/\/‘\/

5 Z - 3 = -

HO ou HO OH
Cicaprost33 lloprost31
COOH
/
F

OH

Scheme 20

% a) Kojima, K.; Sakai, KTetrahedron Letter$978 3743; b) Nicolaou, K. C.; Sipio, W. J.; Magolda,

L. Seitz, S.; Barnette, W. H. Chem. Soc., Chem. Commii#78 1067.

%" Shibasaki, M.; Torisawa, Y.; Ikegami, Betrahedron Letter$983 24, 3493.

% a) Skuballa, W.; Vorbriiggen, Hngew. Chem1981, 93, 1080; b) Schenker, K. V.; von Philipsborn,
W.; Evans, C. A.; Skuballa, W.; Hoyer, G. Helv. Chim. Actal986 69, 1718; c) Kramp, G. J.; Kim,
M.; Gais, H. J.; Vermeeren, @. Am. Chem. So2005 127, 17910.

%9 a) Skuballa, W.; Raduechel, B.; Vorbriiggen, H.nkesmann, G.; Nieuweboer, B.; Town, M. H.; DE
3221193,1983 [Chem. Abstr1984 101, 6931]; b) Tsai, A.-l.; Vijjeswarapu, H.; Wu, K..Biochim.
Biophys. Actd 988 942, 220; c) Ashby, BProstaglandinsl992 43, 255.

0a) Skuballa, W.; Schillinger, E.; StuerzebecherSC Vorbriiggen, HJ. Med. Chem1986 29, 313; b)
Schneider, M. R.; Schirner, M.; Lichtner, R. B.;aGrH. Breast Cancer Res. Tredat996 38, 133; c)
Harre, M.; Trabandt, J.; WestermannLigbigs Ann. Cheml989 108; d) Lerm, M.; Gais, H. J.; Cheng,
K.; Vermeeren, CJ. Am. Chem. So2003 125, 9653.
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Modification on thew-chain proved to be the solution for the attainmehhighly
active and stable prostacyclin mimics. In llopr8%ta methylene group replaces the O
atom at the c position, another one methylene gisuptroduced at Cg and a triple
bond at Ch. This biologically highly potent and ctieally stable analogue has already
been commercialized for the treatment of periphartdrial occlusive and Raynaud’s
disease as llomedin. The previous active compoasdokeen also marketed as Ventavis
with indications for the treatment of pulmonaryeaidl hypertension. The two drugs are
introduced in commerce like a mixture of isomeise Tixture contains Cds|-lloprost

31 and its less active Cdr)-isomer approximately in ratio 1:1. llopro3f is orally
active, but it has a short duration, so llomediadsninistered by intravenous infusion

and Ventavis by inhalation (Scheme 21).

ILOPROST

llomedin

. 1 ml of llomedin contains 0.1mg of lloprost.

. It promotes the healing of ulcerations secondary to
ischemia (a blood vessel obstruction) and allesiate
the pain in severe, long lasting disturbances of
arterial circulation

. It widens narrow blood vessels in the lung, which
in turn allows the heart to function more effechive

Ventavis

. 2 mL nebulizer solution contains 20 pg of lloprost

. It is used to treat cases of pulmonary hypertension
that may have been caused by some defect of the
vessel walls, by connective tissue disease, or by
blood clots in the lungs. It widens blood vessels,

31 allowing more blood to reach the lungs and receive
oxygen
Scheme 21
4.2 Literature
4.2.1 Papers

Prostacyclin30 is the most potent endogenous blood platelet gogremantig and
because of its considerable medicinal importaneeldéist decades have witnessed a
broad production of academic papers, that seekllg $tereocontrolled synthesis.
Below, we report a panoramic summary of some syiattstrategies. In the 1985,

Kojima and co-workers reported a short synthesis of 9(O)-methanoprostiacin an

" Kojima, K.; Anemiya, S.; Koyama, K.; Sakai, &hem. Pharm. BullL985 33, 2688.
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optically active form (Scheme 22). The target eimgmire molecule was obtained by the
optical resolution of racemic acid witls){phenylethanamine as chiral resolving agent

accomplished by recrystallization of its salt wiitle amine in CECI.

o.__0O o.__O o.__O
%\ resolving agent Ph %\ Ph
- @ I
O\ CH,Cl H;N + HsN
" ~CO,H “CO, . CO,
: © = S)
OH OH OH
Racemic acid In solution Precipitate
Scheme 22

Mori’? synthesized a stable mimic of R@kploiting the kinetic resolution of a racemic
B-keto-ester by yeast reduction (Scheme 23). Thatmslective reduction was carried
out with wet yeast in a phosphate buffer contairghgcose. This procedure gave the
recovered (+)3-keto-ester and the reduced @-Jrydroxy-ester simply separable under

chromatographic conditions.

[\ [\ [\
o_ 0 o_ 0 0_ 0

X yeast reduction X X

.

Do Ocort e
o) o) C

OH

racemicf3-keto-ester (+)-B-keto-ester (+B-hydroxy-ester

Scheme 23

W
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In the 1987, Brooks and co-worké&tsleveloped a useful application of reduction by
baker’s yeast for the preparation of chiral tag@hpounds for asymmetric synthesis of
carbaprostaglandine (Scheme 24). They reported ramyneatic reaction of an
enantiomeric pair involving a simultaneous dualekin resolution by two different

enzymes in baker's yeast. This process involvesr éstdrolysis by an esterase and a

2 Mori, K.; Tsuji, M. Tetrahedronl 986 42, 435.
3 Brooks, D. W.; Wilson, M.; Webb, Ml. Org. Chem1987, 52, 2244.
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subsequent decarboxylation of tfeketo-acid intermediate to produce the achiral

starting ketone. The reaction of the enantiogiseydroxy-ester with NaBllat -20°C

proceed stereo-selective to provide the activeigardtiontrans

Racemic ester Achiral ketone Cis-isomer Transisomer

O/_\O O/_\O o__0O
X baker's yeast X X x

woeld 0 D el
O

OH
|

\\\\

iy,
\\\\
um
\\\\
iy,

NaBHy, -20°C

Scheme 24

Another fascinating procedure is the kinetic depmation of prochiral cyclohexanones
studied by Kogd? Chiral lithium amides in the presence of excesmethylsilyl
chloride afforded the corresponding enantiopurgl €hol ethers, that are important

carbacyclin synthons (Scheme 25).

Racemic ester Enantiopure silyl enol ether
N e
Oo. O N N-CH,Bu O. _O
> (Hu
z  F /N H H
” |~ HMPA, THF, -78°C
O . 9 b - I'
CI/SI\ O SII/
Scheme 25

™ |zaka, H.; Shirai, R.; Kawasaki, H.; Kim, H.; Kqdé Tetrahedron Letter§989 7221.
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4.2.2 Patent

Herein, we report the synthesis of llopr@st described in the DE 3816801 German
patent (Scheme 26). This approach provides acoegetdrug in sufficient quantities
and starts with the commercial dimethyl-1,3-acetiicaboxylate34. In this synthetic
route the racemif-acyl-ester35is selected as the key intermediate for a higtdyes-
and regio-controlled synthesis of the target mdkclihis compound is asymmetric
transformed into the corresponding chiral alcohoabmicrobial resolutionXlcaligenes
Marshallii). The unreduced enantiomer [bfacyl-ester35 is separated from the desired
enantiopurd3-hydroxy-ester by chromatography on silica geltha following steps the

w anda-chains are introduced to the enantiopure bicycimework.

MeOzC COzMe

O O O
_NaOH__
Meo,c._J__coMe + 2 ~ )—ONa
H H i
34 MeO,C CO,Me

MeO,C  CO,Me 0 % o. 0 O. .0

HC )J\ OH OH SN2

ONa —— B N > E 3 + % §

il —\ p-TsOH, toluene Q Q
O

",

MeO,C CO,Me
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(- (- (P
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----------------------- : Iloprost
COOH:

THPO OTHP HO SH 31

Scheme 26

Enzyme or microbial-catalyzed processes have varamlyantages like the selectivity
(region, stereo and enantio) and the mild reactionditions (aqueous solvent, room
temperature). They present several negative fattatscan limit the commercial utility
too. Most organisms are active in mild conditidmst moving outside these temperature
and pH ranges often they are destroyed. Frequehdy need high dilutions and
expensive recover at the end of a reaction. Theasily poisoned and they can have a
high prize. All these factors plus the high inijice can dramatically increase the cost

of using biocatalysts.

4.3 Process intensification

Greenchemistry is often confused with ‘environmentdiemistry; a science that study
the effects of chemicals on the earth, like thetmmmation of land and water. In

contrast, green chemistry is focused on the optimization of prdduc processes,

maximizing efficiency in the use of resources, dunay the generation and use of
hazardous composts, dramatically reducing the wastmation and environmental

impact, redesigning a safer, cheaper and cleama@t. drollowing all these guidelines,
this new chemistry has to produce materials andiymts needed by the society in
acceptable cost without causing damage to the @mwient. To obtain a greener and
sustainable chemical process, process intensgitais necessary. This concept is
concerned with cost reduction, safety and produgdlity improvements, greater
throughput, better process control and simplifie@ictors and ancillary equipment.
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4.4 Result and Discussion

4.4.1 The racemiB-hydroxy-ester

The racemicf-hydroxy-ester36 (Figure 19) appears to be an interesting starting

building block to the development of an efficiemidapossible industrial synthetic

> >

0.0 0.0

COzMe MeO2C

OH OH
The 3-hydroxy-este86 enantiomers

process.

Figure 19

To provide the active llopros2l isomer, this compound has to be a fixed relative
structure, where the hydroxyl group hasans correlation with both the ester and the
bridge-head hydrogens. This attractive moleculetaina four asymmetric centers,
where the hydrogens iHand H are closed in ais structure. It possesses c&-
bicyclo[3.3.0]octane skeleton and carries functigraups in appropriate positions for
the step-by-step insertion of theanda-side chains.

Our synthetic approach to this fundamental key sate36 began with the Weiss-Cook
condensatioff of glyoxal 37 and dimethyl-1,3-acetonedicarboxyl@4é. In the Weiss
reaction the dicarboxylate was added to a coolédisn of NaOH and then the glyoxal
37 was slowly introduced at reflux condition. The abed disodium-sal88 was
directly subjected to a hydrolysis step, followihg a decarboxylation reaction. The
reaction work up can be improved if the reactiorpooduct methanol is distilled off
during the decarboxylation process. Crystallizatdrihe tetracarboxylate diketor3®

in n-hexane was the only needed operation of puriboatilhis methodology allowed
the preparation of the corresponding diketd@@®n a large scale and in very good yield
(Scheme 27).

5 a) Bertz, S.; Cook, J. M.; Gawish, A.; Weiss, Qtg. Synth.198564, 27; b) Weiss, U.; Edwards, J.
M.Tetrahedron Letteré968 4885.
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34 37 38 ONa

h/‘f?(:)zz(:; --§;:::%::;;7,——— (::(:)zzl\/1€3 &;::{%::;7
38

MeOZC/Y\COZMe

OH 39 o 40

/III
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a) NaOH, MeOH; b) kD, CHCE, HCI; ¢) acetic acid, HCI

Diketone synthesis

Scheme 27

Following the work of Pier&® the mono-acetall was obtained by the treatment with

the protecting group in presence of a catalytic am@f TsOH. Monoacetalisation of

diketone40 gave a statistical 1:2:1 product mixture compgsbis-aceta2, mono-

acetaldl and recovered starting materd. After chromatographic separation on silica

gel the bis-acetad2 was transformed into mono-acetdl and the recovered diketone

40 was recycled. In contrast to the literature tleigction was conduced in toluene, not

in benzene, and only in two hours (the describex tis four hours). The bis-ace#

was hydrolyzed in two hours with a mixture of THEOMAcetic acid to gave a product

mixture with a ratio of 5:1 in favor of the monoesal 41 (Scheme 28).

"8 piers, E.; Karunaratne, \€an. J. Chem1989 67, 160.
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O % i 0 i o)
40 | 41 T42 40

THF/H,0O/Acetic acid
Monoacetal synthesis

Scheme 28

The mono-protected ketorn®l has a concave-convex structure that allows a cstere
selective functionalization: the acylation was aecetl in dimethylcarbonate as solvent
in presence of NaH and a catalytic amount of Me@d feaction starter. A simple
filtration on silica gel afforded the purifigétketo-ested3 as a mixture of racemic endo
and exo isomers at the methoxycarbonyl group. Grygnimprove the acylation process
we found that it is possible halve the quantity smivent and increase the yield
conducing the reaction at 50°C. The reduction ef[3keto-ester43 with molecular
hydrogen using like catalyst Pt@roceeded stereoselectively to the racemic syinthet
key B-hydroxy-este6 in quantitative yield with the appropriate relatistructurdrans
(Scheme 29). To maximize this reaction we performest of reduction experiments.
We have found that the catalyst quantity can beedese allowing a minor reaction cost
(1g of PO costs about 100€). The better compromise betwemnand cost is to work
with 3.5 bar of pressure of;Hor one night with 5% (w/w) of Pt
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o) O. _O 0. O
CO(OMe),
E_)<§ NaH e)<s H, PtO, ’=><s
07 G Com
41 O 43 O 36 OH

Transracemic compound

B-hydroxy-ester synthesis
Scheme 29

The transstructure of thep-hydroxy-ester36 was confirmed by NMR analysis
comparing the H signals with literatufeMoreover, thecis andtrans isomers can be
obtained by the reduction of the ketone with NaBitiroom temperature. Tlots-one
can be converted intoans skeleton by the extraction of the acid hydrogea position
at the carbonyl group. The treatment of the isomer with Na and MeOH gave the
more stablérans Our product does not change conformation undeabove described

reaction conditions (Scheme 30).

..........

| ! Na, MeOH
Scheme 30

The total synthesis described above is simplegiefit and scalable with a 14% overall
yield in six steps. It is an example of improved-etficient product process that
optimizes the use of resources, minimize waste Iy the work up. Hence it is an

example of process intensification.
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4.4.2 Acids and optical resolution

We have described the preparation in racemic fdrthe[3-hydroxy-ester36, that is a

potential precursor for the synthesis of a broadyeaof natural and biologically active
compounds. In our case, the right absolute stragtuobtained by an optical resolution
of diastereomeric salts (see chapter 2, paragragh, 2nd their separation by

crystallization. The three moleculdd, 45 and46 shown in Figure 20 were assumed
like potential substrates for a good resolution.

OXO
OH &
v COzMe
| = | : O =
Si'o Si .0 (@)
| 14 | 45 S 46
HO™ O
Figure 20

Acid 44 could be easily obtained in gram quantities witmaimum of synthetic
transformations (Scheme 31). Starting from ffHeydroxy-esteB6, after treatment with
tert-butyldimethylsilyl chloride (to afford protectedcahol 47) and reduction with

DIBAL, primary alcohol48 was obtained’ This alcohol was derivatized to carboxylic
acid49 by the reaction with phthalic anhydride in pyrielin

""Sheddan, N. A.; Mulzer, Org. Letters2005 7, 5115.
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Scheme 31

The corresponding diastereomeric salisvere obtained by a simple precipitation with
one equivalent of)-phenylethanamin&l (Scheme 32). Various solvents were tested

but all the attempts to obtain the precipitatiooly one enantiomer had no success.

Salt formation
N w5 >
0] 0] . @) @) O O
> N

50

Scheme 32
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The acid45 was synthesized by saponification of tBesilyl-ester 47 in a KOH
methanol solution (Scheme 33). The absence of plsiand efficient analytic method
to analyze the acid enantiomeric excess like HPUCG& with chiral columns

convinced us to change molecule.

Scheme 33

The introduction of the required carboxylic funetidirectly into the3-hydroxy-este36
can be the best idea for a good optical resolufidre acid46 was obtained by the

treatment of the alcohol with phthalic anhydridel gyridine as solvent (Scheme 34).

W\ O
y ><O
8
e
W O
“y ><O

< 5 o , Py. = s
Oy = Oy

=z
O

On

T
O

Oll
O

46
HO ©

Scheme 34

This acid 46 was dissolved in diisopropyl ether an®-phenylethanaminél was
slowly added to the solution. The white precipitaBwas filtered and submitted to a
slow enantio-selective crystallization (Scheme 39)e HPLC analysis of the sd@®

showed the presence of ttis isomer in small quantity.
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Salt formation

Ph % >
HZN““K 51

9

O. O o.__0O o.__0O
OMe Q\\/OMe . OMe
: 20 \g
= O =
o 2~ ° oh A Ph
© 0 @, © 0 D
HO (@) © 46 @) @) H3N‘\K ) @) HsN K
Scheme 35

Several tests were performed to find the best uéisol conditions. Finally we found

that the acid46 can be resolved refluxing the salt in a solventture i-Pr,O:MeOH

with a ratio 4:1 and allowing a slowly precipitatiander mechanical agitation. We

started with a racemic mixture @6 with a diastereomeric ratio 94:6 tnanscis

isomers. In the first crystallization we obtained salt 52 composition with a

diastereomeric excess of 88% and an enantiomeB6%fin thetransisomer. With the

second crystallization we obtained only thens acid46 with an enantiomeric excess of

96% (Figure 21).
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Optical Resolution

Dr (trandcis) = 94/6
Er (trang) = 50/50

trans cis i-Pr,O/MeOH

Dr (trandcis) = 97/3
Er (trang) = 7/93
Ee ¢trans) = 86%

trans cis i-Pr,O/MeOH

2 Dr (trandcis) = 100/0
- Er (trang) = 2/98
Ee (rans) = 96%

trans cis

Figure 21

4.5 Conclusion

Taking into account the medicinal and biologicalportance of prostacyclin, new
synthetic process and various types of significaigrmediates have been discovered in
the chemistry of these natural products and th@&mimanalogues. In this chapter we
have described a methodology to intensify the stichprocess of the racempg:
hydroxy-ester36. This improved process obtains the required kegrinediate with

simple work up, cheap reactions and good yieldsreldheer, we have described an
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efficient asymmetric optical resolution of the @sponding carboxylic acidi6
highlighting a full stereo- and enantio-controladf stereogenic carbons. This practical
synthesis and resolution is proven feasible onrgel&cale and can be considerate a
good strategy to obtain, in according with the gipfes ofgreenchemistry, only one

enantiomer of a lloprost precursor.

4.6 Experimental section

Tetramethyl 3,7-dihydroxybicyclo[3.3.0]octa-2,6-diee-2,4,6,8-tetracarboxylate

(39)75
OH
MeOZC COZMe
MeOZC/\(;\COZMe
OH

A 1-L, three-necked flask was equipped with a thremater, mechanical stirrer and
reflux condenser. To a stirred solution of 15.89§8 mmol) of NaOH in 280 mL of
methanol, cooled in an ice bath, 68.1 g (191 mmof) dimethyl 1,3-
acetonedicarboxylat®4 was added dropwise. The resulting slurry was ldeiateeflux,

at which point the white salt dissolved. Aqueou&ud@lyoxal 37 (32.0 g, 221 mmol)
was added at a rate sufficient to maintain thermeletemperature at 65°C. The mixture
was allowed to cool to room temperature and stioedrnight. The precipitate was
filtrated, washed three times with 60 mL of metHaaad dried under reduced pressure.
The vyield of the white to light yellow disodium &8 was 72.8 g (76%). A 2-L
Erlenmeyer flask equipped with a large magnetitisg bar was charged with 500 mL
of chloroform and a solution of 100 g of the disodisalt (231 mmol) in 400 mL of
water. To the vigorously stirred mixture 463 mL adld 1 M hydrochloric acid was
added. After 20 minutes, the layers wee separatddhee aqueous phase was extracted
with three times with 100 mL of chloroform. The doimed organic layers were washed
once with saturated sodium chloride, dried ovenydnmous magnesium sulfate, and
concentrated under reduced pressure by rotary estago Crystallization from 270
mL of a solution 2 : 1 hexane—ethyl acetate affaicdB g (65% based on dimethyl 1,3-

acetonedicarboxylate) of the tetraeS8@r
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White solid, mp 92-95°C, IR (KBr) 3010, 1743, 1674, 1636, 1444, 1332, 1274, 1198,
1163, 1051 cit; 'H NMR (300MHz, CDCY): & 3.65 (n, 2H), 3.79 § 6H), 3.81 §,
6H), 3.87 (, 2H), 10.32 lfroad s 2H); *C NMR (75MHz, CDC}): & 43.8 (2CH),
51.7 (2CH), 52.6 (2CH), 55.2 (2GH103.7 (2C), 169.1 (2C), 170.6 (2C), 170.8 (2C).

Cis-Bicyclo[3.3.0]octane-3,7-dione (46)
o= =o

A 1-L, three-necked flask equipped with two reflcondensers and mechanical stirrer
was charged with 27 g (73 mmol) of the tetrae38r15 mL of glacial acetic acid, and
150 mL of 1 M hydrochloric acid. The mixture wagrsid vigorously and heated at
reflux for 1.5 hours, then other 27 g (73 mmol) tbé tetraester was added. The
evolution of CQ was monitored with a mineral oil bubbler. The goguct methanol
was distilled off at the end of the decarboxylatmncess. After 5.5 hours the solution
was cooled in an ice bath and the product was @rtlavith five 100 mL portions of
chloroform. The organic layers were combined, arel dolution was concentrated by
rotary evaporation. The residue was dissolved i@ @2 of fresh chloroform. The
solution was washed with 40-mL of saturated sodhicarbonate until the aqueous
layer remains basic to litmus paper and dried veitthydrous sodium sulfate. The
evaporation under reduced pressure afforded 1908¢ mmol) of the bicycle with
94% vyield..
White solid, mp 85-86°C, IR (KBn) cmi* 2958, 1746, 1445, 1053 NMR (400MHz,
CDCl): 6 2.16 @d, 4H,J = 5.3, 19.6Hz), 2.58d(¢, 4H,J = 8.6, 19.6Hz), 3.06n{, 2H);
13C NMR (100MHz, CDCJ): 5 36.3 (2CH), 43.5 (4CH), 217.8 (2C).

Cis-Bicyclo[3.3.0]octan-3,7-dione-(2’,2’-dimethylpropyidene) acetal (41)
Iy, O
=X X
w O
From dione 40 monoacetalisatidft To a 500-mL flask fitted with a Dean-Stark
apparatus, condenser 16 g of dieie(116 mmol), 12 g (116 mmol) of 2,2-dimethyl-

1,3-propanediol, 80 mg (0.4 mmol) ptoluenesulphonic acid monohydrate were added
to 180 mL of toluene. The reaction mixture was aeat the reflux until evolution of
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water ceased (2 hours). The solution was cooleddm temperature and,&O; was
added. The suspension was filtered and the soheenmdved in vacuo. The crude was
purified by flash chromatography (2:1 petroleumeetiitOAc to 1:2, crude mixture was
loaded with 36 mL of 3:2:1 petroleum ether/EtOAcKCH solution). The first eluted
compound was the bis-acetdl (5.8 g, 16% yield), obtained as a white crystallsolid.
The second compound was the required mono-a¢&{dl1.5 g, 44% vyield), obtained as
a colorless solid. The last collected compound tws recovered starting material
dione40 (4.2 g, 26% yield).

From bis-acetai2 hydrolysis A 150-mL flask equipped with a reflux condenseda

magnetic stirrer was charged with 8 g (25.8 mmblis-acetalt2 and 50 mL of a 3:1:1

THF/H,O/AcOH solution. The mixture was heated at theuseflor 2.5 hours, then

cooled at room temperature. The solution was nkzgch with NaOH 1M and the

aqueous layer was extracted with three 50 mL postaf E;O. The combined organic
layers were washed with 50-mL of brine, dried wahhydrous sodium sulfate and
concentrated by rotary evaporation. The crude wagigd by flash chromatography
(2:1 petroleum ether/EtOAc to 1:2) to afford 3.86§% vyield) of the mono-acetdl.

Cis-Bicyclo[3.3.0]octan-3,7-dione-(2’,2’-dimethylpropyidene) acetal (41)
White solid, mp 49-51°C, R0.24 (petroleum ether/Ed 1:1), IR (KBr)v 2953, 2864,
1751, 1471, 1394, 1359, 1328, 1213, 1117, 104281006, 769 cm; ‘H NMR
(400MHz, CDC}): 5 0.96 &, 6H), 1.83 (d, 2H,J = 5.1, 13.7Hz), 2.17dd, 2H,J = 4.6,
19.4Hz), 2.30dd, 2H, J = 8.7, 13.7Hz), 2.48d(d, 2H, J = 9.8, 19.4Hz), 2.83n(, 2H),
3.45 6, 2H), 3.48 ¢, 2H); °C NMR (100MHz, CDCJ): § 22.3 (2CH), 29.9 (C), 36.6
(2CH), 41.0 (2CH), 44.4 (2CH), 71.0 (2CH)), 72.0 (2CH), 109.4 (C), 219.9 (C).

Cis-Bicyclo[3.3.0]octan-3,7-dionedis-(2’,2’-dimethylpropylidene) acetal (42)
><:O ></u,,, E><O:><
o O
White crystalline solid, mp 137-138°C; B.51 (petroleum ether/g2 1:1), IR (KBr)v
2953, 1472, 1393, 1359, 1306, 1222, 1116, 1018, 832 cni; '"H NMR (400MHz,
CDCl): 6 0.96 6, 12H), 1.72dd, 4H,J = 6.2, 13.2Hz), 2.20dd, 4H,J = 8.9, 13.2H2z),

2.54 fn, 2H), 3.46 §, 4H), 3.47 §, 4H); °C NMR (100MHz, CDGJ): 3 22.5 (4CH),
30.0 (2C), 36.9 (2CH), 39.7 (4GH 71.6 (2CH), 72.3 (2CH), 109.8 (2C).
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Methyl-3-one-7,7-(2’,2’-dimethylpropylidenedioxy)
bicyclo[3.3.0]octane-2-carboxylate (43§

Q o
-

>

o O

Iy,
w

In a three-necked 500-mL flask equipped with a raadal stirrer and a thermometer ,
92mL of freshly distilled dimethyl carbonate wemdad to 9.6 g of NaH (60% wt in
mineral oil, 400 mmol) under NThe solution was heated to 50°C. A solution viifhg
of mono-acetaltl (66.9 mmol) in 55 mL of freshly distilled dimethghrbonate was
prepared, and 7.5 mL of this solution were addethéoreaction mixture. Then 0.3 mL
of methanol was added and the remaining mono-adé&tablution was added over 6.5
hours. The reaction was stirred at 50°C overnighe mixture was cooled with an ice
bath and 40mL of toluene were added. Methanol (30wes slowly added, followed
by 8.3mL of acetic acid. Water (45mL) was added @adslurry was filtered by gooch.
The organic layer was separated. The solid residage washed twice with 50mL of
toluene. The combined organic layers were washedetwith 20mL of water and
concentrated by rotary evaporation. Toluene (20méa$ added and the solution was
evaporated. The crude was purified by flash chrography (3:1 petroleum ether{E)

to afford 14 g (74% vyield) of the required prodasta diastereoisomers mixture.

White solid, mp 74-75°C, /0.62 (petroleum ether/Ed 3:1), IR (KBr)v 3008, 1669,
1618, 1440, 1337, 1276, 1145, 1114, 790'cid NMR (400MHz, CDC}) (of the
mixture of two diastereoisomer$)0.94 €, 3H), 0.95 ¢, 3H), 0.96 §, 3H), 0.99 §, 3H),
1.63 f, 1H), 1.71 ddd, 1H,J = 0.9, 6.1, 13.6Hz), 1.83n( 1H), 2.04 (n, 1H), 2.22-
2.43 (m, 7H), 2.61-2.80r, 3H), 2.94 n, 1H), 3.17 (M, 1H), 3.28 M, 2H), 3.44-3.54
(m, 8H), 3.74 §, 3H), 3.76 §, 3H); **C NMR (100MHz, CDCJ) (of the mixture of two
diastereoisomers)d 22.3 (2CH), 22.4 (CH), 22.5 (CH), 30.0 (C), 30.1 (C), 33.2
(CH), 34.9 (CH), 38.7 (Ch), 38.9 (CH), 40.2 (CH), 40.9 (CH), 41.0 (CH), 41.4
(CH), 42.0 (CH), 44.7 (Ch), 51.0 (CH), 52.5 (CH), 60.6 (2CH), 71.6 (gH71.7
(CHa), 72.3 (CH), 72.5 (CH), 108.6 (C), 109.1 (C), 169.7 (C), 174.8 (C), 31(PC).

8 German Patent DE 3816801.
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Methyl-3-hydroxy-7,7-(2’,2’-dimethylpropylidenedioxy) bicyclo[3.3.0]octane-2-
carboxylate (36)°
OH o

O/

Iy,
w

O
O

XX

In a 300-mL batch reactor, 12.4 g (44 mmol)Beketo-ested3 were dissolved in 120
mL of ethyl acetate and the reaction system wagaad with argon. To this solution
Platinum (IV) oxide (0.62 g, 5 % w/w) was added dhd reactor was saturated with
hydrogen. The reaction was mechanical stirred aglbtrwith 3.5 bar of Hpressure.
The mixture was filtered through a thin pad of teelnd the filtrate was concentrated
under reduce pressure to afford 12.5 g (100 % ydlttans-alcohol.

Colorless oil, R0.20 (petroleum ether/EtOAc 7:3), IR (neat?952, 2867, 1731 cm
'H NMR (400MHz, CDC}): 5 0.96 6, 3H), 0.97 §, 3H), 1.54 ddd, 1H,J = 9.3, 10.2,
12.2Hz), 1.89ddd 1H,J=1.3, 4.7, 13.3Hz), 2.00-2.16(3H), 2.25 ddd, 1H,J = 6.4,
8.2, 12.2Hz), 2.52n§, 1H), 2.62 n, 2H), 2.82 n, 1H), 3.46 § 2H), 3.50 §, 2H), 3.72
(s, 3H), 4.22 (n, 1H);*C NMR (100MHz, CDCJ): 5 22.3 (CH), 22.4 (CH), 29.8 (C),
35.5 (CH), 38.7 (Ch), 38.9 (CH), 40.4 (CH), 41.4 (CH), 51.6 (CH), 57.8 (CH), 71.6
(CHy), 72.0 (CH), 75.6 (CH), 109.7 (C), 175.2 (C).
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Methyl-3-(tert-butyldimethylsilyloxy)-7,7-(2’,2’-dimethylpropylid enedioxy)
bicyclo[3.3.0]octane-2-carboxylate (47§

L
Si.
e

O/

[i

Iy,
ww

O
O

XK

To a solution of3-hydroxy-este36 (16.0 g, 56 mmol) and imizadole (9.6 g, 141 mmol)
in anhydrous DMF (41 mL), TBSCI (10 g, 68 mmol)anhydrous DMF (30 mL) was
dropwise added and the reaction mixture was stoxeinight. To the mixture 60 mL of
water and 60 mL of ED were added, and the solution was extracted Wi &5 x 70
mL). Combined organic layers were washed with 50ahlater and 35 mL of brine,
dried over MgS@ filtered and concentrated. The crude was puribigdlash column
chromatography (petroleum ether/EtOAc 5:1) to affdihe corresponding protected
alcohol (18.2 g, 81%).

Colorless oil, R0.59 (petroleum ether/EtOAc 5:1), IR (neatym* 1735, 1636, 1256,
116;*H NMR (600MHz, CDC}): 5 0.00 6, 3H), 0.01 ¢ 3H), 0.84 § 9H), 0.92 §, 3H),
0.98 6, 3H), 1.50 ¢it, 1H,J = 9.1, 12.3Hz), 1.80d¢, 1H,J = 5.3, 12.6Hz), 1.91n,
1H), 2.08-2.16 1y, 3H), 2.50 n, 1H), 2.60 (, 2H), 3.45 dd, 2H, J = 11.4, 18.8Hz),
3.49 @dd, 2H, J = 11.7, 19.0Hz), 3.67s( 3H), 4.26 , 1H); *C NMR (100MHz,
CDCl): 4 -5.1 (CH), -4.8 (CH), 17.8 (C), 22.4 (Ch), 22.5 (CH), 25.6 (3CH), 30.1
(C), 36.1 (CH), 38.3 (Ch), 40.5 (CH), 41.7 (CH), 42.1 (CH), 51.5 (C#J, 58.8 (CH),
71.9 (CH), 72.0 (CH), 77.5 (CH), 109.8 (C), 175.5 (C).
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3-(tert-butyldimethylsilyloxy)-7,7-(2’,2’-dimethylpropylid enedioxy)
bicyclo[3.3.0]octane-2-carboxylic acid (45)
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To a stirred solution of 1.0 g (2.5 mmol) Bftert-butyldimethylsilyloxy ested7 a
solution of 10% KOH in methanol was added. Thetorx was stirred overnight at
room temperature. The mixture was concentrated vaashed once with ED. The
aqueous layer was acidified to pH=5 with HCI 1M axdracted three times with J&x.
The combined organic layers were dried with Mg®a@d the solvent was evaporated to
afford 0.9 g (2.3 mmol, 91%) of the crude acid thais directly engaged in the next
step without further purification.

White solid, mp 87-90°C, {0.33 (petroleum ether/EtOAc 5:1), IR (neatym™ 2954,
1702, 1115'H NMR (400MHz, CDC}): 5 0.01 &, 3H), 0.02 §, 3H), 0.84 § 9H), 0.91
(s, 3H), 0.98 ¢, 3H), 1.51 (t, 1H,J=9.1, 12.2Hz), 1.81dd, 1H,J = 5.5, 13.7Hz), 1.98
(m, 1H), 2.06-2.19r6, 3H), 2.51 , 1H), 2.62 n, 2H), 3.45 n, 2H), 3.49 n, 2H),
4.26 fn, 1H); *C NMR (100MHz, CDGJ): & -5.0 (CHy), -4.8 (CH), 17.9 (C), 22.4
(CHs), 22.5 (CH), 25.7 (3CH), 30.0 (C), 36.0 (CH), 38.0 (GH 40.7 (CH), 41.6
(CHy), 42.0 (CH), 58.6 (CH), 71.9 (GH 72.0 (CH), 77.3 (CH), 109.8 (C), 180.8 (C).
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3-(tert-butyldimethylsilyloxy)-7,7-(2’,2’-dimethylpropylid enedioxy)
bicyclo[3.3.0]octane-2-methanol (48)
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Under nitrogen, to a stirred solution of 5.0 g Bl2mmol) of p-tert-
butyldimethylsilyloxy-este#7 in 20 mL of dry CHCI, a solution 1M of DIBAL (19
mL) was added dropwise at -78°C within 1.5 h. Téaction mixture was stirred at 0°C
for 2 h, then 4 mL of MeOH and 45 mL of an aquepatassium tartrate solution were
added. The mixture was filtered through Celite Wwhicas washed with Ci&€l,. The
combined organic phases were dried and concentnatedcuo. Purification by flash
column chromatography (petroleum ether/EtOAc 3it¢g4.5 g (11.6 mmol, 92%) of
alcohol.

Colorless solid, mp 79-82 °C,; R.34 (petroleum ether/EtOAc 3:1), IR (neatB150,
1644, 1010 ci; *H NMR (400MHz, CDCY): 5 0.04 6, 3H), 0.06 §, 3H), 0.86 §, 9H),
0.92 &, 3H), 0.97 ¢, 3H), 1.44 (n, 1H), 1.71-1.92r, 3H), 1.99-2.20r(, 4H), 2.25 §,
1H), 2.36 (n, 1H), 3.46 tn, 4H), 3.64 (, 2H), 3.85 M, 1H); *C NMR (100MHz,
CDCl): 6 -4.9 (CH), -4.1 (CH), 17.8 (C), 22.4 (CHJ, 22.5 (CH), 25.7 (3CH), 30.0
(C), 35.6 (CH), 38.5 (Ch), 39.1 (CH), 40.6 (Ch), 41.5 (CH), 55.1 (CH), 65.4 (Ch,
71.9 (CH), 72.2 (CH), 78.3 (CH), 110.2 (C).
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3-(tert-butyldimethylsilyloxy)-7,7-(2’,2’-dimethylpropylid enedioxy)
bicyclo[3.3.0]octane-2-methoxy- carbonyl benzoic at(49)
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In a 50-mL flask equipped with a magnetic stirrad a reflux condenser 4.0 g (10.8
mmol) of alcohol48 were dissolved in 4.3 mL of freshly distilled mine. Phthalic
anhydride (1.6 g, 10.8 mmol) was added and theisalwas heated to 70°C. After 24h
the solution was cooled to room temperature andn25of water were added. The
mixture was washed once with,&t The aqueous layer was acidified with HCI 1M and
extracted three times with . The combined organic layers were dried with MgSO
and the solvent was evaporated to afford 3.9 grifrtdl, 70%) of the required acid.
Colorless oil, IR (neat) 1727, 1633, 1258, 1118 ¢in*H NMR (400MHz, CDCY): &
0.00 §, 6H), 0.84 ¢, 9H), 0.92 ¢, 3H), 0.93 ¢, 3H), 1.46 (n, 1H), 1.75 {d, 1H,J = 6.6,
13.1Hz), 1.85dd, 1H,J = 5.6, 12.8Hz), 2.14-1.99( 2H), 2.34-2.16rf, 3H), 2.40 (M,
1H), 3.45 § 2H), 3.46 ¢ 2H), 3.88 (n, 1H), 4.22 (d, 1H, J = 6.6, 10.9Hz), 4.41dg,
1H, J = 4.0, 10.9Hz) 7.55n§, 2H), 7.69 fn, 1H), 7.88 f, 1H);*C NMR (100MHz,
CDCl): 8 -4.9 (CH), -4.5 (CH), 17.9 (C), 22.4 (2C¥), 25.7 (3CH), 30.0 (C), 35.7
(CH), 39.3 (CH), 40.1 (CH), 40.2 (CH), 41.4 (Ch), 52.9 (CH), 66.3 (Ch), 71.7
(CHyp), 72.2 (CH), 75.6 (CH), 110.3 (C), 128.7 (CH), 129.7 (CH),018(C), 130.9
(CH), 131.7 (CH), 132.9 (C), 168.2 (C), 170.7 (C).

108



Chapter 4

2-(methoxycarbonyl)-7,7-(2’,2’-dimethylpropylidenedoxy) bicyclo[3.3.0]octane-3-
oxy- carbonyl benzoic acid (46)
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In a 50-mL flask equipped with a magnetic stirrad @ reflux condenser 6.8 g (24.1
mmol) of B-hydroxy-ester36 were dissolved in 10 mL of freshly distilled pyind.
Phthalic anhydride (3.6 g, 24.1 mmol) was addedthedsolution was heated to 70°C.
After 24h the solution was cooled to room tempermand 50 mL of water were added
to the reaction mixture. The reaction solution w&eslified with 120 mL of HCI 1M and
extracted twice with EO. To completely remove the pyridine presence thakined
organic layers were washed with 25 mL of satur@@e$Q. The organic layer was
dried with MgSQ and the solvent was evaporated to afford 8.3 dL(fr8mol, 80%) of
acid46 with a diastereomeric ratio 94:6tirnscis isomers.

Colorless oil, R0.48 (petroleum ether/EtOAc/AcOH 1:1:0.01), IRdhe 1733, 1288,
1121 cm*; *H NMR (400MHz, CDCJ): 5 0.92 &, 3H), 0.93 ¢, 3H), 1.75 @, 1H,J =
7.8, 13.0Hz), 1.93dd, 1H,J = 5.1, 13.7Hz), 2.07dd, 1H,J = 4.6, 13.5Hz), 2.18nf,
2H), 2.54 (n, 1H), 2.68 i, 1H), 2.74 (, 1H), 2.97 (, 1H, J = 8.0Hz), 3.46 ¢, 2H),
3.49 6, 2H), 3.71 ¢, 3H), 5.48 i, 1H), 5.90 §, 1H), 7.56 ,, 2H), 7.68 n, 1H), 7.86
(m, 1H); **C NMR (100MHz, CDGJ): & 22.6 (CH), 22.7 (CH), 30.2 (C), 37.4 (CH),
37.7 (CH), 39.0 (CH), 40.3 (CH), 43.0 (CH), 52.3 (CH}, 55.5 (CH), 72.2 (Ch}, 72.3
(CHy), 79.5 (CH), 110.2 (C), 129.2 (CH), 129.6 (CH)1IB(CH), 131.8 (CH), 132.7
(2C), 167.6 (2C), 170.5 (C),174.5 (C).

The optical resolution: (S-Phenylethanamingl (1.4 g, 11.6 mmol) is slowly added to
a refluxed solution of acid6 (5.0 g, 11.6 mmol) in 191 mL of a mixturé’r,O:MeOH
(4:1). The mixture is mechanical stirred at roomperature over night. The precipitate
crystalline (2.0 g, ee 88%) is collected by filioat and re-crystallized from-
Pr,O:MeOH (4:1) affording 1.4 g of enantiopurans-acid 46 (ee 96%). HPLC (acid)
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Chiralpak® AD-H, n-hexane/PrOHA-PrOH(ACOH 4%) (80:10:10), flow 1 mL/mif=
254 nm, f(trans) = 9.3 min, ftrans) = 10.5 min, {cis) = 11.9 min, {cis) = 14.7 min.
Salt characterization (52): White solid, mp 154-156°C ,IR (KBr) 2096, 1640 cif;
'H NMR (400MHz, CDC}): 8 0.93 &, 3H), 0.94 §, 3H), 1.49 (, 3H,J = 6.7Hz), 1.61
(m, 1H), 1.78 dd, 1H,J = 5.5, 13.3Hz), 1.96-2.18r( 3H), 2.34 (n, 1H), 2.49 n, 1H),
2.67 n, 1H), 2.90 (, 1H,J = 8.2Hz), 3.43< 4H), 3.64 §, 3H), 4.26 ¢, 1H,J = 6.7Hz),
5.28 (n, 1H), 7.17 n, 3H), 7.26-7.37r, 5H), 7.54 fn, 1H), 8.30 §, 3H); °*C NMR
(100MHz, CDC}): 8 21.3 (CH), 22.4 (2CH), 29.9 (C), 36.6 (CH), 37.6 (GH 38.8
(CHy), 40.0 (CH), 42.3 (CH), 51.0 (CH), 51.8 (GH 55.3 (CH), 71.8 (Ch), 72.0
(CHyp), 78.0 (CH), 109.6 (C), 126.6 (2CH), 127.8 (2CH27.9 (2CH), 128.1 (2CH),
128.6 (CH), 130.1 (C), 130.7 (C), 139.9 (C) 1678, (73.8 (C), 174.2 (C).
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Chapter 5

General considerations on Experimental sections

All moisture-sensitive reactions were performe@iminert, dry atmosphere of argon or
nitrogen in oven-dried glassware. Reagent gradeestd were used for either
chromatography or extraction. THF was distillednfréda/benzophenone under argon;
CH2CI2, acetonitrile, toluene, Et3N, dimethyl cambte, 1,2-dichloroethanewere
distilled from CaH2 under argon; pyridine was diisti from KOH under argon and
DMF was distilled over 4A molecular sieves. Anatgli thin-layer chromatography
(TLC) was performed usinblerck precoated tlc plates (Silica gel 60 GF25%40r#n)
Flash chromatography was performed udibgrck Silica gel 60 (230-400 meshlhe
solvent compositions reported for all separatiores @ a volume/volume basi&as
chromatography (GC) was performed using a HewlattkBrd HP6890 or an Agilent
6850 instruments. GC vyield analyses were performigd an Agilent 19091Z-413E,
HP-1 Methyl siloxane column, GC enantiomeric exaeterminations were performed
with a Restek 13104 RDEXsm column.

High performance liquid chromatography (HPLC) wasrfgrmed usinga Hewlett
Packard 1100 or Agilent 1100 instruments equippitd aChiralpak® AD-H (250 mm

X 4.6 mm ID) or with &Chiralcel® OD-H (250 mm x 4.6 mm ID)

'H NMR spectra were recorded at 300,400 or 600 Mz2@ °C with either
tetramethylsilane §0.00), chloroform §7.26) as the internal standarfC NMR
spectra were recorded at 75,100 or 150 MHz at 2@it either chloroformg 77.0) as
the internal standard. Carbon assignments weredbasdOEPT, HMQC experiments.
Melting points were determined through Baichi instrument and are uncorrected.
Specific optical rotations were determined at thdirf@ through aPerkin Elmer 341

polarimeter.
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Abbreviations and acronyms

[a]p®

Ac

Bn
C
cat

ChA
CH,Cl,
CH4CI
cCly
CO(OMe),
DIBAL

DMAD

DMF
DMPP

dr
DSC

ee
er

Et
EtsN
Et,O
EtOAC
GC
ImH

Optical rotation at 589 nm
Acetyl
base

Benzyl
concentration
catalyst

Chrysanthemic acid
Dichloromethane
Chloroform

Methane tetrachloride
Dimethyl carbonate

Diisobutylaluminium
hydride

threo-2-dimethylamino-1-
(4-nitrophenyl)-1,3-
propanediol

N,N-dimethylformamide

threo-2-dimethylamino-1-
phenyl-1,3-propanediol

Diastereoisomeric ratio

Differential scanning
calorimetry

Enantiomeric excess
Enantiomeric ratio
Ethyl

Triethylamine

Diethyl ether

Ethyl acetate

Gas chromatography
Imidazole

HOMO

HMPA

HPLC

IR
LAH
LUMO

Me
MeOH
ML
mp
PG|

NOESY

Ph
i-Pr

Py
TFA

TBDMS
t-Bu
Tf
THF
THP
TLC

Ts

highest occupiealenular
orbital

4-Hydroxymethyl-3-
methoxyphenoxyacetic acid

High performance liquid
chromatography

Infrared spectroscopy
LiAIH,

lowest unoccupied
molecular orbital

methyl

methanol
Mother liquor

Melting pot
prostacyclin
No date

Nuclear Overhauser Effect
Spectroscopy

Phenyl
isopropyl

pyridine
Trifluoroacetic acid

Tertbutyldimethylsilyl
Tert-Butyl
triflic
tetrahydrofuran
tetrahydropyran
Thin layer chromatography
Retention time
Tosylg-toluenesulfonyl)
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