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1.Introduction

1.1.Asymmetric organocatalysis

Asymmetric synthesis involves creation of one orenchiral centres from a prochiral
raw material, using a chiral agent. Nowadays, thethesis of enantiopure organic
molecules featuring important biological activigyarucial for pharmaceutical/medicinal
and agrochemical applications.

There are three different types of chiral agengt tan imprint chirality in reactions.
The first method relies on chiral auxiliaries, i@ enantiopure compounds that are
temporarily incorporated in a starting substratenable an asymmetric transformation.
The second methodology is based on chiral substfeden a chiral pool source, used to
afford enantiopure products. The last approach tifier construction of enantiopure
molecules is enantioselective catalysis using thatalysts. Until recently, the catalysts
employed for enantioselective synthesis of orgamdmpounds fell into two general
categories — transition metal complexes and enzymes

In enzymatic catalysis, a prochiral substrateasgformed by an enzyme into a chiral
product. Enzymes usually achieve high values oheoselction because they have a
particular active site that it is created by a #peprotein structure; other favourable
aspects of their use are the very mild operatingditmns and the absence of toxicity.
Drawbacks are the elevated cost of isolated enzyamesthe generally narrow scope of
enzymatic reactions.

Metallorganic catalysis employs instead a trangitoetal with enantiopure organic
ligands, to carry out an asymmetric reaction. Tiheaatage of this type of approach is a
usually very low catalyst loading (substrate/cagtahatio is up to 1.000.000/1) because of
the very high TON or TOF parameters. The drawbacksmany; the first is that some
metals have an elevated cost; moreover, metal @magplare often oxygen and moisture
sensitive, and therefore the reaction solvent rbasiltra-dry and oxygen-free. The most
important drawback is however the elevate costhef purification of the obtained
products. Contamination with the sometimes higbkid metal species must be avoided
especially when the product is used for pharmacaiudgipplications.



Between the extremes of transition metal catalgsid enzymatic transformations, a
third approach to the catalytic production of em@anerically pure organic compounds
has emerged erganocatalysis.*

Organocatalysts are purely “organic” molecules, cemposed of (mainly) carbon,
hydrogen, nitrogen, oxygen, sulphur and phosphoratesns. Organocatalysts have
several advantages. They are usually robust (axganlecules do not have the problem
of getting oxidised by air, and they are resistamtwater), inexpensive and readily
available. They do not need to be used in speegdtion vessels, so they feature easy
working procedures. Organocatalysts are generalbn-toxic for humans and
environment and, because of the absence of tramsttietals, organocatalytic methods
seem to be especially attractive for the prepamatibcompounds that do not tolerate
metal contamination, such as pharmaceutical preduct

For all these reasons and for the possible gredustrial applications, in the past
decade organocatalysis has witnessed a very inmatévelopment that can be noticed
in the exponential increase in publications numbbrsFigure 1 it is shown the trend
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Figure 1: Number of publications with keyword “organocatas/qiSciFinder from 2000 to 2011).

! (a) Asymmetric Organocatalysis, A. Berkessel, H. Gréger, Eds.; Wiley-VCH, Weinhei2005; (b)
Enantioselctive Organocatalysis, P. |. Dalko, Ed.; Wiley-VCH, Weinhein2007; (c) P. I. Dalko, L.
Moisan,Angew. Chem. Int. Ed., 2001, 40, 3726; (d) P. I. Dalko, L. Moisam®yngew. Chem. Int. Ed., 2004,
43, 5138; (e)Organocatalysis, B. List, Ed.Chem. Rev., 2007, 107, Nr 12; (f) Asymmetric Organocatalysis
K. N. Houk and B. List, EdsAcc. Chem. Res., 2004, 37, Nr 8. (g) D. W. C. MacMillanNature, 2008, 455,
304.
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Unfortunately, there are also some drawbacks immgatalytic methods, the major
one being the high catalyst loading, with a typmabstrate/catalyst ratio of 100/1 or less.

This particular aspect prevents easy scale-uplangdssible use in industrial settings.

Organocatalysts are classified in different clagtgsending on how they activate the
substrates for the catalytic process. Nowadayss tossible to distinguish three main

areas of activation modes represented in Table 1:

» covalent catalysis
* non-covalent catalysis

» phase-transfer catalysis

In the covalent approach, the catalyst createxctwvated complex characterised by the
formation of a covalent interaction with the praahsubstrate.

In this area, three different mechanisms can baetiitkd :

e enamine catalysis
 iminium-ion catalysis

* nucleophilic catalysis

Enamine catalysis is typical of primary or secogdamines and it is based on the
formation of an enamine with aldehydes or ketone&mino acids, such as for example
L-proline and its derivatives, can be used as cstialylhe reversible formation of an
enamine intermediate with the carbonyl compoundatets then-carbon of the starting
substrate for reaction with electrophiles.

Iminium-ion catalysis is based instead on the cépad chiral secondary or primary
amines to function as enantioselective catalysts deveral transformations that
traditionally employ Lewis acid catalysts. The nesiiele formation of iminium ions from
a,f-unsaturated ketones or aldehydes and the amiag/sist activates the double bond
of the unsaturated carbonyl compound towards npbiéo attack.

Nucleophilic catalysis involves a nucleophilic ogen, phosphorous, oxygen, sulphur
or carbon atom for the formation of a covalent banth a substrate. One of the most
interesting branches is represented by carbeneal lidalysts. Deprotonation of e.g. a
1,2,4-triazole gives an active carbene specieshwiacts with an aldehyde forming the

so-called Breslow intermediate, that in turn adda second electrophile.



The second mode of activation is based on weak-¢pwalent) interactions between
catalysts and prochiral substrates. The main iatiewras are hydrogen-bonding and
electrostatic.

To better describe this type of activation, it seful to divide it according to three

different mechanisms:

» hydrogen-bond catalysis
» Brgnsted acid catalysis

» Brgnsted base catalysis

Hydrogen-bonding is one of the most dominant forcesnolecular interaction and
recognition in biological systems. Hydrogen-bonthbais uses H-bond donating chiral
derivatives, e.g. thioureas, to imprint enantiasetc These catalysts form well-defined
multiple hydrogen-bond interactions with the proahisubstrate. This powerful
activation mode has become the foundation of a&largl dynamic area of research.

Brgnsted acid catalysis uses highly acidic catalyst protonate a substrate, which
results activated for nucleophilic addition. The gncefficient catalysts recently
developed are phosphoric acids derived from chialaphtyl scaffolds. They are
strongly acidic, with pK around 1 in water. Because of their capacity ttvaie
carbonyl compounds e.g. imines through protonatowjde range of nucleophiles have
been demonstrated to participate in asymmetricemytiilic addition processes. Notably,
these chiral phosphoric acids can be considerdaetbifunctional organocatalysts as,
besides the acidic OH group, the P=0 group caresas\a Lewis base. As demonstrated
in some cases, both functionalities play a key iokbe asymmetric transformation.

Chiral Brgnsted bases are a very useful classge#narcatalyst; the activation mode is
opposite to that of Brgnsted acid as they exerir thetivity mainly activating the
nucleophilic component through deprotonation. Thangioselction is due to the strong
ionic interactions between the catalyst and thestsate during the attack to the
electrophilic partnerCinchona alkaloids are certainly the most representativenbess
of this class of organocatalysts. Also in this c#s® presence of a Lewis basic site
(quinuclidine nitrogen) and of a Lewis acidic Jji&bonding) make€£inchona alkaloids
bifunctional catalysts.

Therefore, both Brgnsted acid and bases speciesaldee to mimic one of the
fundamental enzymatic catalyst competencies: bifanality, that is, the ability of a



catalyst to employ Lewis/Brgnsted acidic and LeBighsted basic functionalities
synergistically to bring about the activation oftlbdhe nucleophilic and electrophilic
components of a reaction simultaneously. A furtegample is given by Takemoto
catalyst, represented in Table 1, which joins achistiary amino group (Brgnsted base
catalysis) with a thiourea moiety (H-bond catalysislany other modified thiourea
derivatives belong to this class of organocatalyst.

A conceptually different activation of organic streges for asymmetric reactions is
Phase-Transfer Catalysis (PTC). Phase-transfelysmstanediated by chiral quaternary
ammonium salts is based on a unique ion-pair-medliegaction. The reaction pathway
involves three main steps: 1) deprotonation ofabive compound with a base, which
generally occurs at the interface between two kyeither liquid/liquid or liquid/solid
phases); 2) extraction of the anion into the butiaaic phase by ion exchange with the
cation of the chiral quaternary ammonium salt, WHarms a lipophilic ion pair; and 3)
reaction of the ion pair with the electrophilic geat followed by the concomitant
regeneration of the catalyst.

Among the quaternary ammonium salt cataly§isichona alkaloid derivatives have
again been shown to be particularly efficient, tagently other types of quaternary salts
not deriving from the chiral pool have been devethp



Table 1: Activation mode in organocatalysis.
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1.2.Cinchona alkaloids

Cinchona alkaloids are a large class of compounds extrdobea the bark offinchona
ledgeriana (Figura 2).

Ginchond succinibra Fav,
Figure 2: Cinchona ledgeriana.

This tree is cultivated above 1400 m in equataliahatic zones, between Africa, Latin
America and Indonesia (isle of Java). In Figurer8@ mepresented the most common
structures: quinine@N), quinidine D), cinchonidine CD), cinchonine CN) with
their Sigma-Aldrich prize and purity.

R= OMe Quinidine (QD) R= OMe Quinine (QN)
326 €/25g (>98%) 211 €/1009 (=98%)
R= H Cinchonine (CN) R= H Cinchonidine (CD)
105.5 €/100g (>98%) 139.5 €/1009 (96%)

Figure 3: The four mairCinchona alkaloids.

Approximately 700 tons of cinchona alkaloids ar&raoted annually and nearly half of
it is used in the food and beverages industry bister additive?> The other major use of
these alkaloids, especially quinine and quinidideals with medicine since they are

2 (a) D. C. McHaleThe Biologist 1986, 33, 45; (b) F. EidenPharmazie in unserer Zeit 1998, 27, 257; (c)
P. M. Dewick,Medicinal Natural Products, John Wiley & Sons, Chichester, New Yot©97, 335; (d) J.
Herrmann Pharm. Ztg2001, 146, 1486.
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respectively an anti-malarial drug and a cardigowegsant. Th€inchona alkaloids have
enjoyed a rich history in science, medicine, anehaistry?

Since the development of the concept of organogagain 2000, a great development
of highly stereoselective reactions involving cgdtd derived fronCinchona alkaloids
occurred® For these remarkable resu@inchona alkaloids are nowadays recognised as
useful chiral scaffolds for the preparation of {filéged catalyst®

The key for their successful use in organocatalgsisves from the easy derivatization
of the main structure and the presence of diffeh@mttional groups. The structure of the
four mainCinchona alkaloids can be divided into three different patihe quinoline ring,
the 1,2-amino alcohol subunit and the quinuclidimaety (Figure 4).

bicyclic quinuclidine

moiety 1,2 amino alcohol

Tee subunlit/
AT

_________

quinoline ring

Figure 4: Structure ofCinchona alkaloids.

The structure contains five stereogenic centecdding a chiral nitrogen group; since
it is the 1,2-amino alcohol subunit that is usuadlgponsible for the catalytic activity, the
enantioselection of the products depends on théguoation of these chiral centers.
Quinine and quinidine as well cinchonidine and bimtine present opposite absolute
configurations at these centres (see Figure 3); tlos reason these pairs of
diastereoisomers often act as enantiomers and ameedh pseudoenantiomers (or
guasienantiomers). Furthermore, the structure te@an Figure 4 presents two different
active sites: the tertiary amino group, responsfblebase/nucleophilic activation, and
the secondary alcoholic group, capable of acidyein-bond activation.

Concerning functionalization, the structure presatifferent sites for simple selective

transformations as represented in Figure 5. Therslry 9-hydroxy group can be easily

% (a) K. Kacprzak, J. Gawronskynthesis 2001, 961. (b) For a fascinating account of the histofy
quinine obtained from the Cinchona tree, see: Mhigkbaun,The Fever Trail: In Search of the Cure for
Malaria; Picador: New York2003.

* (a) Cinchona Alkaloids in Synthesis and Catalysis, Ligands, |mmobilization and Organocatalysis, C. E.
Song Ed., WILEY-VCH, Weinheing009; For reviews, see: (b) T. Marcelli, H. Hiemst8nthesis, 2010,
1229.

°T. P. Yoon, E. N. JacobseBgience, 2003, 299, 1691.



derivatised or replaced by different groups, deihg at this position ethers, esters,
ureas, amides, free amino group moieties and s&ome of these transformations are
concomitant with the inversion of configurationthé stereocenter. Also therBethoxy
group can be readily manipulated giving a free pherOH group, or even substituted
with nitrogen functionalities such as (thio)ureaieties.

Even more important is the possibility to alkyl#te tertiary nitrogen in order to obtain
a quaternary chiral ammonium salt, valuable as as@fransfer cataly8tMoreover,
some sites such as the quinuclidinic double bonth@©-hydroxy group are suitable for

anchoring the structure to a solid support in otdebtain a heterogeneous catalyst.

Attachment to a Polymer Chain:
heterogeneous catalysis

X N-Alkylation site (for PTC)

Formation of ethers, esters
and substitution with amines
(Mitsunobu reaction)

Demethylation (and Pd-
catalyzed amination): -OH,
amides, (thio)ureas

Figure5: Functionalisations o@inchona Alkaloids.

® (@) H. WynbergTop. in Stereochem. 1986, 16, 87. (b) T. Ooi, K. Maruokaingew. Chem. Int. Ed., 2007,
46, 4222; (c) M. J. O’Donnellicc. Chem. Res. 2004, 37, 506; (d) B. Lygo, B. I. Andrews Ac€hem. Res.
2004, 37, 518.
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1.3.Domino (Cascade) catalysis

Natural compounds are very important for many aapilons, for example as
pharmaceutical and agrochemical products. Thesepoonids have often an elevated
grade of structural sophistication which gives bgital activities.

The demand for natural compounds is, for theseoreasvery high. However, the
natural sources are often insufficient. A typicahmple is Taxol, represented in Figure
6. Since its discovery, Taxol has been regarded asobthe most significant advances
in cancer therapy. Although Taxol's biological aiyf profile initially attracted the
interest of the National Cancer Institute, furtkgaluation and even clinical trials were

limited due to a major supply crisis.

AcO O OH

® Potent ancancer activity

® Exponential medical demand

©® Major supply crisis

® Challenging chemical synthesis

Figure 6:Taxol.

Isolation of Taxol from natural source was imprea&tisince it gave low yields and led
to ecological destruction dfaxus Brevifolia in old-grown forests. Each tree yielded only
about 2 Kg of bark and approximately 10 Kg of dreatk were required to obtain 1 g of
Taxol. As a result, extensive research efforts wateated to find alternative sources of
Taxol which included semisynthesis and chemicalth®gis. Six independent total
synthesis of Taxol have been achieved since 199ghawn in Scheme %.To date,

" J. Goodman, V. Walsh, lfhe Story of Taxol: Nature and Politics in the Pursuit of an Anticancer Drug
Cambridge University Press; New Yo2001;

8 (@) K. C. Nicolaou, Z. Zang, J. J. Liu, H. Ueno,@& Nantermet, R. K. Guy, C. F. Claiborne, J. Reha
E. A. Couladouros, K. Paulvannan, E. J. SorenBlatyre, 1994, 367; (b) R. A. Holton, H. B. Kim, C.
Somoza, F. Liang, R. J Biediger, D. Boatman, Mn8bj C. C. Smith, S. Kim, H. Nadizadeh, Y. Suzuki,
C. Tao, P.Vu, S. Tang, P. Zhang, K. K. Murthi, L.Gentile, J. O. H. LiuJ. Am. Chem. Soc., 1994, 116-
159; (c) S. J. Danishefsky, J. J. Masters, W. Bun¢p J. T. Link, L. B. Snyder, T. V. Magee, D. King,

R. C. A. Isaacs, W. G. Bornmann, C. A. Alaimo, C.Goburn, M. J. Di Grandi. Am. Chem. Soc., 1996,
118, 2843; (d) J. J. Masters, J. T. Link, L. B. Snyd&t B. Young, S. J. Danishefsk&ngew. Chem. Int.
Ed., Engl., 1995, 34, 1723; (e) P. A. Wender, N. F. Badham, S. P. ConWwaE. Floreancig, T. E. Glass,
C. Granicher, J. B. Houze, J. Janichen, D. Lee€; Marquess, P. L. McGrane, W. Meng, T. P. Mucgiaro
M. Muhlebach, M. G. Natchus, H. Paulsen, D. B. RasylJ. Satkofsky, A. J. Shuker, J. C. Sutton, R. E
Taylor, K. Tomooka,). Am. Chem. Soc., 1997, 119, 2755; (f) P. A. Wender, N. F. Badham, S. P. Conwa
P. E. Floreancig, T. E. Glass, J. B. Houze, N. Eauss, D. Lee, D. G. Marquess, P. L. McGrane, W.
Meng, M. G. Natchus, A. J. Shuker, J. C. SuttonERTaylor,J. Am. Chem. Soc., 1997, 119, 2757; (g) H.
Kusama, R. Hara, S. Kawahara, T. Nishimori, H. Kasth N. Nakamura, K. Morihira, I. Kuwajima,
Am. Chem. Soc., 2000, 122, 3811; (h) K. Morihira, R. Hara, S. Kawahara, TistNmori, N. Nakamura, H.
Kusama, |. KuwajimaJ. Am. Chem. Soc., 1998, 120, 12980; (i) T. Mukaiyama, |. Shiina, H. Iwadare, M
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Wender’s synthesis of Taxol is the shortest andtraficient, with 37 steps and 0.4%

overall yield starting from verbenone. It is thuear how even the most efficient

synthesis that has been accomplished to date caer@nployed to furnish quantities of

Taxol on a scale suitable for therapy.

51 chemicals

37 chemicals

om s it steps
_ steps Nicolau P Wender
O 1994 1997
OH
41 chemicals o 47 chemicals
steps Holton | steps Kuwajima
1994 1998
\
0}
0 47 chemicals 38 chemicals
steps Danishefsky /'\'tz/ steps Mukaiyama
OH >
1995 HO,C 1999
o}

Scheme 1. Chemical synthesis of Taxol by stop-and-go apgroac

Nature has evolved in a million of years and now Feached extraordinary levels of
efficiency via enzymatic reactions for the constiart of the targets. Nature biosynthesis
in a short time converts simple raw materials iabelate products with elevated
selectivity, delivering various types of compounde rapidity of the synthesis is due to
the fact that when an intermediate is produced rbem@zymatic reaction, it is rapidly
converted by another enzyme. The overall transfoomais thus a multi-catalytic
cascade reaction.

For example, the biosynthesis of Taxol uses a woatis series of 4 cascade sequences
starting from the universal diterpene precursoraggigeranyl diphosphate (GGPP)
Scheme 2.

_ BzHN
— NNV -
/ X # AN F’ Ph
OPP
GGPP

Scheme 2: Enzymatic cascade catalysis generating Taxol.

As described in the Taxol example, man-made praesdare instead stop-and-go or

step-by-step syntheses, wherein synthesis is ctedlas a stepwise process punctuated

Saitoh, T. Nishimura, N. Ohkawa, H. Sakoh, K. Nishra, Y.-l. Yani, M. Hasegawa, K. Yamada, K.
Saitoh,Chem. Eur. J., 1999, 5.
°B. H. Guo, G. Y. Kai, H. B. Jin, K. X. Tangfr. J. Biotechnol., 2008, 5, 15.
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by the isolation and purification of intermediataiseach stage of the sequence. The
synthesis of natural compounds generally involvesekevated number of steps, for
example 20-30. As a consequence, the synthetiesegs start with large quantities (kg)
of substrates, but give the desired products tte lamounts, usually in the order of
milligrams. This approach is obviously not complatitwith the construction of natural
compounds on industrial scale.

In contrast with the stop-and-go approaohg-pot reactions use a single reaction
vessel, where a substrate is transformed to thduptothrough multiple sequential
reactions without the need of intermediate purifazes. This approach undoubtedly
reduces process time and waste production, arakialclear link to industrial processes,
for which economic and ecological profitability @he main issues of concern.

As one of the major hot topics in organic chemidinyoughout the past decade,
asymmetric organocatalysis has introduced new petisges with regard to the design
and application of one-pot processes in enantiosedetransformations. Marked by its
robust nature, organocatalysis is probably the roostlition-tolerant method within the
modern toolbox of asymmetric catalysis. Furthermanganocatalysts are tolerant of
numerous functional groups and can be employedrunde reaction conditions.

A domino reaction’® is defined as a reaction involving two or more ddnrming
transformations which take place under the sametiogaconditions, without adding
additional reagents and catalysts, and in which ghlesequent reactions result as a
consequence of the functionality formed by bondriatiion or fragmentation in the
previous step. All the transformation is effectgdalsingle catalytic mechanisnlandem
(cascade) catalysis is reserved to describe sequential elaboration hef substrate
transpiringvia two (or more) mechanistically distinct catalytioopesses. It allows the
organic synthesis of complex multinuclear molectiles a single acyclic precursbt.

Organocatalytic cascalfereactions are emerging as a new tool in totalh®gis of
natural products; the number of publications frod®2 to 2011 has increased year by
year and the target molecules have become moreareicomplex?

Organocatalytic cascade reactions have been alebeptoit various types of activation,

by combining for example enamine and iminium catigl\{tandem, triple-cascade even

(@) L. F. Tietze, U. BeifusAngew. Chem. Int. Ed. Engl., 1993, 32, 131; (b) L. F. TietzeChem. Rev.,
1996, 96, 115.

1 C.J. Chapman, C. G. Fr&8mthesis, 2007, 1.

12 (@) A. M. Walji, D. W. C. MacMillanSynlett, 2007, 1477; (b) C. Grondal, M. Jeanty, D. Endétature
Chemistry, 2010, 167.

13 H. PellissierAdv. Synth. Catal., 2012, 354, 237.

12



guadruple-cascade). An example of combining enamitkeiminium catalytic modes is
given in Scheme ¥

O‘CO

N ! _3steps

DMSO, RT,

7d, 85% OH
EN: Enamine 99% de,

IM: Iminium-ion 99% ee ent-Dihydrocorynantheol

N
A\ HO.C HO,C
CUNQQ‘ o 0
Ts O
99% de, 99% ee

Iz _
T

Ts
|
%20 % \
~®J g
T7¢ H

oo~y

Scheme 3: Mannich-Michael cascade reaction used in the ggigtofent-Dihydrocorynantheol.

Nowadays, organocatalytic cascade reactions arelimited to amine catalysts.
Significant contributions have also been made i field of hydrogen-bonding and

Brgnsted—acid catalysis, as shown in the examplerted in Scheme #.

1T Itoh, M. Yokoya, K. Miyauchi, K. Nagata, A. Clsa,Org. Lett., 2006, 8, 1533.
5 M. Rueping, A. P. Antonchick, T. Theissmawmgew. Chem. Int. Ed., 2006, 45, 3683.
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Scheme 4: Synthesis of natural tetrahydroquinolines via alde organocatalytic transfer hydrogenation.
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2.0Dbjective

Pentatomic heterocyclic scaffolds are very commmomatural products. In particular,
the tetrahydrofuran (THEY and the oxazolifé moieties are present in a variety of
biologically active products. These facts have gigeeat impetus to the research for new
synthetic methodologies aimed at the preparationtheke scaffold. As previously
described, tandem and domino reactions have prdoetbe an effective tool in
developing environmentally benign processes, stheg generate several bonds in a
“single pot” operation thereby minimizing the ambohwaste that is generated.

Recently, our attention was captured by two syithptocedures, reported in the
literature, that allowed the preparation of pentatoheterocyclic scaffoldsia tandem
reactions in a highly diastereoselective, but maintioselective, manner.

Gharpure and Red#fyreported an efficient synthesis of substitutedatstdrofuran
derivatives employing a tandergZMichael addition to vinylogous carbonates (Scheme
5). The authors proved that the reactivity of vagdus carbonates is not limited to more
classical radical reactions, but they are excellgithael acceptors towards active

methylene compounds such as malonates even undercaconditions.

K2003 EWG
E ! 0 <EWG DMF,rt. S EWG,
+ _— *
OMOEt EWG; d" CoEt
EWG, EWG, = CO,Me, Yield: 40-79%
CN, SO,Ph d.r.: 5:4->19:1

Scheme 5: Tetrahydrofurans through a&Michael tandem sequence.

Liu and Xu® developed instead a new strategy for the atomesnan synthesis of
fused oxazolinesia a domino reaction, involving an aldol-cyclisatibiehael sequence

of ethyl isocyanoacetate on the appropriate polstional substrate (Scheme 6).

18 For reviews on tetrahydrofuran synthesis, seeT(d). B. Boivin, Tetrahedron 1987, 43, 3309; (b) G.
Cardillo, M. Orena, Tetrahedron 1990, 46, 3321; (c) J.-C. Harmange, B. Figadefketrahedron:
Asymmetry 1993, 4, 1711; (d) U. Koertgynthesis 1995, 115; (e) K. Miura, A. Hosomigynlett 2003, 143;

(fH J. P. Wolfe, M. B. HayTetrahedron 2007, 63, 261; (g) V. PiccialliSynthesis 2007, 2585.

" For a review, see: (a) P. Wipf, Akaloids: Chemical and Biological Perspectives, S. W. Pelletier, ed.
Pergamon, New York]998, pp. 187-228. For selected examples, see: (b) MPrRsep, R. E.Moore,
I.A.Levine, G. M. L. Patterson]. Nat. Prod. 1992, 55, 140; (c) H. B. Bode, H. Irsch, S. C. Wenzel, H.
Reichenbach, R. Muller, G. Hofl@, Nat. Prod. 2003, 66, 1203.

183, J. Gharpure, S. R. B. Reddgrahedron Lett. 2010, 51, 6093.

191, Zhang, X. Xu, J. Tan, L. Pan, W. Xia, Q. LiDhem. Commun. 2010, 46, 3357.
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R * ON_COE ——=—> COzEt
R
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_ Yield: 66-81%
R = OMe, Ph dr:>19:1

Scheme 6: Fused tricyclic oxazolines through a domino aldgdtisation-Michael sequence.

The group where | worked during this thesis, hadeutaken since some years several
studies regarding the synthesis of new enantideadiorganic molecules through the use
of enantioselective PT&.Besides, phase-transfer catalysis has proven tetyeuseful
for carrying out asymmetric transformations witle ttypes of nucleophiles that were
employed by Gharpure and Reddy (active methylemapooinds), and Liu and Xu
(isocyanoacetates) in their studfeConsequently, it was decided to explore the
possibility of synthetizing enantioenriched tetrdiofuran and oxazoline derivatives,
starting from the polyfunctionalised substratescdbsd above, using asymmetric PTC
methodologies (Scheme 7).

EWC, _Ewe,
PTC *

|
0}
+ EWG__EWG; — = » 3
(Ao o
RO

O
o T
o
PTC
+ CN__COR{ —— CO5R;,

o
o
R

Scheme 7: Planned catalytic asymmetric domino reactionsamgfpnctionalised substrates.

23) F. Fini, V. Sgarzani, D. Pettersen, R. P. Harre. Bernardi, A. RicciAngew. Chem. Int. Ed. 2005,

44, 7975; b) F. Fini, L. Bernardi, R. P. Herrera,A2ttersen, A. Ricci, V. Sgarza®Bidv. Synth. Catal.

2006, 348, 2043; ¢) R. P. Herrera, V. Sgarzani, L. Berndedi-ini, D. Pettersen, A. Rical, Org. Chem.
2006, 71, 9869; d) O. Marianacci, G. Micheletti, L. Berniade. Fini, M. Fochi, D. Pettersen, V. Sgarzani,
A. Ricci, Chem. Eur. J. 2007, 13, 8338; e) L. Bernardi, F. Fini, M. Fochi, A. Ric&nlett 2008, 1857; f)

F. Fini, G. Micheletti, L. Bernardi, D. Pettersé, Fochi, A. Ricci,Chem. Commun. 2008, 4345; g) C.
Gioia, F. Fini, A. Mazzanti, L. Bernardi, A. Ricd, Am. Chem. Soc. 2009, 131, 9614; h) C. Cassani, L.
Bernardi, F. Fini, A. RicciAngew. Chem. Int. Ed. 2009, 48, 5694; i) A. Baschieri, L. Bernardi, A. Ricci, S.
Suresh, M. F. A. Adamdngew. Chem. Int. Ed. 2009, 48, 9342; j) R. D. Momo, F. Fini, L. Bernardi, A.
Ricci, Adv. Synth. Catal. 2009, 351, 2283; k) S. Mazzotta, L. Gramigna, L. Bernardi,Ricci, Org. Proc.
Res. & Dev. 2010, 14, 687; I) L. Bernardi, E. Indrigo, S. Pollicino, Ricci, Chem. Commun. 2012, 48,
1428.
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3.Results and Discussion

3.1.S\2-Michael tandem reactions

As mentioned, in 2010 Gharpure and Réfdgported that THF derivativedcan be
assembled by the reaction of the iodine derivativesth active methylene compounds
2, in the presence of catalytic amounts of the gmte base under homogeneous
conditions (NaOH in DMSO)ia a tandem @&-Michael addition sequence (Scheme 8).
To test the feasibility of the proposed THF deiives synthesis in an enantioselective
fashion via PTC catalysis, the preparation of twdide derivativesl (bearing two
different esters) was undertaken.

EWG

\—Ewe, EWG

I
o)
—_— E +
O/VJ\O’R <EWG1
1

COOR 2

3

Scheme 8: Gharpure and Reddy’s Synthesis of THF derivatives.

3.1.1. Synthesis of substrates 1a and 1b

The synthesis of substratéa and1b was achieved through a three steps methodology
starting from ethylene glycol, optimizing literaguprocedures.
Ethylene glycol was mono-tosylated (Ts) in the preg of TsCl and catalytic amounts

of N,N-dimethylaminopyridine (DMAP), in pyridine as thehgent (Scheme %'

DMAP
OH pyridine OTs
[ M Ry
OH rt.,1.5h OH
work up

Y=67%

Scheme 9: Synthesis of mono-protected ethylene glycol.

The obtained tosyl derivative was reacted furthigh the commercially available ethyl
propiolate usindN-methyl morpholine (NMM) as the base in dichlorohzete (DCM) as
the solvent? providing the corresponding ethyl acrylate deiixatin 62% vyield after
chromatographic purification (Scheme 10). Subsetlyiehe same reaction was repeated

2 Wyeth, Patent US2008/96903 AN08
17



using benzyl propiolate, which was first obtainedquantitative yield from propiolic
acid as described in Scheme?11.

NMM
OTs 0 DCM OTs
B -, [
OH %OR rt,3h O/\/002R
work up
R= Et Y= 62%
R=Bn Y= 60%
Scheme 10: Synthesis of acrylates precursordafandlb.
1) K,CO5, DMF
/?\ r.t., 30 min /?\
. P
& OH 2) Benzyl bromide // O~ "Ph
rt,16h
Y= quant

Scheme 11: Synthesis of benzyl propiolate.

The last step of the synthesis of substrateandl1b was an §2 reaction between the
OTs derivatives and sodium iodide, as shown in ®eh&2. Compounda was obtained

as a yellow oil in 57% yield, and compoulidl as a dark-yellow oil in 91% vyield.

OTs Acetone |
[ +Nal ———
work up

chromatography ~ 1a R=EtY=57%
1b R=Bn Y=91%

Scheme 12: Synthesis of substratdéa andlb.
3.1.2. Reactivity of substrates 1a and 1b

We decided to first perform they&Michael tandem reaction utilizinta as the model
compound and a series of active methylene compazjn@ported in Figure 8, in toluene
as the solvent and using tetrdutylammonium bromide (TBAB, Figure 7) as the PTC
catalyst, varying the inorganic base. We screenef@va inorganic bases for each
transformation, limiting our choice to bases whare typically used in PTC reactions
with nucleophiles featuring a pkof 11-17 in DMSO, such as compouré® These
bases are potassium carbonate, the stronger potapsiosphate, and cesium carbonate.
It must be noted that even if cesium carbonatepamassium carbonate feature the same
basicity, cesium carbonate is usually much mor@cinder PTC conditions because its
larger cation makes the base itself and the iorspaesulting from nucleophile
deprotonation more reactive and more availabl&éeénarganic layer. The crude mixtures

*2 Hoffman-La Roche Inc., Patent US5128448 2492
% D. H. Ripin, D. A. Evans, http://www.chem.wisc.éaeas/reich/pkatable/index.htm
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obtained from these reactions were analysettblMMR spectroscopy to check if some
product was formed, and eventually determine thevexsion of the reaction. For each
nucleophile employed, in Table 2 are reported s besults. The primary objective of
this screening was the evaluation of the feasybdftthis synthetic procedure under PTC
conditions. The second was the synthesis and thlatien of the racemic products,
which are necessary for the determination of treBomeric excess by chiral stationary
phase HPLC. All the reactions were then repeatedemurmomogeneous conditions
(K,CO;3 in DMSO as solvent), used in the original regdrtp compare the obtained

results.

Figure7: TBAB.

o o
NC._CN  MeO,C._COMe BnO,C._CO,Bn PhMph
2a 2b 2¢ 2d
/O\©\ Q0 /©/O\ MeO,C.__SO,Ph

e
A S
2% 2
MeO,C._CN N, Br___NO;
2g 2h 2i

Figure 8: List of nucleophile® used in the @-Michael tandem reaction.

As shown in Table 2, produBgaa deriving from malononitrila (Table 2, Entry 1) was
obtained with 60% conversion. Unfortunately, it wad possible to analysaa with the
available HPLC instrument, which is equipped with a UV-detectas 3aa does not
absorb UV radiation either at 254 or at 215 nm.ngsdimethylmalonate2b as
nucleophile, the addu@ab was obtained with 70% conversion (Table 2, Enj)iywhen
potassium phosphate was employed as the bases lcase, it was possible to detect and
separate the two enantiomers by HPLC (Daicel QtatalAD-H column, 2-propanaif
hexane 10/90, flow 0.75 mL/min, 215 nm, r.t.: 148d 15.8 min). Produ@ac from
dibenzylmalonat@c (Table 2, Entry 3) was obtained with 55% conversiélso in this
case it was possible to detect and separate thertaratiomers by HPLC (Chiralpak AD-
H column, 2-propanatthexane 10/90, flow 0.75 mL/min, 215 nm, r.t.: 2&&d 27.0
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min). Surprisingly, the diketon2ad and the malonate derivatig did not furnish the
desired products, even using different inorganisebaafter prolonged reaction times
(Table 2, Entries 4-7). The reaction with the sajflacetate2f afforded instead the
corresponding producBaf as a single diastereoisomer, although with moderat
conversion (Table 2, Entry 8). Its enantiomers waeéected and separated by HPLC
(Chiralpak AD-H column, 2-propanokhexane 10/90, flow 0.75 mL/min, 215 nm, r.t.:
31.3 and 33.5 min). Interestingly, by using the bgeneous conditions (DMSGO/KO;)
reported in the original papé&t,the opposite diastereoisomer was obtained, even if
unfortunately, its relative configuration was nasigned. Also methyl cyanoacet&g
furnished the producdag, and with very good conversion as a single diasisomer
(Table 2, Entry 9), but again it was not possillalétect it either at 254 or at 215 nm.
Finally, the two nitro compound2h and2i did not give the expected products (Table 2,

Entries 10-11) using our set of inorganic bases.

Table 2: Synthesis of the racemig&Michael tandem produc8aa-3ai with 1a.?
TBAB (20 mol%)

base (5equiv) EWC, pyg,
work up 0 °

|
o}
E + EWG._ _EWG,
-
o/\)J\OEt

OEt
1a 2a-i 3aa-3ai
Entry 2 (equiv.) 3 EWG EWG1 Base t(h)  x(%)°
1 2a (3) 3aa CN CN K.CO, 48 60
2 2b (3) 3ab COMe COMe KsPO, 24 70
3 2c (3) 3ac CO,Bn COBn KsPO, 24 55
4 2d (2) 3ad COPh COPh K,CO; 64 <5
5° 2d (2) 3ad COPh COPh GEO; 66 <5
6° 2e(2) 3ae CO)(4-OMeGH,)  CO,(4-OMeGH,) K,CO; 64 <5
7 2e(2) 3ae CO)(4-OMeGH,) CO,(4-OMeGH,  CsCO; 66 <5
8 2f (3) 3af CO,Me SO,Ph KsPO,.0 48 23
9 29 (3) 3ag COMe CN K.CO, 48 91
10 2h (3) 3ah H NO, KsPO, 48 <5
11 2i (3) 3ai Br NO, KsPO, 48 <5

a) Conditionsda (0.10 mmol),2 (0.20-0.30 mmol), TBAB (0.020 mmol, 20 mol%), tehe (0.20 mL),
inorganic base (0.50 mmol), stirring, r.t., 24-66tten plug filtration on silica gel. b) Determinegt *H
NMR spectroscopy on the crude mixture. A singlestdieeoisomer was observed 8af,3ag. ¢) 1.0 mL of
toluene was used. d) 50%, aqueous KPO, was used (3.3 equiv.).

Next, we analysed the reaction 1f with the same methylene compouritiaith the
aim of (i) enlarging the scope of the reaction &ndintroduce the benzyl group in the
final THF derivative that could increase the capecf absorbing the UV radiation. Also
in this case, the reactions were performed botleuRTC and homogeneous conditions

and the best results with PTC are reported in Table
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Similarly to acceptorla, also 1b reacted well with2a-c and 2f,g, furnishing the
expected product8ba-3bc and 3bf,3bg with moderate to good conversions (Table 3,
Entries 1-3, 6,7). As expected, the higher UV abaoce given by the benzyl group in
the molecule allowed the detection and separatiothe enantiomers o8ba, derived
from malononitrile 2a (Daicel Chiralpak AD-H column, eluent 2-propameffexane
10/90, flow 0.75 mL/min, 215 nm; r.t.: 25.5 and 83nin), and3bg, derived from
cyanoacetat2g (Phenomenex Lux 5u Cellulose-1 column, eluent Zanolh-hexane
10/90, flow 0.75 mL/min, 215 nm; r.t.: 26.3 and B®in). HPLC separation conditions
were also found for the remaining compourlsh (Daicel Chiralpak AS column, eluent
2-propanol-hexane 10/90, flow 0.75 mL/min, 215 nm; r.t.: 1@&Add 17.7 min)3bc
(Daicel Chiralpak AD-H, eluent 2-propanefhexane 10/90, flow 0.75 mL/min, 215 nm;
r.t.. 42.5 and 52.0 min). The similar reactivityspliayed bylb compared tola was
further confirmed by the reactions with the sulflamgtate 2f, wherein the PTC
procedure proved to be again diastereocomplemewrtampared to the homogeneous
conditions, and by the lack of reactivity display®d2d, 2e, 2h and2i (Table 3, Entries
4,5, 6,8 and9).

Table 3: Synthesis of the racemig & Michael tandem products wiftb.?
TBAB (20 mol%)

| base (5 equiv) EWG EWG,
(e} toluene, r.t. *
+ EWG. _EWG, —enertt 3
[ ~ work u f%fo

OBn
1b 2a-i 3ba-3bi
Entry 2 (equiv.) 3 EWG EWG1 Base t(h)  y(%)"
1 2a (3) 3ba CN CN K.CO; 48 67
2 2b (3) 3bb CO,Me CO,Me KsPO, 48 75
3 2c (3) 3bc CO,Bn COBn KsPO, 48 61
4 2d (2) 3bd COPh COPh K, CO; 64 <5
5° 2e (2) 3be CO,(4-OMe-GH))  CO,(4-OMe-GH,) K,CO; 64 <5
6 2f (3) 30f CO,Me SOPh KsPO, 48 41
7 29 (3) 3bg CO,Me CN K.CO; 48 71
8 2h (3) 3bh H NO, K,CO; 48 <5

a) Conditionsa1b (0.10 mmol),2 (0.20-0.30 mmol), TBAB (0.020 mmol, 20 mol%), tehe (0.20 mL),
inorganic base (0.50 mmol), stirring, r.t., 48-64ttren plug filtration on silica gel. b) Determinegt *H
NMR spectroscopy on the crude mixture. A singlestiezoisomer was observed 8fnf,3bg. ¢) 1.0 mL of
toluene was used.

Summarizing, several active methylene compoundsh sas malononitrile 2a,
malonates2b,c, sulfonylacetate2f and cyanoacetat@g, showed a good reactivity
towards acceptorda and 1b under PTC conditions, and were thus identified as
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promising candidates for the development of a gatahsymmetric procedure based on
PTC. Importantly, the use of a UV-active benzyleeshoiety in acceptotb allowed
detection of the productba and3bg deriving from malononitril2a and cyanoacetate
29, which could not be detected in the case of theletster acceptola. Some
nucleophilesZd,eh,i) did not react under PTC conditions. On the ottaerd, these latter
substrates were not employed in the original pakin® The low nucleophilicity of the
highly delocalised enolate anion derived frachandthe bulkiness of malonat2e might
be the reasons for the lack of reactivity2of and 2e. The notorious complication of
nitroalkane alkyation reactiofismight have impeded the reaction between nitro@&an
2h and2i with the acceptord. Regarding the sequence of the reactions in #mdem
process, we confirmed that theZ=alkylation precedes the Michael addition. Some
reactions of Table 2 and 3, stopped before conguleshowed indeed the presence of an
intermediate compound deriving from the attackh® hucleophile2 on the acceptot
still bearing the double bond functionality unresatt

With these promising results regarding the reagtiof several nucleophile2 under
PTC conditions, we started to evaluate the pod#situf performing these reactions with

chiral enantiopure PTC catalysts, derived fréimchona alkaloids.

In these very preliminary experiments, we focalised attention on the reaction b
with 2b and 2f, as reported in Table 4 and 5, in the presenceonfmercial PTCO1
(Figure 9) derived from quinine, varying the inanga base. Malonate2b and
sulfonylacetat@f were selected for this preliminary screening as¢imucleophiles have
been widely used in the past in asymmetric PTCti@a® All the reactions were
carried out in toluene as the solvent (0.50 M)hviiwve equivalents of the inorganic base

and with 20 mol% catalyst loading, for 48 h at rommperature.

Figure 9: N-Benzylquininium chloride, PTCOL1.

24 D. Seebach, R. Henning, F. Lehr, J. Gonnermaemahedron Lett. 1977, 18, 1161.
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As shown in Table 4, with dimethylmalondtle as nucleophile only cesium carbonate
(Table 4, Entry 3) gave a good conversion in prod8ab, potassium carbonate and
potassium phosphate not being able to promoteethetion to a sufficient extent (Table
4, Entries 1 and 2). Unfortunately, the reactiorihwéesium carbonate afforded the

product3ab with a disappointingly low ee.

Table 4: Screening of the base in the reaction with maepaf
PTCO1 (20 mol%

)
I base (5 equiv.) MeO,C CO,Me
toluene, r.t.
EO/\/COZEt + MeOZC\/COZMe 4W0|’k up > I o)
EtO
1a 2b 3ab
Entry Base x (%)° ee (%)°
1 Ko,COs 10 -
2 K3PO4 20 -
3 Cs,CO4 92 14

a) Conditions:1a (0.10 mmol),2b (0.30 mmol), PTCO1 (0.020 mmol, 20 mol%), tolugfe20 mL),
inorganic base (0.50 mmol), stirring, r.t., 48Her plug filtration on silica gel. b) Determined %Y NMR
spectroscopy on the crude mixture. c) Determinedhinal stationary phase HPLC.

Also with sulfonylacetat@f, between potassium carbonate, potassium phosphdte
cesium carbonate, the latter base was found thdenbst competent for the promotion
of the reaction witHa to give 3af (Table 5, Enties 1,2, and 5). However, it was fussi
in this case to isolate the product even in thectrea performed using potassium
carbonate, which showed a slightly improved enaetexctivity compared to the other
experiments. As many other chiral PTC reactionsfoper better, in terms of
enantioselectivity, when aqueous bases are emplayedlso tried the corresponding
agueous bases, which unfortunately did not leadntpimprovement (Table 5, Entries
3,4,6). In this case, we extended this prelimirsmgening also to fluoride bases, such as
potassium and cesium fluoride (Table 5, Entrie3. 80line with the previous results, the
cesium salt performed much better than its potassiounterpart, delivering the product
3af with enantiomeric excess comparable to potassiambonate, but with slightly
higher conversion. A weaker base such as potasgiloydrogen phosphate was found to

be inactive in this reaction (Table 5, Entry 7).
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Table5: Screening of base for nucleophie®

PTCO1 (20 mol%) |,
2

| base (5 equiv.) SO,Ph
toluene, r.t.
Eo _N_COEt * PhO,S.__CO,Me W g o
EtO
1a 2f 3af

Entry Base t (h) x (%)° ee (%)°
1 K,COs 48 24 20
2 KaPOy 48 33 5
3 aq. kPO, (50%"/,,) 48 30 10
4 aq. KCO;(50%"/,,) 24 <5 -
5 CsCGO; 24 44 7
6 ag. CsCO;(50%"/,,) 24 <5 -
7 KH,PO, 48 <5 -
8 CsF 48 45 18
9 KF 48 4 -

a) Conditions:1a (0.10 mmol),2f (0.30 mmol), PTCO01 (0.020 mmol, 20 mol%), tolugBe20 mL),
inorganic base (0.50 mmol), stirring, r.t., 48Heri plug filtration on silica gel. b) Determined %y NMR
spectroscopy on the crude mixture. A single diasisomer was observed in all experiments. c)
Determined by chiral stationary phase HPLC. d)e®j@Biv. were used.

This very preliminary screening has indicated tthet enantioselective \8-Michael
tandem reaction leading to THF derivatives mighfdsesible, although at this stage the
obtained results with the representative chiralalgat PTCO1 are certainly not
satisfactory, in terms of both yield and enantiesglity. Whereas it can be envisioned
that a through screening of catalyst structureegggood chances in the development of
this transformation in a highly enantioselectivehian, the low reactivity displayed by
nucleophiles2b and 2f in the presence of ordinary organic bases (Tablead 5)
represents a serious matter of concern. Howeverbtbad spectrum of nucleophilic
components which were identified during the pretiany screening with TBAB catalyst
(Tables 2 and 3) increases the possibilities afifig a suitable nucleophile-electrophile
couple for the disclosure of a highly efficient asyetric synthesis of enantioenriched
THF derivatives through they3-Michael tandem reaction.
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3.2. Aldol-cyclisation-Michael domino reactions

As previously mentioned, Liu and Xudeveloped a new strategy for the atom-
economic synthesis of fused oxazolirdega a domino sequence, initiated by the aldol-
cyclisation reaction of ethyl isocyanoacetatewith an appropriate aldehydebearing a
Michael acceptor. Under the optimised conditionssefl tricyclic oxazolines were
produced in good yields and in a highly diasterkatie®e manner.

0]
| 0
ol
COgEt | e— + CN\/002Et
= R
(0]
R (0]
3

1 2k

Scheme 13: Fused tricyclic oxazolines through a domino aldgdlisation sequence.

We decided to investigate the possibility of obtagnthese oxazoline derivatives in an
enantioenriched form, by using asymmetric PTC gaisl To this purpose, the synthesis
of the aldehyde derivativelsl and1le, was undertaken. During the project development,
in order to expand the substrate and catalyst tstaicvariety, we have also decided to
prepare the benzyl isocyanoacetdtand the new PTC catalysts PTC14 and PTC29, as
outlined below. The remaining PTC catalysts wetbegicommercially available, either

previously prepared in the laboratory were thiskmeas carried out.

3.2.1. Synthesis of substrates 1d and 1e

The synthesis of these substrates was carried@ut dommercial starting materials in
a single step for substratd, and in two steps for substrdte

Substrateld (Scheme 14) was prepared by a Heck reaction, sasided by Bryan and
Lautens™ 2-Bromobenzaldehyde (1 equiv.) was reacted wittthgheacrylate (1.5
equiv.), in toluene as the solvent and in the presef a palladium catalyst. The reaction
mixture was refluxed with stirring for 40 h undes &tmosphere.

Pd(OACc),

o
? ° P(o-tolyl)s |
= ~ TEA, toluene
SR Gt A COA
Br work up
chromatography 1d ©

Y=75%

Scheme 14: Synthesis of substrafel.

% C. S. Bryan, M. Lauten€rg. Lett., 2010, 12, 2754.
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Substratele was obtained in two steps from a commercial phospim salt, which
was dissolved in methanol and deprotonated by iaddnf an aqueous 2M sodium

hydroxide solution, giving the corresponding ylids,reported in Scheme 15.

Br Ph MeOH (o} ||3h
*p-pp NaOHZM P
@—({:h r.t., 30 min
(0] work up
Y= quant

Scheme 15: Synthesis of the ylide.

The second step of the sequence was a Wittig osadtetween this ylide and-
phthalaldehyde, in DCM as solvent, as represemnte8cheme 16. The reagents were

added in equimolar amount.

o
0} DCM |

Ph
So A )
+ \Ph _— =
_0 work up =
recrystallization

Y= 90% e O

Scheme 16: Synthesis of substraie.
3.2.2. Synthesis of nucleophile 2|

For the aldol-cyclisation-Michael reaction commallyi available isocyanide
nucleophiles were used, except #which had to be prepared. For the synthesis of this
compound it was used a procedure taken from a Wi consisting in three steps.

The first step was the esterification of glycinghmMbenzyl alcohol, that was used as a
reagent and solvenp-Toluenesulfonic acid was employed as dehydratiggng in
stoichiometric amount respect to the limiting raag@lycine). This reaction was first
carried out in a flask at 100 °C for 15 hours, asitthe conversion was not complete, it
was necessary to treat the crude further in a [B#ark apparatus (Scheme 17).

1) TsOH, 100°C
15 h, work up

(0] (0]
PNy o mWorkdp - .
H2N\)J\0H Ph™ "OH 2) Dean-Stark TsO HoN \)J\o/\ Ph

5.5 h, work up
Y= quant

Scheme 17: Synthesis of glycine benzyl ester, tosylate salt.

The second step was the formylation of this bemsyr with methyl formate, that was
used as a regent and solvent. Triethylamine wadogegb as the base in excess respect

2 Martin, Pierre, Patent US2008/242857 2008
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to limiting reagent (glycine ester). The reactian represented in Scheme 18 and
proceeded in quantitative yield.

o TEA o
_ + . O o =no H
150 HN I g 7 OSON o o N~
work up
Y= quant

Scheme 18: Formylation of the glycine ester.

The last step in the synthesis 2f was performed with the procedure depicted in
Scheme 19. Benzyl 2-formamidoacetate was firstotliss in DCM, then excess
triethylamine was added to this solution. The reacmixture was cooled to 2 °C,
followed by addition of POGIlin equimolar amounts. This dehydrating agent veled
very slowly with stirring, maintaining the tempeareg¢ below 4 °C. Finally, the reaction
was quenched by neutralisation with an aqueoussgiot@ carbonate solution, keeping
the temperature below 30 °C during this quench.

1) DCM, TEA, 2°C
2) POCl,

H 2-3.5°C,2h 0
OVN\)LO/\ph 3) KoCO3 59 1.62 M CN\)ko/\Ph
Toax 30°C ’l
rt,1h
work up

chromatography
Y= 55%

Scheme 19: Synthesis of nucleophil@.
3.2.3. Synthesis of catalysts PTC14 and PTC29

The synthesis of PTC14 was performed using a pobtdeveloped in the laboratory
where this work was carried ot Quinine was reacted with 1-(bromomethyl)-2-
(trifluoromethyl)benzene in a mixture of toluenedahHF (1:1) at 70 °C for 20 h, as
represented in Scheme 20. The pure product PTC@%4ullected by simple filtration.

- ; “CF
Toluene/THF Br ®

1:1,70°C,20h = N
CF —M» ~/
filtration

Quinine

Scheme 20: Synthesis of the phase-transfer catalyst PTC14.
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Another catalyst that was prepared was PTC29,ithglsN-benzylquininium salt with
phenoxide as counter ion. The synthesis was cawigdfrom N-benzylquininium
chloride. The chloride anion was exchanged byisgrthis salt with sodium phenoxide

in methanol, as represented in Schem&'21.

PTCO1 PTC29

Scheme 21: Synthesis of PTC29.

3.2.4. Reactivity of substrates 1c, 1d and le

The study of the aldol-cyclisation-Michael domireaction, with the aim of obtaining
an enantioenriched product with a PTC procedurs, eearied out with electrophildsl
and le (Figure 10) and isocyanoacetates. The prochirbbtsatesld and le have a
similar Michael acceptor moiety compared to compmsuba and 1b, but bears an

aldehyde, instead of the iodine, which is ablertdargo an aldol-cyclisation reaction.

0] o)
| |
o, L

1d © 1eO

Figure 10: Electrophiles for aldol-cyclisation-Michael domineaction.

As previously mentioned, our work was based orptiger by Liu and Xd® They used
sodium hydroxide as a base under homogeneous msd{fTHF as solvent), which was
delivering the products in good yields and diasise¢ectivities but in racemic form. In
order to verify the feasibility of those transfortioas under PTC conditions, which was
the aim of this work, we used the same approacthack applied to the \2-Michael
addition reaction orla and 1b. Thus, we first performed some experiments using a
standard PTC procedure. To this end, we reatde@ind1e with methyl isocyanoacetate

2} in toluene as solvent, with TBAB as the phasedi@ncatalyst and in the presence of

?"a) T. B. Poulsen, L. Bernardi, J. Aleman, J. Omard, K. A. Jargensed, Am. Chem. Soc. 2007, 129,
441; b) E. J. Corey, F. Xu, M. C. Nak,Am. Chem. Soc. 1997, 119, 12414.

28



excess potassium carbonate (aqueous solutionpdsae. As shown in Scheme 22, the
reactions furnished the expected tandem prod8djtsand 3¢ with good results. Our
PTC conditions afforded the diastereomeric prodshtsvn in Scheme 22, which is the
same reported in the original publicatidnwherein the relative configuration 8§ was
unambiguously determined by X-ray crystallograpliowever, in our case small
amounts of minor diastereomers 3] and3¢g (4% and 13%, respectively) were also
detected by*H NMR in the crude mixture. Besides confirming thiability of our
approach, these experiments gave us the racemieriaiatnecessary for the HPLC
determination in the subsequent experiments witlaktenantiopure phase-transfer
catalysts. HPLC conditions where the enantiomer@dpfand3¢g could be detected and
separated were in fact quickly identifiegd{: Daicel Chiralpak AD-H column, eluent 2-
propanolh-hexane 10/90, flow 0.75 mL/min, wavelength 215 ni, 29.3 and 43.0 min
for the major diastereoisomer, 35.1 and 47.4 mmtifie@ minor diastereoisomesg:
Daicel Chiralcel OJ-H column, eluent 2-propandiéxane 30/70, flow 0.75 mL/min,

wavelength 215 nm, r.t.: 42.2 and 61.0 min forrtiegor diastereoisomer).

o TBAB 20 mol% O
| aq. K,CO3 50% Y, @QmN
5 equiv.
N Me ——— /
@i%\”/R + ON._COMe toluene, r.t., 18 h COMe
work up 0o
o) =
R
1d: R=OMe 2j 3dj: y= >98%, d.r.= 96:4
1e: R=Ph 3ej: y=>98%, d.r.=87:13

Scheme 22: Test reactions with acceptdtd andle under PTC conditions.

Some control experiments at reduced reaction timitls substrateld showed the
presence of a reaction intermediBt¢Scheme 23) featuring the oxazoline moiety next to
the double bond. Based on this observation, a Iplessationalization of the sequence of
the steps in this domino process is shown in ScH8nA first aldol addition givind\ is
followed by ring closure and 1,3-H shift deliveritige stabilised enolat. This enolate
C can undergo the intramolecular Michael additiongitee the tricyclic producBd;.
However, apparently, after the 1,3-H sl@fictan be quenched by a proton source such as
water or another acidic compound in the mixturgdieg to the formation of the
observed intermediate. Given the disappearance of intermediatevith time, as well
as the consistent increase in tricyclic prodgdt, it is clear that under PTC conditions
the activated oxazoline ester Ih can be deprotonated again, ultimately giving the

intramolecular Michael addition step. A parallelgsence, wherein oxazolinB is
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directly protonated after ring-closure, without engbing the 1,3-H shift, might also be

operative, and would lead to the same experimeiisgrvations.
(0]

CN
\)kOMe
2j
lPTC
~ TBA*
(O detected intermediate at
CN \/k TBA* ~~ - reduced reaction times
(o OMe o DY A /
! \j aldol + Q" "N
addition @dco "
— e CO,Me
7 CoMe Z > COuMe :
2 COzMe
1d A D
enantioselectivity
determining step .
ring closure
TBA* -
A A
O >N 1,3-H O N R ' §Om
shift [ TBA™ | Michael m\w
CoMe | — -
P Hlvle _ COzMe / C O2Me
CO,Me CO,Me /
B Cc U MeO,C  3dj

diastereoselectivity
determining step

Scheme 23: Hypothetical sequence of the events in the dominogss.

Whatever the sequence of the events in this domiocess (1,3-H shift or protonation
of the oxazoline followed by deprotonation of thetieated oxazoline-ester), in our
planned asymmetric reaction the step determinimgehantioselectivity of the whole
reaction is the first aldol addition of the deprwted cyanoaceta@® to the aldehyde
moiety of the acceptdid.

However, even after a careful literature searchoeeld not find any examples of
catalytic asymmetric aldol reactions (or aldol-cgation reactions giving oxazolines)
with cyanoacetates under PTC conditions. Thus, eeiddd to tackle our planned
domino sequence by first turning our efforts tovgattle catalytic asymmetric aldol
addition of cyanoacetates to simple aldehydes, ssclenzaldehydéc, in order to
simplify the system. This latter transformation reeed to be already a formidable
challenge by itself, considering that surprisingklaf literature precedents. We assumed
that, once a reliable protocol for the aldol-cyafisn reaction with simple aldehydes

with chiral PTC would be established, the lastantolecular Michael addition step when
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using the polyfunctional substratekd and le would proceed with very good
diastereocontrol, as observed in the racemic versio

This change of plan required obviously to verify aetifier the aldol-cyclisation of
cycanoacetatg to benzaldehydéc proceeded efficiently with PTC. As expected from
the results already obtained with the more compldxstratedd andle, a reaction of
methylcyanoacetat@j with benzaldehydelc afforded the corresponding produgdj
with very good results (Scheme 24). The oxazolwduat was obtained with very good
diastereoselectivity, favouring theans isomer as determined by comparison of tHe
NMR spectrum of the obtained diastereomeric mixtafe3cj with literature data
referring to the two isolated isoméfsThe obtainment o8cj allowed the identification
of suitable chiral stationary phase HPLC conditiémsthe detection and the separation
of the two enantiomers of the majoans diasteroisomer (Daicel Chiralcel OJ-H column,
eluent 2-propanatthexane 20/80, flow 0.75 mL/min, wavelength 215 atr.t.: 20.8
and 38.9 min).

TBAB 20 mol%

0 aq. KoCO3 50% Y/, N 2\
5 equiv. 7
CN__CO.R +
©) + ~ U2 toluene, r.t. ©/\(/302R ©)\((302R
work up
1c 2j: R=Me 3cj: >98%, trans:cis 95:5

2k: R=Et 3ck: >98%, trans:cis 92:8

2l: R=Bn 3cl: v>98%, trans:cis 93:7

2m:R=¢Bu

Scheme 24: Synthesis of racemic produgtj-3cm.

3cm: >98%, trans:cis 89:11

As in many asymmetric PTC reactions the enantictielty strongly depends on the

steric features of the nucleophflewe decided to extend the reaction to other

cyanoacetate estePk-m with different steric bulk at the ester group, ls&s the ethyl

(2k), benzyl @) and the very bulkyert-butyl (2m). All reactions performed well, giving

the corresponding product3cj-3cm with good diastereoselectivities (Scheme 24),

allowing us to find suitable conditions for the elgion and the separation of the

enantiomers of their majdrans-diastereoisomers by chiral stationary phase HR3d: (

Daicel Chiralcel OJ-H column, eluent 2-propandiexane 20/80, flow 0.75 mL/min,
wavelength 215 nm at r.t.: 16.5 and 28.4 n8d; Daicel Chiralpak AD-H column,
eluent 2-propanatthexane 10/90, flow 0.75 mL/min, wavelength 215 anr.t.: 21.0

% E. Sladojevich, A. Trabocchi, A. Guarna, D. J. @ixJ. Am. Chem. Soc. 2011, 133, 1710.
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and 27.0 min3cm: Daicel Chiralpak AD-H column, eluent 2-propamellexane 10/90,
flow 0.75 mL/min, wavelength 215 nm at r.t.: 9.21&l©.7 min).

To develop an enantioselective aldol-cyclisationcgfnoacetates with aldehydes, we
have initially tested a series of inorganic bagesduiv.) at different temperatures in the
presence of the commercial PTCO1 (10 mol%) derivech quinine as the catalyst, in
toluene as the solvent (0.10 M). Methyl isocyantates?j] was employed in this first

screening as nucleophile. The obtained resultsep@rted in Table 6.

Table 6: Screening of base and temperattre.

PTCO01 (20 mol%)
base (5 equiv.)

i
toluene .
CN_ _CO,Me ——FM» N
SA T

1c 2j
Entry Base T (°C) t (h) X (%)b trans:cis” ee (%)°
1 K.CO; 0 5.5 >98 94:6 0
2 aq. KCO;(50%"/,,) 0 5.5 >908 95:5 6
3 K.CO; -20 24 >98 92:8 7
4 ag. KCO;(50%"/,) -20 24 >98 92:8 7
5° ag. KCO;(50%"/,) -30 67 >98 92:8 12
6 K,CO3 -40 22 77 89:11 24
7 aq. K,CO3(50% “1,) -40 22 87 89:11 22
8 K3POy, -40 22 >98 92:8 19
9 ag. kPO, (50%"/,) -40 22 >98 88:12 16
10 K3POy, -60 23 >98 93:7 10
11 CsCO; -60 23 >98 94:6 10
12 K3POy, -78 20 >98 93:7 0
13 CsCO; -78 20 >98 92:8 8

a) Conditions:1c (0.10 mmol),2j (0.20 mmol), PTCO01 (0.020 mmol, 20 mol%), tolugdied mL),
inorganic base (0.50 mmol), stirring, 5.5-67 hntipéug filtration on silica gel. b) Determined Hy NMR
spectroscopy on the crude mixture. c) Determinedtbsal stationary phase HPLC. d) 10 mol% catalyst

was used.

All reaction perfomed well in terms of conversiolurnishing the corresponding
oxazoline adduct3cj with good diastereoselectivity but only low to necate
enantioselectivity. In all cases, the major stesewier of the produ@cj was the R 5S
adduct, as depicted above Table 6. This stereocda¢rassignment was based on the
comparison of the HPLC retention times and ordeglofion of the enantioenricheit;
with literature datd® As expected, lowering the reaction temperatureemsed reaction
times and required a stronger base to maintainod ¢gvel of conversion. In particular,
when solid potassium carbonate was used (TablenBieE 1, 3 and 6) the conversion
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was complete at 0 and -20 °C, while decreased % When working at -40 °C. The
diastereomeric ratio was always very high at afthgeratures, while the ee values
increased as expected by lowering the temperatilir@4% ee at -40 °C. Contrary to
many other chiral PTC reactiofshe use of aqueous base did not lead to improvesmen
but furnished the product with comparable resultsb(e 6, Entries 2, 4, 5 and 7). Solid
potassium phosphate (Table 6, Entries 8, 10 anall@yed to carry out the reaction at
lower temperatures (-40, -60 and -78 °C) keepintull conversion of the starting
benzaldehydelc, but the obtained ee values were lower than in dhase of solid
potassium carbonate. A reaction with aqueous patasghosphate (509%7,) was
performed at -40 °C (Table 6, Entry 9), but alsthiis case the adduBtj was obtained
with a slightly lower ee value with respect to ttmresponding solid base. It was not
possible to perform the reaction with this aqueoase at lower temperatures because the
solution freezes. Solid cesium carbonate (Tablengies 11 and 13) was then tested, as
this base is usually much more active than potassiarbonate under PTC conditions
because its large cation makes it more availablehen organic layer. Indeed, full
conversion was achieved with this base even atC78owever, enantioselectivity was
not satisfactory even at this very low temperature.

From the results obtained in this screening of ®aswl temperatures it is was deduced
that the best reaction conditions involved theafsolid or aqueous potassium carbonate
at -40 °C. At this point, we decided to performharbugh screening of PTC catalysts in
this transformation (Table 7). Due to the relatyvelasier procedure when using an
aqueous solution with respect to a solid we decitedperate with the latter in this
screening. The catalysts that have been screemetthdoasymmetric aldol-cyclisation
domino reaction are, for the most patinchona alkaloid derivatives as depicted in
Figure 11, but also a very different class of PTafalysts, namely the biphenyl-based
ammonium salts developed by LygdFigure 12), which were already available in the
laboratory where this work was carried out.

29B. Lygo, B. Allbutt, D. J. Beaumont, U. Butt, J. R. Gilks,Synlett 2008, 675.
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TBAB PTCO1 PTCO02

PTC25 PTC26 PTC27

Figure 11: PTC catalysts derived fro@inchona alkaloids.

CF3
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FaC

PTC30 PTC31 PTC32 PTC33

Figure 12: List of LYGO catalyst.

As shown in Table 7, the PTC catalysts derivingmfrthe four mainChinchona
alkaloids (PTCO01-PTCO04, derived from quinine, qdine, cinchonidine and cinchonine)
were tested (Table 7, Entries 1-4) and it was destnated that the best result can be
obtained with théN-benzylquininium chloride PTCO1. Consequently, veeided to test
mainly catalysts derived from quinine. It was clézait a free hydroxyl group at the 9-
position is very important, sind@-protected PTC catalysts PTC05 and PTCO06 lowered
drastically the ee values (Table 7, Entries 5 and @atalysts bearing sterically
demanding groups at the quinuclidinic nitrogen swash 9-methylanthracenyl or 1-
methylnaphtyl (PTC10, PTC12 and PTC26, Entries1P0and 26) and catalysts carrying
para-substituted benzyl groups (PTC08 and PTC28, En8ieand 28), gave very bad
results. Someortho-substituted aromatics at the benzyl moiety of thenuclidinic
nitrogen such as in PTC09, PTC13 and PTC15 (En®jeks3 and 15) afforded instead
consistently better results in term of enantiogelgg. On the contrary, PTC11, PTC14,
PTC16 and PTC17 (Entries 11,14,16 and 17) beariffgrent ortho-substituents gave
lower ee’s than PTCO1l. 2-Methylpyridine (PTC18) aBemethylpyidine 1-oxide
(PTC19) catalysts gave comparable results witheasp PTCO1 (Entries 18 and 19).
The last group of catalysts tested have more tin@nsabstituent at the benzyl moiety of
the quinuclidinic nitrogen, such as PTCO07, PTC20CP1, PTC22, PTC23, PTC24,
PTC25 and PTC27. Only catalysts PTC21 and PTC21riésn21 and 27) afforded
comparable results with respect to PTCO01, whereagdmaining structures performed
worse (Entries 7,20,21,22,23,24,25 and 27). Wittaphthyl catalysts PTC30-PTC33, a
complete conversion of the stating aldeh}devas achieved, buicj was obtained with
low enantioselectivity, as reported in Entries 30-Finally, we have also tested a
different approach to this reaction, by using thHeermoxide catalyst PTC29. This

ammonium salt, soluble in toluene, should be ablerdmote the reaction without the
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Table 7: Screening of Phase Transfer Catafyst.

Catalyst (10 mol%)

? Base (5 equiv.) O/\\N
©) + CN._CO;Me toluene, -40°C R
work up © O/
© i
1c 2j 3cj
Entry Base Cat t(h) % (%)° trans:cis® ee (%)°
1 ag. KCO; (50%",,) PTCO1 66 >08 88:12 22
2 aq. K.CO;(50%"/,,) PTCO2 66 97 84:16 3
3 aq. KCO;(50% ") PTCO3 66 87 88:12 4
4 ag. KCO,(50%"1,,) PTCO4 66 >98 92:8 12
5 aq. KCO;(50%"1,,) PTCO5 66 82 79:21 8
6 ag. K.CO;(50%"/,,) PTCO6 41 >08 86:14 2
7 aq. KCO;(50%"/,,) PTCO7 66 95 89:11 4
8 aq. KCO;(50%"/,,) PTCO08 66 98 83:17 4
9 ag. K,CO3(50% “/,) PTCO09 66 >08 91:9 34
10 aq. KCO;(50%"/,,) PTC10 66 96 98:11 8
11 aq. KCO;(50%"/,,) PTC11 66 >08 92:8 6
12 aq. K.CO;(50% ") PTC12 66 >08 88:12 0
13 ag. KCO5(50%"1,,) PTC13 41 >98 93:7 24
14 ag. KCO,(50%"/,,) PTC14 41 >98 93:7 16
15 ag. KCOs(50%"1,,) PTC15 41 97 94:6 22
16 ag. KCO,(50%"1,,) PTC16 41 >98 93:7 18
17 ag. KCOs(50%"1,,) PTC17 41 >98 88:12 10
18 ag. KCO,(50%"/,,) PTC18 41 >98 89:11 18
19 aq. KCO;(50%"/,,) PTC19 41 >08 94:6 22
20 aq. K.CO;3(50% ") PTC20 40 >08 88:12 6
21 aq. KCO;(50%"/,,) PTC21 40 >08 92:8 24
22 aq. K.CO;(50% ") PTC22 40 >08 91:9 12
23 aq. KCO;(50%"/,,) PTC23 40 >08 89:11 16
24 ag. KCO,(50%"/,,) PTC24 40 >98 84:16 8
25 ag. KCOs(50%"1,,) PTC25 40 >98 86:14 6
26 ag. K.CO;(50%"/,,) PTC26 40 >08 88:12 7
27 ag. KCO,(50%"1,,) PTC27 40 95 93:7 25
28 aq. K.CO;(50%"/,,) PTC28 68 >08 95:5 20
29 - PTC28' 46 <5 - -
30 aq. K.CO;3(50%"/,,) PTC30 40 >08 85:15 g}
31 aq. KCO;(50%"/,,) PTC32 40 >08 87:13 g
32 aq. K.CO;3(50% ") PTC32 40 >08 92:8 20f
33 aq. KCO;(50%"/,,) PTC33 40 >08 86:14 13

a) Conditions:1c (0.10 mmol),2j (0.20 mmol), PTC01-PTC33 (0.010 mmol, 10 mol%)u¢ne (1.0
mL), inorganic base (0.50 mmol), stirring, -40 40;66 h, then plug filtration on silica gel. b) Benined
by 'H NMR spectroscopy on the crude mixture. c) Detagdiby chiral stationary phase HPLC. d) Major
isomer: £5R. e) Catalyst loading 20 mol%. f) No conversiortlté starting product also at -40 °C, 0 °C
and r.t. in toluene or THF as solvents. g) Catdbyatling 5 mol%

assistance of a stoichiometric amount of an indoyhase, as the phenoxide could in
principle act as a strong homogeneous base. Howeeeconversion of the starting
aldehydelc was observed either at -40 °C, 0 °C or r.t., angiTHF as the solvent
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(Entry 29). Therefore, from this thorough screeritrgeems that catalyst PTC09, bearing
an ortho-methoxy group at the benzyl moiety, is the modicieht in terms of
asymmetric induction, leading to the formation lod producBcj with a promising 34%
ee under these reaction conditions (Entry 9).

A range of inorganic bases was next examined, @stexl in Table 8, using the best
PTC catalyst PTCQ9 in toluene (0.10 M) at -40 °@GtaBsium carbonate, solid or as
agueous solution, gave the best outcome in termsnahtioselection, confirming the
results derived from the preliminary screening regabin Table 6. It is important to note
that lowering the amount of base to one equivaentry 2) lowered the ee value to 28%
whereas increasing it to 20 equivalents (Entryn¢yeased the ee to 36%. In contrast
with the results obtained with PTCO1 (Table 6),icgbotassium phosphate gave
comparable results to potassium carbonate, whenO®TWas employed as catalyst
(Entry 5). All the other bases tested afforded loeg's. Potassium hydrogen carbonate
and dipotassium hydrogen phosphate did not pronhateeaction (Entries 11 and 12).
The most important observation is that the reaci$owery robust as similar results are

obtained with different bases in different amounts.

Table 8: Screening for the optimal base in the reactioi wittalyst PTC089.

o PTCO9 (10 mol%) o\
| Base (5 equiv.) . N
+ CN__CO,Me —— W9 \R®
©) toluene © ‘\;\O/
-40°C, 68 h o
work up
1c 2j 3¢j
Entry Base X (%)b trans:cis” ee (%)°
1 K,COs >98 95:5 34
2 aq. K,CO;(50%"/,,)° 97 91:9 28
3 ag. K,CO3(50% 1) >08°¢ 91:9 34
4 ag. K,CO3(50% “/,,)" >08 91:9 36
5 KsPO, >98 95:5 34
6 aqg. KsPO, (50%"1,) >98 92:8 30
7 CsCO; >98 94:6 22
8 CsCO;"° >98 94:6 20
9 CsF >98 95:5 20
10 Na,CO; 85 92:8 28
11 KHCG; <5 - -
12 K,HPO, <5 - -
13 KF 80 88:12 5

a) Conditions:1c (0.10 mmol),2j (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), tolugied mL),
inorganic base (0.50 mmol), stirring, -40 °C, 68ten plug filtration on silica gel. b) Determinbyg *H
NMR spectroscopy on the crude mixture. c) Deterahibg chiral stationary phase HPLC. d) 1 equiv. of
base. e) Conversion after 66 h. f) 20 equiv. oébas
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A range of solvents and solvent mixtures was exadhiand toluene emerged as the

best reaction medium, in terms of ee (Table 9).

Table 9: Screening of solvents in the reaction catalyse®Bg09?

0 PTCO09 (10 mol%) o\
| ON. COMe K>,COj3 aq. (5 equiv.) N
* ~o2 solvent ©\ S \F /
-40°C, 41 h g ©
work up
1c 2j 3¢j
Entry Solvent ¥ (%)° trans:cis® ee (%)°
1 Toluene >08 91.9 34
2 DCM >08 88:22 12
3 TBME 40 97:3 16
4 DCM:Tol 7:3 >98 82:18 22
5 TBME:Tol 7:3 >98 89:11 22
6 TBME:Tol 3:7 92 92:8 20

a) Conditions:1c (0.10 mmol),2j (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), solvéhid mL),
inorganic base (0.50 mmol, 50%,), stirring, -40 °C, 41 h, then plug filtration silica gel. b) Determined
by *H NMR spectroscopy on the crude mixture. c) Detaediby chiral stationary phase HPLC.

In order to improve the enantioselectivity of theaction, we focused on possible
variations at the ester moiety of the isocyanor@a2, using PTCO09 catalyst in toluene
(0.10 M) and potassium carbonate (solid or 50%solution) as the base. Results are
reported in Table 10. Using ethyl isocyanoacet@te (Entry 3) and benzyl
isocyanoacetat@l (Entry 4) the corresponding oxazolinBsk and 3cl were obtained
with excellent conversions and with slightly higlee‘s compared t8cj (Entry 1). Given
this increase in stereoselectivity observed by gisimore sterically demanding ester
groups, we turned our attention towards the vetkybtert-butyl ester derivativém.

However, the reaction performed with this substr2zte (Entry 6) gave a rather
unexpected result, as the corresponding pro8act was obtained with opposite face
selectivity (i.e. £5R), as determined by comparing HPLC retention tiraed elution

order of3cm with literature value&®
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Table 10: Generality of the aldol-cyclisation tandem reacfion

(|) PTCO09 (10 mol%) o/\\N
+ CN__CO,R M “s){(R) R
toluene, -40°C o
work up 0
1c 2k-m 3ck-cm
Entry 2 (R) Base t (h) x (%)b trans:cis” ee (%)°
1 2j (Me) ag. KCO;(50%"1,) 40 >908 91:9 34
2 2k (Et) ag. K,CO;(50%"1,) 40 >908 89:11 25
3 2k (Et) K.CO;3 68 >98 95:5 37
4 2l (Bn) ag. K,CO;(50%"1,) 44 >908 90:10 36
5 2l (Bn) K.CO;3 68 >908 92:8 32
6 2m (t-Bu) aq. K,CO; (50%"1,,) 46 >908 86:14 23

a) Conditions:c (0.10 mmol),2k-2m (0.20 mmol), PTC09 (0.010 mmol, 10 mol%), tolu¢hé® mL),
inorganic base (0.50 mmol), stirring, -40 °C, 4lttren plug filtration on silica gel. b) Determinbg *H
NMR spectroscopy on the crude mixture. c) Deterchiby chiral stationary phase HPLC. d) Major
isomer: 46,5R.

This unexpected result prompted us to investigaieerthoroughly this reaction (Table
11). N-Benzyl quininium chloride PTCO1 was tested agaifprding a higher ee value
compared with PTC09 (Entries 1 and 4), in shargresthwith the methyl derivativa .
For this reason we decided to repeat a secondesfC catalyst screening usitegt-
butyl isocyanoacetat@m and aqueous or solid potassium carbonate as the (bas
equiv.). It is possible to observe that the present a very bulky group at the
quinuclidinic nitrogen as 9-methylanthracenyl (nf) or the presence of an electron
withdrawing groups at thertho- or meta-position of the benzyl substituent at the
quinuclidinic nitrogen gave better enantioseleti#g (Entries 6-11). Lygo’s catalyst

afforded again lower ee values (Entries 15-18).
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Table 11: Screening of catalyst and base wit-butyl isocyanoacetaem.?

E FsC CF3
Br CF3
Catalyst (10 mol%) N

NN

toluene, -40°C
work up

o 0 5 Br
| Base (5 equiv. 17NN
+ CN___COyt-Bu Base(bequv) (R (5 >L - PN
e i
O 10

=

1c 2m 3cm N
' PTCO7
Entry Base Cat t (h) X (%)b trans:cis® ee (%)°
1 ag. KCO;(50%"/,) PTCO1 46 >98 86:14 30
2 aqg. K,CO;(50%"/,) PTCO7 68 >98 89:11 36
3 aq. KCO;(50%"/,,) PTCO08 68 >98 87:13 30
4 aq. KCO;(50%"/,) PTCO09 46 >98 86:14 23
5 aq. KCO;(50%"/,,) PTC12 68 >98 89:11 33
6 aq. KCO;(50%"/,,) PTC13 68 >98 89:11 36
7 ag. K,CO3(50% “/,,) PTC14 68 >98 87:13 38
8 aq. KCO;(50%"/,,) PTC15 68 >98 88:12 36
9 ag. KCO;(50%"/,) PTC16 68 >98 89:11 26
10 aqg. K,CO;(50%"/,) PTC28 68 >98 84:16 30
11 K,COs3 PTCO7 68 >08 93:7 40
12 K.CO;, PTC13 68 >98 93:7 30
13 K,CO, PTC14 68 >98 91:9 36
14 K.CO; PTC15 68 >98 93:7 30
15 aq. KCO;(50%"/,,) PTC30 68 >98 88:12 20
16 aq. KCO;(50%"/,,) PTC3f 68 >98 89:11 24
17 aq. KCO;(50%"/,,) PTC32 68 >98 85:15 15
18 aq. KCO;(50%"/,,) PTC33 68 92 89:11 20

a) Conditions:1c (0.10 mmol),2m (0.20 mmol), PTC (0.010 mmol, 10 mol%), toluene0(inL),
inorganic base (0.50 mmol), stirring, -40 °C, 46¥§&hen plug filtration on silica gel. b) Deterrathby
'H NMR spectroscopy on the crude mixture. c) Detagiby chiral stationary phase HPLC. d) 5 mol% of
catalyst loading.

In summary, despite the many conditions tested, et@ntioselections obtained are
rather low and it seems thus very difficult at thiage to establish an efficient procedure.
In order to have a chance of success for thisimggadt would probably be necessary to
drastically change the type of substrates involusthg for example amides as activating
groups instead of esters in the isocyanide ddhoand/or switching to a different
activation mode for the aldol-cyclisation reacti(@g. homogeneous chiral Brgnsted
bases).

Although both approaches are well beyond the sadpthis work, we decided to
transfer anyway the best conditions found on beletgldelc (toluene (0.10 M)/agueous
potassium carbonate 5 equiv., catalyst PTCO01 or®T €10 °C) to substratdsl andle.
This would at least test the correctness of ouuraption that the disclosure of an

efficient aldol-cyclisation reaction on simple algedes such as benzaldehyttecould
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be successfully translated to one-pot proceduredamiino process with substratéd
andle.

Firstly, we sought to determine if the Michael stéghe domino reaction was active at
-40 °C, leading to productddj,3g. Unfortunately this was not the case, since & thi
temperature, even if the starting aldehydes werapbetely converted, a complicated
mixtures of products mainly containidgj,3¢f and intermediate® was obtained (Table
12, top results in each Entry). Therefore, we eatald the possibility of developing a
one-pot procedure with substratiekandle carrying out the aldol-cyclization step at -40
°C for a sufficient time, and the Michael reactetrroom temperature (Table 12, bottom
results in each Entry). The very preliminary resutbtained applying this one-pot
procedure were not satisfactory, because the emaetic excesses of the final products

3 slightly lowered compared to the reaction with sivapler benzaldehydks (34% ee).

Table 12: One-pot proceduré.

Catalyst (10 mol%)

(l) aq. K,CO3
(50%%/,,, 5 equiv.)
+ CN__CO,M
— R ~ERMe toluene
work up
o}
1d: OMe 3dj OMe | PTCO1:R=H
1d: ON . D 3ej Ph ! PTC09: R=OMe
Entry 1 Catalyst T (°C)and t (h) 1 (%)°  D:3dj® dr” ee (%)°
-40 °C-33 h >98’ 68:32 - -
1 1d PTCO1 s rt-15h >o8 <5:95 74:26 21
-40 °C-33 h >98" 50:50 - -
2 1d PTCO09 . rt-15h >0F <5:95  79:21 21
-40 °C-21 h 90’ - - y
3 le PTCO9 S rt-6h >08 <5:95  77:23 20
-40 °C-40 h >o¢’ - - -
4 le PTCO09 S rL-6h >og <5:95  78:22 15

a) Conditions:d or 1e (0.10 mmol),2j (0.20 mmol), PTC (0.010 mmol, 10 mol%), toluened(fnL),
inorganic base (0.50 mmol), stirring, -40 °C, 33then r.t., 6-15 h, then plug filtration on siligel. b)
Determined by'H NMR spectroscopy on the crude mixture. c) Detaguiby chiral stationary phase
HPLC. d) Determined on the crude mixture afterrisiiy at -40 °C. e) Determined b{H NMR
spectroscopy on the crude mixture after stirringtafor further 6-15 h.
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However, we eventually found that working at -20 fo€ longer reaction time (70 h)
and using a higher catalyst loading (20 mol%), owlly the conversion of the starting
aldehydeld was complete, as expected, but a considerably hagheunt of the tricyclic
product3dj respect to the uncyclised intermediBt&vas formed (Scheme 25), compared
to the reactions performed at -40 °C (Table 12)révimportantly, the enantioselectivity
of the domino product3dj raised to 39%, i.e. to the same value obtained wit

benzaldehydéc.

PTCO1 (20 mol%)
aqg. K2003

? (50%%/,,, 5 equiv.)

N co loluene,20°C 70n m
+ e
Ol T : conversion >98% CO2Me + CO2M€ /I\
o) H
1d 2 D 3dj: dr: 94:4

ee: 39%
D/3dj: 33:67

Scheme 25: Aldol-cyclisation-Michael domino reaction &él at -20 °C for prolonged reaction times.
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4.Conclusion

This work focussed on the synthesis of enantiobrdctetrahydrofuran and tricyclic
oxazoline derivatives through the use of asymme®TeC procedures, starting from

polyfunctionalised substrates (Scheme 26).

EWG

! 0 PTC EWG
*
+ EWG __EWG; —— »
RO
1a: R=Et 2a-i 3aa-3ai
1b: R=Bn 3ba-3bi
(O]
i ¢
\\\\\ N
e (I
+ CN_ _CO,Me ——» 7 CO,Me
@i/\”/R T P :
S OQ(
R
1d: R=OMe 2j 3dj,3€j
1e: R=Ph

Scheme 26: Planned catalytic asymmetric domino reactions agfpnctionalised substrates.

In particular, the results achieved in this Thesis be summarised as follows:

-A  series of active methylene compounds (malonatesialononitrile,
phenylsulfonylacetate) were found to cleanly undetgndem §2-Michael reactions
with substrateda and1b under standard PTC conditions (TBAB catalyst, cagte or
phosphate inorganic bases, toluene as solventhwiall the isolation of the
corresponding racemic addu@&sHPLC conditions assuring detection and separaifon
the two enantiomeric products were found in mosesa

-Similarly, the domino reactions between few isomacetate? and substratekd and
le were found to be feasible under standard PTC ¢ondi delivering the
corresponding tricyclic oxazolingsin good yields and diastereoselectivities.

-Due to the surprising lack of precedents dealinth watalytic asymmetric aldol-
cyclisation reactions of aldehydes under PTC comibt a thorough screening of
catalysts and reaction conditions with the simpglenzaldehydelc was undertaken.
Unfortunately, this screening furnished only motkeenantioselectivities in the resulting
products3, despite the good yields and diastereoselectvigenerally observed even at
low temperatures.

-After a small adjustment, the best conditions fbun the screening could be

successfully translated to the preparation of ticgdlic target domino products
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Future work will focus on:

-A screening of catalysts and reaction conditianshie tandem &-Michael reaction
between active methylene compounds and subgiasaedlb, based on the information
regarding the reactivity of the different methylenempounds obtained during the
preparation of the racemic compounds.

-It is instead clear that to achieve good resulthe domino aldol-cyclisation-Michael
reaction withld andle it is necessary to drastically change the approzeld. It can be
envisioned that employing for example amides as/atatg groups instead of esters,
and/or switching to a different activation mode tbe aldol-cyclisation reaction, good
results in terms of reactivity and enantioselettidan be finally achieved even in this

challenging transformation.
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5.Experimental Section

5.1.General Methods

'H, 3C NMR spectra were recorded on a Varian AS 30000rspectrometer. Chemical
shifts §) are reported in ppm relative to residual sohaghals for'H and**C NMR (*H
NMR: 7.26 ppm for CDG| 3.30 ppm for CBOD-d4; *C NMR: 77.0 ppm for CDG).
13C NMR spectra were acquired on a broad band deedupbde. The coupling constant
(J) was expressed in Hz.

Mass spectra were recorded on a micromass LCT repaetier using electrospray
ionization techniques (ESI).

The enantiomeric excessg] of the products was determined by chiral statipmdhase
HPLC (Daicel Chiralpak AD-H, Daicel Chiralpak AS,algel Chiralcel OJ-H or
Phenomenex Lux 5u Cellulose-1 columns), using addéctor operating at 254 or 215

nm.

5.2.Materials

Analytical grade solvents and commercially avagatdagents were used as received,
unless otherwise stated.
THF was distilled from Na before use. Pyridine wasd from molecular sieves.

Chromatographic purifications were performed usifeg230 mesh silica.
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5.3.Synthesis of substrate

5.3.1. 2-Hydroxyethyl 4-methylbenzenesulfonate 21
[OTS Ethylene glycol (6.75 mL, 120 mmol), TsCl (5.7 @ &mol), pyridine (3.36
OH

mL, 36 mmol) and DMAP (36 mg, 0.30 mmol) were siifiat room temperature
for 1.5 h. The reaction mixture was then partitohetween DCM (20 mL) and HCI 2.0
M (20 mL). The layers were separated, and the acgaimase was dried over Mgg0

filtered and concentratad vacuo to give a colourless oil. Yield 67% (4.4 g, 20.iol).

'H NMR (CDCk, 400 MHz) & (ppm): 7.81 (d, 2H, J=8.2), 7.36 (d, 2H, J=8.2)54(,
2H, J=4.5), 3.82 (t, 2H, J=4.5), 2.45 (s, 3H), AS0LH).

5.3.2. (E)-Ethyl 3-(2-(tosyloxy)ethoxy)acrylate

OTs 2-Hydroxyethyl 4-methylbenzenesulfonate (20.1 mmo#thyl
propiolate (2.3 mL, 23 mmol), NMM (2.8 mL, 25 mmaVere stirred
in DCM (20 mL) at room temperature for 3 h.

[O/\/CO SEt

HCIl 2.0 M (10 mL x 2) was then added, the phases wseparated, and the organic
layer was dried over MgSQfiltered and concentrated vacuo.

The reaction mixture was purified by silica-gel woh chromatography (eluent:
petroleum ether/ethyl acetate= 1/1) giving the ttbmpound as a pale-yellow oil. Yield
62% (3.9 g, 12.4 mmol).

'H NMR (CDCk, 300 MHz) & (ppm): 7.81 (d, 2H, J=8.2), 7.44 (d, 1H, J=12.6367

(d, 2H, J=8.2), 5.12 (d, 1H, J=12.6), 4.28 (m, 2H16 (q, 2H, J=7.1), 4.01 (m, 2H), 2.45
(s, 3H), 1.27 (t, 3H, J=7.1).
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5.3.3. (E)-Ethyl 3-(2-iodoethoxy)acrylate 1a
| (E)-Ethyl 3-(2-(tosyloxy)ethoxy)acrylate (12.4 mmand sodium
iodide (2.25 g, 15 mmol) in acetone (15 mL) werdused for 12 h.
The reaction mixture was then concentratedacuo and partitioned
between DCM (20 mL) and water (20 mL). The orgdaier was dried over MgSQO

C

CO,Et
O/\/ 2

filtered and concentratad vacuo.
The reaction mixture was purified by silica-gel wah chromatography (eluent:
petroleum ether/ethyl acetate= 2/1) giving a yelmlwYield 57% (1.9 g, 7.0 mmol).

IH NMR (CDCk, 300 MHz) & (ppm): 7.56 (d, 1H, J=12.6), 5.24 (d, 1H, J=1246.7
(@, 2H, J=7.1), 4.11 (t, 2H, J=4.7), 3.33 (1, 2H4.7), 1.27 (t, 3H, J=7.1), ESI-MS: 293
[M+ Na]".

5.3.4. Benzyl propiolate 22
Propiolic acid (1.8 mL, 28.7 mmol), potassium carde (4.87 g,

o >ph 35.2 mmol) in DMF (40 mL) were stirred at room tesmgture for 30
min. Benzyl bromide (3.8 mL, 31.4 mmol) was themed]| and the

he

mixture stirred at room temperature for 16 h.

The resulting heterogeneous mixture was pouredviatier (40 mL) and extracted with
diethyl ether (3 x 40 mL).

The combined ether extracts were dried with MgSiliered and concentrateth

vacuo. The title compound was used without further peaifions.

'H NMR (CDCk, 300 MHz)&(ppm): 7.36 (m, 5H), 5.21 (s, 2H), 2.89 (s, 1H).
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5.3.5. (E)-Benzyl 3-(2-(tosyloxy)ethoxy)acrylate

OTs 2-Hydroxyethyl 4-methylbenzenesulfonate (approxehat22
[ /\)CJ)\ N mmol), benzyl propiolate (20.1 mmol), NMM (2.8 nm25 mmol)

© o" Ph in DCM (20 mL), were stirred at room temperature3d.

HCI 2.0 M (10 mL x 2) was added to the reaction tomi&, the phases were separated,
the organic layer was dried over Mg§&@ltered and concentrated vacuo. The crude
mixture was purified by silica-gel column chromatmghy (eluent: petroleum ether/ethyl
acetate= 2/1) giving the title compound as a brgetew oil. Yield 60% (4.7 g, 12.1

mmol).

'H NMR (CDCk, 300 MHz) & (ppm): 7.79 (d, 2H, J=8.3), 7.47 (d, 1H, J=12.7357
(m, 7H), 5.17 (d, 1H, J=12.7), 5.15 (s, 2H), 4.87 2H), 4.00 (M, 2H), 2.44 (s, 3H).

5.3.6. (E)-Benzyl 3-(2-iodoethoxy)acrylate 1b

| o (E)-Benzyl 3-(2-(tosyloxy)ethoxy)acrylate (12.1 mipnoand
[O/\)J\O/\Ph sodium iodide (2.25 g, 15 mmol) in acetone (20 migre
refluxed for 12h. The reaction mixture was thenasgriratedin

vacuo and partitioned between DCM (20 mL) and water ). The organic layer was
dried with MgSQ, filtered and concentrated vacuo.

The reaction mixture was purified by silica-gel wah chromatography (eluent:
petroleum ether/ethyl acetate= 2/1) giving the ttbmpound as a dark-yellow oil. Yield
91% (3.8 g, 11.1 mmol).

'H NMR (CDCk, 300 MHz)J (ppm): 7.60 (d, 1H, J=12.6), 7.35 (m, 5H), 5.281H,
J=12.6), 5.16 (s, 2H), 4.11 (t, 2H, J=4.8), 3.32K, J=4.8).
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5.3.7. (E)-Methyl 3-(2-formylphenyl)acrylate 1d 25
o 2-Bromobenzaldehyde (1.2 mL, 10 mmol) was dissolwed
l toluene (20 mL). Pd(OAg)(45 mg, 0.20 mmol), Bftolyl)s (122
O~ mg, 0.20 mmol), methyl acrylate (1.3 mL, 15 mmatidarEA (4
o mL) were added under Natmosphere. The reaction mixture was
refluxed with stirring for 40 h, then cooled to. ahd partitioned between DCM (20 mL)
and water (20 mL). The organic layer was dried WiliISQ,, filtered and concentrated
vacuo.
The mixture was purified by silica-gel column chiatography (eluent: DCM) giving
the title compound as a yellow solid. Yield 75%4@.g, 7.5 mmol).

'H NMR (CDCk, 300 MHz)d (ppm): 10.29 (s, 1H), 8.53 (d, 1H, J=15.9), 7.87 {i),
7.64-7.53 (various m, 3H), 6.37 (d, 1H, J=15.9333s, 3H).

5.3.8. 1-Phenyl-2-(triphenylphosphoranylidene)ethan  one
0 'Thph (2-Oxo-2-phenylethyl)triphenylphosphonium bromid®.€3 g, 23
©)‘\¢P:ph mmol), was dissolved in the minimal amount of MeQdOH 2M
(15 mL, 30 mmol) was then added, with vigorousrisigy. After 30
min, DCM (40 mL) was added and the organic laygrasated and washed with water
(10 mL x 2). The organic layer was dried with MgS@ltered and concentrateieh

vacuo. The solid was recrystallised from toluene giviheg title compound as a white

solid in a quantitative yield.

'H NMR (CDCk, 300 MHz) d (ppm): 8.00-7.33 (various m, 20H), 4.43 (d, 1HpJ
=24.6).
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5.3.9. (E)-2-(3-Ox0-3-phenylprop-1-en-1-yl)benzaldehyde le

o o-Phthalaldehyde (3.1 g, 23 mmol) was dissolved @VD(46

| mL). The previously prepared ylide (23 mmol) wassdived in
O % O DCM (46 mL) and added dropwise to thephthaldehyde

o) solution in 30 min. The reaction mixture was stirrat room

temperature for 16 h and then purified by filtratibrough a plug of silica-gel (eluemik:
hexane/ethyl acetate 7/3) giving the title compoasda dark-brown solid. Yield 90%
(4.9 g, 20.7 mmol).

'H NMR (CDCk, 300 MHz)J(ppm): 10.33 (s, 1H), 8.56 (d, 1H, J=16.0), 8.04 i),
7.90 (d, 1H, J=7.5), 7.75 (d, 1H, J=7.7), 7.70-Tvious m, 5H), 7.37 (d, 1H, J=16.0).

5.3.10. 2-(Benzyloxy)-2-oxoethanaminium p-toluenesulfonate 26

Glycine (0.76 g, 10 mmol), benzyl alcohol (6.5

o - . 9 . .
I mL, 63 mmol),p-toluenesulfonic acid monohydrate
518 H3N\)ko/\Ph )P y

Q h (2.27 g, 11.9 mmol), were added to a flask under N
atmosphere and the mixture was stirred at 100 °C
for 15 h. After cooling to r.t., diethyl ether (38L) was added and the title compound
precipitated as a white solid. The solid was fdteand washed with diethyl ether. The
product was drieéh vacuo and the conversion of the starting product waslobe by'H
NMR (71%). As the glycine was still present, theitetsolid was dissolved in a mixture
of benzyl alcohol (2.80 mL, 27 mmol) and toluen&.&2mL). p-Toluenesulfonic acid
monohydrate (0.19 g, 0.98 mmol) was them addedfadeaction mixture was refluxed
for 5.5 h in a Dean-Stark apparatus. After cooling, diethyl ether was added and the

title compound precipitated as a white solid. Thkdswas filtered, washed with diethyl

ether and driedh vacuo giving the title compound in a quantitative yield.

'H NMR (CDsOD, 300 MHz)J (ppm): 7.72-768 (m, 2H), 7.73-7.32 (m, 5H), 7.2867.
(m, 2H), 5.28 (s, 2H), 3.87 (s, 2H), 2.36 (S, 3H).
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5.3.11. Benzyl 2-formamidoacetate 26

2-(Benzyloxy)-2-oxoethanaminium p-toluenesulfonate

(O N\)J\ o ph theoretical 10 mmol), methyl formate (7.8 mL, 1261al), TEA
(2.5 mL, 11 mmol) were added in a flack under &mosphere, and the mixture was
stirred at reflux for 22 h. The reaction was cootedr.t., and concentrateith vacuo
giving an oil.

The oil was dissolved with DCM (20 mL), HCI 0.50 (@4 mL) was then added, the
phases were separated, the organic layer was wastieda saturated solution of
NaHCG;, dried with MgSQ, filtered and concentrateth vacuo to give the title

compound as a yellow oil in a quantitative yield.

'H NMR (CDCk, 300 MHz) & (ppm): 8.25 (s, 1H), 7.40-7.34 (m, 5H), 6.15 (bLH),
5.21 (s, 2H), 4.12 (d, 2H, J=5.4).

5.3.12. Benzyl 2-isocyanoacetate 2| 26

o Under a N atmosphere, benzyl 2-formamidoacetate (theoretical
CN\)J\O 10 mmol) was dissolved in DCM (15 mL) in a tree khdlask

/\© equipped with reflux condenser, thermometer. TEA (8L, 25
mmol) was added and the mixture was cooled to Rrider stirring. POGI(1.0 mL, 10
mmol) was slowly addeglia syringe in 50 min, while the temperature was nzaned
between 2-3.5 °C. The reaction mixture was stifoe® h while the temperature reached
r.t.. A solution of KCO; (2.00 g in 8.9 mL of water) was them slowly addddle the
temperature was maintained below 30 °C. The mixttasg stirred for 1 h, and then water
(15 mL) and DCM (7 mL) were added. The organic tay@s separated, dried over
MgSQ,, filtered and concentratad vacuo to give the title compound as a dark-brown
oil.
The oil was purified by silica-gel column chromataghy (eluent: DCM) giving the

title compound as a pale-yellow oil. Overall yi&#% (0.96 g, 5.5 mmol).

'H NMR (CDCE, 300 MHz)d (ppm): 7.38 (m, 5H), 5.25 (s, 2H), 4.26 (s, 2H).
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5.4. Synthesis of catalyst

5.4.1. N-(2-(trifluoromethyl)benzene) quininium bromide PTC 14209

Quinine (0.6488 g, 2.0 mmol) and 1-(bromomethyl)-2-
(trifluoromethyl)benzene (0.6215 g, 2.6 mmol) wdresolved in
a mixture of toluene/THF 1/1 (6 mL). The resultimgxture was
them heated up to 70 °C and stirred for 20 h at same
temperature. After cooling to r.t., the obtaine@qppitate was
filtered. The solid was washed with a mixture dbéme/THF 2/1
(10 mL) and with diethyl ether (5 mL) giving thél¢i compound

as a white solid.

'H NMR (CDCE, 300 MHz)d(ppm): 8.84 (d, 1H, J=4.7), 8.53 (d, 1H, J=7.7),18(d,
1H, J=9.30), 7.90-7.80 (m, 3H), 7.71 (t, 1H, J=7®%3 (dd, 1H, J=9.2, J=2.5), 7.07 (d,
1H, J=2.6), 6.94 (d, 1H, J=12.5), 6.78 (d, 1H, 13:7.62 (d, 1H, J=7.1), 5.60 (ddd, 1H,
J=17.2, J=10.5, J=6.9), 5.47 (d, 1H, J=12.2), $dl1LH, J=10.5), 5.01 (d, 1H, J=17.2),
4.68 (d, 1H, J=13.0), 3.97 (s, 3H), 3.69-3.61 (i), 13.38-3.26 (m, 1H), 3.14 (dd, 1H,
J=12.7, J=10.7), 2.96-2.86 (m, 1H), 2.63-2.52 (k), 2.39-2.29 (m, 1H), 2.09 (s, 1H),
1.94-1.81 (m, 1H), 1.55-1.45 (m, 1H).
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5.4.2. N-Benzylquininium phenoxide PTC29 27

N-Benzylquininium chloride (45.1 g, 0.10 mmol) andd&m
phenoxide (13.9 mg, 0.12 mmol) were dissolved imimal
guantities of methanol (approximately 6 mL) andret for 30 min
at r.t.. The reaction mixture was concentratedacuo, and water (5
mL) and DCM (5 mL) were added. The organic layes weparated,

dried over MgSQ filtered and concentrateish vacuo to give the

title compound as a white solid.

'H NMR (CDsOD, 300 MHz)d&(ppm): 8.78 (d, 1H, J=4.6), 8.04 (d, 1H, J=9.3397(d,
1H, J=4.6), 7.68-7.52 (m, 6H), 7.40 (d, 1H, J=27).7-7.11 (m, 2H), 6.81-6.72 (M, 3H),
6.62 (br s, 1H), 5.72 (ddd, 1H, J=17.4, J=10.6,0)=75.33 (d, 1H, J=12.6), 5.12 (d, 1H,
J=17.1), 5.04 (d, 1H, J=10.4), 4.70 (d, 1H, J=1245)3-4.31 (m, 1H), 4.03 (s, 3H), 3-
91-3.83 (m, 1H), 3.54-3.48 (m, 2H), 3.40-3.35 (iH),12.76-2.66 (m, 1H), 2.43-2.25 (m,
2H), 2.10-2.05 (m, 1H), 1.94-1.82 (m, 1H), 1.598L(%, 1H).
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5.5. Synthesis of products

5.5.1. Dimethyl 2-(2-ethoxy-2-oxoethyl)dihydrofuran  -3,3(2H)-
dicarboxylate 3ab
0 >0 (E)-Ethyl 3-(2-iodoethoxy)acrylatdéa (27.0 mg, 0.10 mmol) and
\0 o the phase-transfer catalyst (PTCO01, 20 mol%, 9d), mvere
S o dissolved in toluene (0.20 mL). Dimethyl malonate (28 uL, 0.30

/’0 mmol) and the base (&30; 5 equiv., 0.163 g) were added and the
resulting mixture was stirred at r.t. for 48 h.

The reaction mixture was filtered through a silgel-plug, concentrateich vacuo, and
analysed byHNMR, to evaluate the conversion (92 %).

The reaction mixture was purified by silica-gel wah chromatography (eluent:
petroleum ether/ethyl acetate 7/3) giving the tbenpound.

The ee (14%) of the title compound was determineHIBLC using a Daicel Chiralpak
AD-H (eluent 2-propanat-hexane 10/90, flow 0.75 mL/min, wavelength 215 nmt,).
The retention time of two enantiomers were 14.9 Hn@ min (the retention times may

change with the temperature).
'H NMR (CDCk, 300 MHz) J (ppm): 4.75 (dd, 1H, J=10.0, J=3.05), 4.17 (q, 2H,

J=7.10), 4.08 (m, 1H), 3.84 (m, 1H), 3.77 (s, 3}Y5 (s, 3H), 2.79-2.64 (M, 2H), 2.46-
2.33 (m, 2H), 1.26 (t, 3H, J=7.10).
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5.5.2. Methyl 2-(2-ethoxy-2-oxoethyl)-3-
(phenylsulfonyl)tetrahydrofuran-3-carboxylate 3af

0 (E)-Ethyl 3-(2-iodoethoxy)acrylatdéa (27.0 mg, 0.10 mmol) and
o SOzPh the phase-transfer catalyst (PTC01, 20 mol%, 9.0), meere
3 o dissolved in toluene (0.20 mL). Methyl 2-(phenyfeualyl)acetate2f
/’O (49.3uL, 0.30 mmol) and the base {BOs; 5 equiv., 0.069 g, or CsF
5 equiv., 0.076 g) were added and the result maxivas stirred at r.t. for 48 h.

The reaction mixture was filtered through a silgEd-plug, concentrateih vacuo, and
analysed byHNMR, to evaluate the conversion (24% withGO; and 45% with CsF)
and the diastereoselection48%).

The reaction mixture was purified by silica-gel woh chromatography (eluent:
petroleum ether/ethyl acetate 7/3) giving the ttenpound.

The ee (with KCO; 20%, with CsF 18%) of the title compound was duieed by
HPLC using a Daicel Chiralpak AD-H (eluent 2-propdn-hexane 10/90, flow 0.75
mL/min, wavelength 215 nm, r.t.. The retentiondiof two enantiomers were 31.3 and

33.5 min (the retention times may change with teipee).

'H NMR (CDCk, 400 MHz)J(ppm): 7.95 (d, 2H, J=7.25), 7.70 (t, 1H, J=7.6057 (t,
2H, J=7.60), 4.88 (dd, 1H, J=9.75, J=2.5), 4.1, J=7.1), 4.07 (m, 1H), 3.89 (g, 1H,
J=8.10), 3.71 (s, 3H), 2.86 (t, 2H, J=7.10), 2.80, (LH, J=15.7, J=2.5), 2.32 (dd, 1H,
J=15.7, J=9.75), 1.24 (t, 3H, J=7.10).
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5.5.3. (4R,5S)-Methyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3¢j

0 Benzaldehyddc (10 uL, 0.10 mmol) and the phase-transfer catalyst
N\

"\\SNE) (PTC09 10 mol%, 4.5 mg), were dissolved in tolu¢h® mL) and
[ j\“(S)

/

o

the reaction mixture was cooled to -40 °C. Methys@cyanoacetate
2j (19 uL, 0.20 mmol) and the base {80; agq 50%"/,, 0.1382 g or
89 uL) were added and the reaction mixture wasestiat -40 °C for 66 h.
The reaction mixture was filtered through a silgEd-plug, concentrateih vacuo, and
it was analysed byHNMR, to evaluate the conversion (>98 %) and threstdireomeric
ratio (91:9).
The ee (34%) of the major diastereocisomer was hated by HPLC using a Daicel
Chiralcel OJ-H, (eluent 2-propanahexane 20/80, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomersrev20.8 and 38.9 min (the retention

times may change with the temperature).

'H NMR (CDCk, 300 MHz)d (ppm): 7.38-7.24 (m, 5H), 7.04 (d, 1H, J=2.10) 456,
1H, J=7.80), 4.58 (dd, 1H, J=7.80, 2.15), 3.73$,

'H NMR frequencies for the characterization of thiaan diastereoisomer: 5.68 (d, 1H,
J=11.0), 5.03 (dd, 1H, J=11.0, J=2.05).

The relative and absolute stereochemistry has l@ssigned by comparison with
literature dat&®
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5.5.4. (4R,5S)-Ethyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3  ck

o/\\N Benzaldehydelc (10 uL, 0.10 mmol) and the phase transfer
@é};\(m —~ catalyst (PTC09 10 mol%, 4.5 mg), were dissolvetbinene (1.0
o o mL) and the reaction mixture was cooled to -40 Hthyl-2-
isocyanoacetatgk (22 uL, 0.20 mmol) and the base {0z aq 50%"/,, 0.1382 g or 89
pnL) were added and the reaction mixture was stated0 °C for 68 h.
The reaction mixture was filtered through a silgEd-plug, concentrateih vacuo, and
it was analysed byHNMR, to evaluate the conversion (>98 %) and trestdireomeric
ratio (89:11).
The ee (37%) of the major diastereocisomer was hted by HPLC using a Daicel
Chiralcel OJ-H, (eluent 2-propanahexane 20/80, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomemrav16.5 and 28.4 min (the retention

times may change with the temperature).

'H NMR (CDCk, 300 MHz)J (ppm): 7.44-7.30 (m, 5H), 7.09 (d, 1H, J=2.16) 856,
1H, J=7.80), , 4.61 (dd, 1H, J=7.80, 2.17), 4.224, J=14.2, J=7.2),1.31 (t, 3H, J=7.2).

'H NMR frequencies for the characterization of thieen diastereoisomer: 5.73 (d, 1H,
J=11.2), 5.07 (dd, 1H, J=11.2, J=1.95).
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5.5.5. (4R,5S)-Benzyl 5-phenyl-4,5-dihydrooxazole-4-carboxylate 3cl

o/\\N Benzaldehydelc (10 uL, 0.10 mmol) and the phase-transfer
@\“Zg> (R) ~ph catalyst (PTC09 10 mol%, 4.5 mg), were dissolvedoinene
o o (2.0 mL) and the reaction mixture was cooled at>@0Benzyl-

2-isocyanoacetatdl (35uL, 0.20 mmol) and the base {8Os aq 50%"/,, 0.1382 g or 89
ML) were added and the reaction mixture was stiated0 °C for 44 h.

The reaction mixture was filtered through a silgEd-plug, concentrateish vacuo, and
it was analysed byHNMR, to evaluate the conversion (>98 %) and thestdireomeric
ratio (90:10%).

The ee (36%) of the major diastereoisomer was hted by HPLC using a Daicel
Chiralpak AD-H, (eluent 2-propanathexane 10/90, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomergev21.0 and 27.0 min (the retention

times may change with the temperature).
'H NMR (CDCk, 300 MHz) J (ppm): 7.42-7.27 (various m, 10H), 7.10 (d, 1H,
J=2.10), 5.66 (d, 1H, J=7.80), 5.31 (d, 1H, J=1P2CH,), 5.23 (d, 1H, J=12.2, H

CHy), 4.67 (dd, 1H, J=7.80, 2.15).

'H NMR frequencies for the characterization of thieen diastereoisomer: 5.72 (d, 1H,
J=11.0), 5.12 (dd, 1H, J=11.0, J=2.0).
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5.5.6. (4S,5R)-tert-Butyl  5-phenyl-4,5-dihydrooxazole-4-carboxylate

3cm
o/\\N Benzaldehydelc (10 puL, 0.10 mmol) and the phase-transfer
R4S % catalyst (PTC09 10 mol%, 4.5 mg) were dissolvetblnene (1.0
Ejiz/;\ o mL) and the reaction mixture was cooled at -40t&@-Buthyl-2-

isocyanoacetatem (29 uL, 0.20 mmol) and the base {BO; 0.0691 g) were added and
the reaction mixture was stirred at -40 °C for 44 h

The reaction mixture was filtered through a silgEd-plug, concentrateih vacuo, and
it was analysed byHNMR, to evaluate the conversion (>98 %) and trestdireomeric
ratio (93:7).

The ee (36%) of the major diastereocisomer was héted by HPLC using a Daicel
Chiralpak AD-H, (eluent 2-propanathexane 10/90, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomersgev8.2 and 10.7 min (the retention

times may change with the temperature).

'H NMR (CDCk, 300 MHz)J (ppm): 7.43-7.28 (m, 5H), 7.08 (d, 1H, J=2.05),15(6,
1H, J=7.80), 4.51 (dd, 1H, J=7.80, 2.18), 1.5DK,

'H NMR frequencies for the characterization of thieen diastereoisomer: 5.69 (d, 1H,
J=11.2), 4.94 (dd, 1H, J=11.2, J=2.00).

The relative and absolute stereochemistry has l@ssigned by comparison with

literature data.
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5.5.7. Methyl 4-(2-methoxy-2-oxoethyl)-4,8b-dihydro  -3aH-indeno[2,1-
dJoxazole-3a-carboxylate 3dj

<Sl‘oj (E)-Methyl 3-(2-formylphenyl)acrylatdd (19 mg, 0.10 mmol) and
\\.lm(z) the phase-transfer catalyst (PTC09 20 mol%, 9.0 wegke dissolved
(R): O\ in toluene (1.0 mL), the reaction mixture was cdola -20 °C.
>0
OY Methyl-2-isocyanoacetat® (19 pL, 0.20 mmol) and the base,(GO;

@)

- aq 50%"/,, 0.138 g or 89 L) were added and the reactionuréxvas

stirred at -20 °C for 70 h. The reaction mixtureswdtered through a silica-gel plug,
concentratedn vacuo, and it was analysed bYHNMR, to evaluate the conversion
(>98%) and the diastereomeric ratio (96:4).

The ee (39%) of the major diastereocisomer was héted by HPLC using a Daicel
Chiralpak AD-H, (eluent 2-propanathexane 10/90, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomermrav29.3 and 43.0 min (the retention

times may change with the temperature).

'H NMR (CDCk, 300 MHz)J (ppm): 7.49-7.13 (various m, 4H), 6.92 (s, 1H),95(8,
1H), 4.46-4.41 (m, 1H), 3.86 (s, 3H), 3.77 (s, 3RP6 (dd, 1H, J=17.1, J=9.10), 2.80
(dd, 1H, J=17.1, J=5.90).

'H NMR frequencies for the characterization of minestereoisomer: 6.64 (s, 1H),
6.09 (s, 1H). Retention time of the two enantion@rshe minor diastereoisomer: 35.1
and 47.4 min

The relative and stereochemistry has been assignedmparison witt3dk.

'H NMR frequencies for the characterization of tiéeimediateD: 7.96 (d, 1H,

J=16.0), 6.65 (d, 1H, J=7.4), 6.36 (d, 1H, J=16407 (dd, 1H, J=7.5, J=2.1), 3.85 (s,
3H), 3.82 (s, 3H).
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5.5.8. Ethyl  4-(2-methoxy-2-oxoethyl)-4,8b-dihydro-  3aH-indeno[2,1-
dJoxazole-3a-carboxylate 3dk

(S):‘Om(z) (E)-Methyl 3-(2-formylphenyl)acrylateld (19 mg, 0.10 mmol)
\.\N and the homogeneous catalyst (quinine 20 mol%, g§.5vere
%’O\/ dissolved in THF (1.0 mL) Ethyl-2-isocyanoacetaite(22 L, 0.20
OY © mmol) and the base KOz aq 50%"/,, 0.138 g or 89 uL) were
O added and the reaction was stirred at r.t. for 48He reaction
mixture was filtered through a silica-gel plug, centratedn vacuo, and it was analysed

by '"HNMR, to evaluate the conversion (90%).
'H NMR (CDCk, 300 MHz)J (ppm): 7.31-7.03 (various m, 4H), 6.75 (s, 1H),25(8,
1H), 4.31-4.22 (m, 1H), 4.16 (q, 2H, J=7.20), 3(§13H), 2.81 (dd, 1H, J=17.2, J=8.75),

2.63 (dd, 1H, J=17.1, J=5.90),1.18 (t, 3H, J=7.25).

'H NMR frequencies for the characterization of thean diastereisomer: 6.67 (s, 1H),
6.13 (s, 1H).

The relative and stereochemistry has been assiggedomparison with literature

data’®
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5.5.9. Methyl  4-(2-oxo-2-phenylethyl)-4,8b-dihydro- 3aH-indeno[2,1-
dJoxazole-3a-carboxylate 3ej

(E)-Methyl 3-(2-formylphenyl)acrylatde (24 mg, 0.10 mmol) and
phase-transfer catalyst (PTC09 10 mol%, 4.5 g) veissolved in
O\ toluene (1.0 mL), the reaction mixture was cooleed@ °C. Methyl-
2-isocyanoacetat@] (19 pL, 0.20 mmol) and the base,(¢O; aq
50%"“/,, 0.138 g or 89 pL) were added and the reactionurgxivere

stirred at -20 °C for 21 h. Then, the temperatuas \eft to rise to r.t.
while the reaction mixture was stirred for 6 h. Tkeaction mixture was filtered through
a silica-gel plug, concentratéd vacuo, and it was analysed B¥INMR, to evaluate the
conversion (100%) and the diastereoselection (&Wd3).

The ee (20%) of the major diastereocisomer was hted by HPLC using a Daicel
Chiralcel OJ-H, (eluent 2-propanahexane 10/90, flow 0.75 mL/min, wavelength 215
nm, r.t.). The retention time of two enantiomersswi2.2 and 61.0 min (the retention
times may change with the temperature).

'H NMR (CDCk, 300 MHz)Jd (ppm): 7.60-7.14 (various m, 9H), 6.88 (s, 1H),55(8,
1H), 4.69-4.63 (m, 1H), 3.86 (s, 3H), 3.73 (dd, 1H18.3, J=7.70), 3.39 (dd, 1H, J=18.3,

J=5.90).

'H NMR frequencies for the characterization of miniastereisomers: 6.85 (s, 1H),
6.35 (s, 1H).
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6.MSDS

6.1. Benzaldehyde

SIGMA-ALDRICH

sigma-aldrich.com

SAFETY DATA SHEET

according to Regulation (EC) No. 1907/2006
Version 5.0 Revision Date 24.04.2012

Print Date 21.06.2012

GENERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE COMPANY/UNDERTAKING
1.1 Product identifiers
Product name : Benzakjehyde
Product Number : B1334
Brand : Sigma-Aldrich
Index-No. :  605-012-00-5
CAS-No. : 100-52-7
1.2 Relevant identified uses of the substance or mixture and uses advised against
Identified uses :  Laboratory chemicals, Manufacture of substances
1.3  Details of the supplier of the safety data sheet
Company : Sigma-Aldrich S.r.l.
Via Gallarate 154
1-20151 MILANO
Telephone : 439 02-3341-7310
Fax : 439 02-3801-0737
E-mail address . eurtechserv@sial.com
1.4 Emergency telephone number
Emergency Phone # . +39 02-6610-1029 (Centro Antiveleni Niguarda
Ca' Granda - Milano)
HAZARDS IDENTIFICATION
21 Classification of the substance or mixture
Classification according to Regulation (EC) No 1272/2008 [EU-GHS/CLP]
Acute toxicity, Oral (Category 4)
Classification according to EU Directives 67/548/EEC or 1999/45/EC
Harmful if swallowed.
2.2 Label elements

Labelling according Regulation (EC) No 1272/2008 [CLP]

Pictogram

Signal word Warning

Hazard statement(s)

H302 Harmful if swallowed.
Precautionary statement(s) none

Supplemental Hazard none

Statements

According to European Directive 67/548/EEC as amended.

Hazard symbol(s) x

R-phrase(s)
R22 Harmful if swallowed.

Sigma-Aldrich - B1334
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S-phrase(s)

S24 Avoid contact with skin.
2.3  Other hazards - none
COMPOSITION/INFORMATION ON INGREDIENTS
31 Substances
Synonyms . Artificial essential oil of almond
Formula : CyHgO
Molecular Weight : 106,12 g/mal
Component | Concentration
Benzaldehyde
CAS-No. 100-52-7 -
EC-No. 202-860-4
Index-No. 605-012-00-5
FIRST AID MEASURES
4.1 Description of first aid measures
General advice
Consult a physician. Show this safety data sheet to the doctor in attendance.
If inhaled
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician.
In case of skin contact
Wash off with soap and plenty of water. Consult a physician.
In case of eye contact
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.
If swallowed
Do NOT induce vomiting. Never give anything by mouth to an unconscious person. Rinse mouth with
water. Consult a physician.
42 Most important symptoms and effects, both acute and delayed
Central nervous system depression, Prolonged or repeated exposure to skin causes defatting and
dermatitis.
4.3 Indication of any immediate medical attention and special treatment needed
no data available
FIREFIGHTING MEASURES
51 Extinguishing media
Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.
5.2 Special hazards arising from the substance or mixture
no data available
5.3  Advice for firefighters
Wear self contained breathing apparatus for fire fighting if necessary.
5.4  Further information

Sigma-Aldrich - B1334

Under fire conditions, material may decompose to form flammable and/or explosive mixtures in air.Use
water spray to cool unopened containers.
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6.2

6.3

6.4

ACCIDENTAL RELEASE MEASURES

Personal precautions, protective equipment and emergency procedures

Use personal protective equipment. Avoid breathing vapors, mist or gas. Ensure adequate ventilation.
Remave all sources of ignition. Evacuate personnel to safe areas. Beware of vapours accumulating to
form explosive concentrations. Vapours can accumulate in low areas.

Environmental precautions
Prevent further leakage or spillage if safe to do so. Do not let product enter drains. Discharge into the
environment must be avoided.

Methods and materials for containment and cleaning up

Contain spillage, and then collect with an electrically protected vacuum cleaner or by wet-brushing and
place in container for disposal according to local regulations (see section 13). Keep in suitable, closed
containers for disposal.

Reference to other sections
For disposal see section 13.

7.2

7.3

HANDLING AND STORAGE

Precautions for safe handling

Avoid contact with skin and eyes. Avoid inhalation of vapour or mist.

Keep away from sources of ignition - No smoking.Take measures to prevent the build up of electrostatic
charge.

Conditions for safe storage, including any incompatibilities

Store under nitrogen. Store in cool place. Keep container tightly closed in a dry and well-ventilated place.

Containers which are opened must be carefully resealed and kept upright to prevent leakage.
Air, light, and moisture sensitive.

Specific end uses
no data available

8.2

Sigma-Aldrich - B1334

EXPOSURE CONTROLS/PERSONAL PROTECTION
Control parameters

Components with workplace control parameters
Exposure controls

Appropriate engineering controls
Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and
at the end of workday.

Personal protective equipment

Eyeiface protection
Face shield and safety glasses Use equipment for eye protection tested and approved under
appropriate government standards such as NIOSH (US) or EN 166(EU).

Skin protection

Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technigue
(without touching glove's outer surface) to avoid skin contact with this product. Dispose of
contaminated gloves after use in accordance with applicable laws and good laboratory practices.
Wash and dry hands.

The selected protective gloves have to satisfy the specifications of EU Directive 89/686/EEC and
the standard EN 374 derived from it.

Immersion protection

Material: butyl-rubber

Minimum layer thickness: 0,3 mm

Break through time: > 480 min

Material tested:Butoject® (Aldrich Z677647, Size M)
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Splash protection

Material: Chloroprene

Minimum layer thickness: 0,6 mm

Break through time: > 30 min

Material tested:Camapren® (Aldrich Z677493, Size M)

data source: KCL GmbH, D-36124 Eichenzell, phone +49 (0)6659 873000, e-mail sales@kcl.de,
test method: EN374

If used in solution, or mixed with other substances, and under conditions which differ from EN 374,
contact the supplier of the CE approved gloves. This recommendation is advisory only and must
be evaluated by an Industrial Hygienist familiar with the specific situation of anticipated use by our
customers. It should not be construed as offering an approval for any specific use scenario.

Body Protection
Complete suit protecting against chemicals, The type of protective equipment must be selected
according to the concentration and amount of the dangerous substance at the specific workplace.

Respiratory protection

Where risk assessment shows air-purifying respirators are appropriate use a full-face respirator
with multi-purpose combination (US) or type ABEK (EN 14387) respirator cartridges as a backup
to engineering controls. If the respirator is the sole means of protection, use a full-face supplied air
respirator. Use respirators and components tested and approved under appropriate government
standards such as NIOSH (US) or CEN (EU).

PHYSICAL AND CHEMICAL PROPERTIES

Information on basic physical and chemical properties

a) Appearance

b) Odour
¢) Odour Threshold
d) pH

e) Melting point/freezing
point

f) Initial boiling point and
boiling range

g) Flash point
h) Evaporation rate
i)  Flammability (solid, gas)

i) Upper/lower
flammability or
explosive limits

k) Vapour pressure
I) Vapour density

m) Relative density
n) Water solubility

o) Partition coefficient: n-

octanol/water
p) Autoignition

temperature
q) Decomposition

temperature
r) Viscosity

s) Explosive properties
Sigma-Aldrich - B1334

Form: liquid
Colour: colourless

no data available

no data available

59at 20 °C

Melting point/range: -26 °C - lit.

178 - 179 °C - lit.

no data available
no data available
no data available

Upper explosion limit: 8,5 %(V)
Lower explosion limit: 1,4 %(V)

5hPaat45°C
3,66 - (Air=1.0)
1,044 g/icm3 at 20 °C

slightly soluble
log Pow: 1,5

no data available

no data available

no data available

no data available
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9.2

t) Oxidizing properties no data available

Other safety information
no data available

10.
10.1

10.2

10.3

104

10.5

10.6

STABILITY AND REACTIVITY

Reactivity
no data available

Chemical stability
no data available

Possibility of hazardous reactions
no data available

Conditions to avoid
Air Exposure to moisture. Light. Heat.
Heat, flames and sparks.

Incompatible materials
Strong oxidizing agents, Strong reducing agents, Strong bases, Alkali metals, Aluminium, Iron, phenols,
Oxygen

Hazardous decomposition products
Other decomposition products - no data available

1.
1.1

TOXICOLOGICAL INFORMATION
Information on toxicological effects

Acute toxicity
LD50 Oral - rat - 1.300 mg/kg
Remarks: Behavioral:Somnolence (general depressed activity). Behavioral:Coma.

LD50 Dermal - rabbit - 1.250 mg/kg

Skin corrosion/irritation
Skin - rabbit - Skin irritation - 24 h

Serious eye damagel/eye irritation
Eyes - rabbit - Mild eye irritation

Respiratory or skin sensitization
May cause allergic respiratory and skin reactions

Germ cell mutagenicity
Laboratory experiments have shown mutagenic effects.

Carcinogenicity

This product is or contains a component that is not classifiable as to its carcinogenicity based on its IARC,
ACGIH, NTP, or EPA classification.

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as
prabable, passible or confirmed human carcinogen by IARC.

Reproductive toxicity
no data available

Specific target organ toxicity - single exposure
no data available

Specific target organ toxicity - repeated exposure
no data available

Aspiration hazard
no data available

Sigma-Aldrich - B1334 Page 5 of 7
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Potential health effects

Inhalation May be harmful if inhaled. Causes respiratory tract irritation.
Ingestion Harmful if swallowed.

Skin Harmful if absorbed through skin. Causes skin irritation.
Eyes Causes eye irritation.

Signs and Symptoms of Exposure
Central nervous system depression, Prolonged or repeated exposure to skin causes defatting and
dermatitis.

Additional Information
RTECS: CU4375000

12. ECOLOGICAL INFORMATION
12.1 Toxicity
Toxicity to fish LC50 - Lepomis macrochirus - 1,07 mg/l - 96 h
mortality LOEC - Pimephales promelas (fathead minnow) - 0,45 mg/l -7 d
mortality NOEC - Pimephales promelas (fathead minnow) - 0,22 mg/l -7 d
LC50 - Leuciscus idus (Golden orfe) - 62 mg/l -48 h
Toxicity to daphnia and EC50 - Daphnia magna (Water flea) - 50 mg/l - 24 h
other aquatic
invertebrates
12.2 Persistence and degradability
Biodegradability Biotic/Aerobic - Exposure time 28 d
Result: 95 % - Readily biodegradable.
12.3 Bioaccumulative potential
no data available
12.4 Mobility in soil
no data available
12.5 Results of PBT and vPvB assessment
no data available
12.6 Other adverse effects
Toxic to aguatic life.
no data available
13. DISPOSAL CONSIDERATIONS
13.1 Waste treatment methods
Product
This combustible material may be burned in a chemical incinerator equipped with an afterburner and
scrubber. Offer surplus and non-recyclable solutions to a licensed disposal company.
Contaminated packaging
Dispose of as unused product.
14. TRANSPORT INFORMATION
141 UN number
ADR/RID: 1990 IMDG: 1990 IATA: 1990
14.2 UN proper shipping name

Sigma-Aldrich - B1334

ADR/RID: BENZALDEHYDE
IMDG: BENZALDEHYDE
IATA: Benzaldehyde
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14.3

144

14.5

14.6

Transport hazard class(es)

ADR/RID: 9 IMDG: 9 IATA: 9
Packaging group

ADR/RID: Il IMDG: Il IATA: 1
Environmental hazards

ADR/RID: no IMDG Marine pollutant: no IATA: no

Special precautions for user
no data available

15. REGULATORY INFORMATION
This safety datasheet complies with the requirements of Regulation (EC) No. 1907/2006.

15.1 Safety, health and environmental regulations/legislation specific for the substance or mixture
no data available

15.2 Chemical Safety Assessment
no data available

16. OTHER INFORMATION

Further information

Copyright 2012 Sigma-Aldrich Co. LLC. License granted to make unlimited paper copies for internal use
only.

The above information is believed to be correct but does not purport to be all inclusive and shall be
used only as a guide. The information in this document is based on the present state of our knowledge
and is applicable to the product with regard to appropriate safety precautions. It does not represent any
guarantee of the properties of the product. Sigma-Aldrich Corporation and its Affiliates shall not be held
liable for any damage resulting from handling or from contact with the above product. See www_sigma-
aldrich.com and/or the reverse side of invoice or packing slip for additional terms and conditions of sale.

Sigma-Aldrich - B1334
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6.2. Methyl isocynoacetate

SIGMA-ALDRICH

sigma-aldrich.com

SAFETY DATA SHEET

according to Regulation (EC) No. 1907/2006

Version 4.0 Revision Date 08.07.2010

Print Date 21.06.2012

GENERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

Product name

Product Number
Brand

Company
Telephone
Fax

Emergency Phone #

E-mail address

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE COMPANY/UNDERTAKING

Methyl isocyanoacetate

238880
Aldrich

Sigma-Aldrich S.r.l.

Via Gallarate 154

1-20151 MILANO

+39 02-3341-7310

+39 02-3801-0737

+39 02-6610-1029 (Centro Antiveleni Niguarda
Ca' Granda - Milano)

eurtechserv@sial.com

2. HAZARDS IDENTIFICATION

Classification of the substance or mixture

According to Regulation (EC) No1272/2008
Acute toxicity, Inhalation (Category 4)
Acute toxicity, Dermal (Category 4)

Acute toxicity, Oral (Category 4)
Skin corrosion (Category 1B)

According to European Directive 67/548/EEC as amended.
Causes burns. Harmful by inhalation, in contact with skin and if swallowed.

Label elements

Pictogram

Signal word

Hazard statement(s)
H302
H312
H314
H332

Precautionary statement(s)
P280
P305 + P351 + P338

P310

Hazard symbol(s)

&b

Danger

Harmful if swallowed.

Harmful in contact with skin.

Causes severe skin burns and eye damage.
Harmful if inhaled.

Wear protective gloves/protective clothing/eye protection/face protection.

IF IN EYES: Rinse cautiously with water for several minutes. Remove
contact lenses, if present and easy to do. Continue rinsing.
Immediately call a POISON CENTER or doctor/physician.

Corrosive
R-phrase(s)
R34 Causes burns.
R20/21/22 Harmful by inhalation, in contact with skin and if swallowed.
S-phrase(s)
S26 In case of contact with eyes, rinse immediately with plenty of water and
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seek medical advice.

S36/37/39 Wear suitable protective clothing, gloves and eye/face protection.

S45 In case of accident or if you feel unwell, seek medical advice immediately
(show the label where possible).

Other hazards

Lachrymator.

3. COMPOSITION/INFORMATION ON INGREDIENTS

Formula : C4H5NO2
Molecular Weight : 99,09 g/mol
CAS-No. | EC-No. [ Index-No. [ Classification | Concentration

Methyl isocyanoacetate

39687-95-1 254-593-8 - Acute Tox. 4; Skin Corr. 1B; -
H302, H312, H314, H332
C, R34 - R20/21/22

For the full text of the H-Statements mentioned in this Section, see Section 16.

4. FIRST AID MEASURES

General advice
Consult a physician. Show this safety data sheet to the doctor in attendance.

If inhaled
If breathed in, move persan into fresh air. If not breathing, give artificial respiration. Consult a physician.

In case of skin contact

Take off contaminated clothing and shoes immediately. Wash off with soap and plenty of water. Consult a
physician.

In case of eye contact

Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.

If swallowed
Do NOT induce vomiting. Never give anything by mouth to an unconscious person. Rinse mouth with water.
Consult a physician.

5. FIRE-FIGHTING MEASURES

Suitable extinguishing media

For small (incipient) fires, use media such as "alcohol" foam, dry chemical, or carbon dioxide. For large fires,
apply water from as far as possible. Use very large quantities (flooding) of water applied as a mist or spray;
solid streams of water may be ineffective. Cool all affected containers with flooding quantities of water.

Special protective equipment for fire-fighters
Wear self contained breathing apparatus for fire fighting if necessary.

Further information
Use water spray to cool unopened containers.

6. ACCIDENTAL RELEASE MEASURES

Personal precautions

Use personal protective equipment. Avoid breathing vapors, mist or gas. Ensure adequate ventilation.
Remove all sources of ignition. Evacuate personnel to safe areas. Beware of vapours accumulating to form
explosive concentrations. Vapours can accumulate in low areas.

Environmental precautions
Prevent further leakage or spillage if safe to do so. Do not let praduct enter drains.
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Methods and materials for containment and cleaning up

Contain spillage, and then collect with an electrically protected vacuum cleaner or by wet-brushing and place
in container for disposal according to local regulations (see section 13). Keep in suitable, closed containers
for disposal.

7. HANDLING AND STORAGE

Precautions for safe handling

Avoid contact with skin and eyes. Avoid inhalation of vapour or mist.

Keep away from sources of ignition - No smoking. Take measures to prevent the build up of electrostatic
charge.

Conditions for safe storage
Keep container tightly closed in a dry and well-ventilated place. Containers which are opened must be carefully
resealed and kept upright to prevent leakage.

Recommended storage temperature: 2 - 8 °C

Light sensitive. Moisture sensitive.

8. EXPOSURE CONTROLS/PERSONAL PROTECTION
Personal protective equipment

Respiratory protection

Where risk assessment shows air-purifying respirators are appropriate use a full-face respirator with
multi-purpose combination (US) or type ABEK (EN 14387) respirator cartridges as a backup to
engineering controls. If the respirator is the sole means of protection, use a full-face supplied air
respirator. Use respirators and compaonents tested and approved under appropriate government
standards such as NIOSH (US) or CEN (EU).

Hand protection
The selected protective gloves have to satisfy the specifications of EU Directive 89/686/EEC and the
standard EN 374 derived from it.

Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without
touching glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves
after use in accordance with applicable laws and good laboratory practices. Wash and dry hands.

Eye protection
Tightly fitting safety goggles. Faceshield (8-inch minimum). Use equipment for eye protection tested and
approved under appropriate government standards such as NIOSH (US) or EN 166(EU).

Skin and body protection
Complete suit protecting against chemicals, The type of protective equipment must be selected according
to the concentration and amount of the dangerous substance at the specific workplace.

Hygiene measures
Handle in accordance with good industrial hygiene and safety practice. Wash hands before breaks and at
the end of workday.

9. PHYSICAL AND CHEMICAL PROPERTIES

Appearance
Form clear, liquid
Colour dark yellow

Safety data
pH no data available
Melting point no data available
Boiling point 75-76 °C at 13 hPa - lit.
Flash point 84 °C - closed cup
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Ignition temperature  no data available
Lower explosion limit no data available
Upper explosion limit no data available
Density 1,09 g/lcm3 at 25 °C

Water solubility no data available

10. STABILITY AND REACTIVITY

Chemical stability
Stable under recommended storage conditions.

Conditions to avoid
Exposure to light may affect product quality.
Heat, flames and sparks.

Materials to avoid
Strong oxidizing agents, Strong bases, Strong acids, Aluminum

Hazardous decomposition products
Hazardous decomposition products formed under fire conditions. - Carbon oxides, nitrogen oxides (NOx)

11. TOXICOLOGICAL INFORMATION

Acute toxicity
no data available

Skin corrosion/irritation
no data available

Serious eye damage/eye irritation
no data available

Respiratory or skin sensitization
no data available

Germ cell mutagenicity
no data available

Carcinogenicity

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as
probable, possible or confirmed human carcinogen by IARC.

Reproductive toxicity
no data available

Specific target organ toxicity - single exposure
no data available

Specific target organ toxicity - repeated exposure
no data available

Aspiration hazard
no data available

Potential health effects

Inhalation Harmful if inhaled. Material is extremely destructive to the tissue of the mucous
membranes and upper respiratory tract.

Ingestion Harmful if swallowed. Causes burns.

Skin Harmful if absorbed through skin. Causes skin burns.

Eyes Causes eye burns.

Signs and Symptoms of Exposure
Material is extremely destructive to tissue of the mucous membranes and upper respiratory tract, eyes, and
skin., Cough, Shortness of breath, Headache, Nausea
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Additional Information
RTECS: no data available

12. ECOLOGICAL INFORMATION
Toxicity
no data available

Persistence and degradability
no data available

Bioaccumulative potential
no data available

Mobility in soil

no data available

PBT and vPvB assessment
no data available

Other adverse effects
no data available

13. DISPOSAL CONSIDERATIONS

Product

This combustible material may be burned in a chemical incinerator equipped with an afterburner and
scrubber. Offer surplus and non-recyclable solutions to a licensed disposal company. Contact a licensed
professional waste disposal service to dispose of this material.

Contaminated packaging
Dispose of as unused product.

14. TRANSPORT INFORMATION

ADR/RID

UN-Number: 2922 Class: 8 (6.1) Packing group: Il

Proper shipping name: CORROSIVE LIQUID, TOXIC, N.O.S. (Methyl isocyanoacetate)
IMDG

UN-Number: 2922 Class: 8 (6.1) Packing group: Il EMS-No: F-A, S-B

Proper shipping name: CORROSIVE LIQUID, TOXIC, N.O.S. (Methyl isocyanoacetate)
Marine pollutant: No

IATA
UN-Number: 2922 Class: 8 (6.1) Packing group: 1l
Proper shipping name: Corrosive liquid, toxic, n.o.s. (Methyl isocyanoacetate)

15. REGULATORY INFORMATION
This safety datasheet complies with the requirements of Regulation (EC) No. 1907/2006.

16. OTHER INFORMATION

Text of H-code(s) and R-phrase(s) mentioned in Section 3

Acute Tox. Acute toxicity

H302 Harmful if swallowed.

H312 Harmful in contact with skin.

H314 Causes severe skin burns and eye damage.

H332 Harmful if inhaled.

Skin Corr. Skin corrosion

C Corrosive

R20/21/22 Harmful by inhalation, in contact with skin and if swallowed.
R34 Causes burns.
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Further information

Copyright 2010 Sigma-Aldrich Co. License granted to make unlimited paper copies for internal use only.
The above information is believed to be correct but does not purport to be all inclusive and shall be used
only as a guide. The information in this document is based on the present state of our knowledge and is
applicable to the product with regard to appropriate safety precautions. It does not represent any guarantee
of the properties of the product. Sigma-Aldrich Co., shall not be held liable for any damage resulting from
handling or from contact with the above product. See reverse side of invoice or packing slip for additional
terms and conditions of sale.
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6.3. N-Benzylquininum chloride

S IG MA-AL D RI C H sigma-aldrich.com
SAFETY DATA SHEET

according to Regulation (EC) No. 1907/2006

Version 4.0 Revision Date 25.07.2010

Print Date 21.06.2012

GENERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE COMPANY/UNDERTAKING

Product name : N-Benzylquininium chloride
Product Number : 374482

Brand : Aldrich

Company :  Sigma-Aldrich S.r.l.

Via Gallarate 154
1-20151 MILANO

Telephone : +3902-3341-7310

Fax : +3902-3801-0737

Emergency Phone # : +39 02-6610-1029 (Centro Antiveleni Niguarda
Ca' Granda - Milano)

E-mail address : eurtechserv@sial.com

2. HAZARDS IDENTIFICATION
Classification of the substance or mixture

Not a dangerous substance according to GHS.
This substance is not classified as dangerous according to Directive 67/548/EEC.

Label elements
This substance is not classified as dangerous according to Directive 67/548/EEC.

Other hazards - none

3. COMPOSITION/INFORMATION ON INGREDIENTS

Synonyms : QUIBEC
Formula : Cp7H34CIN2O>
Molecular Weight ;451,00 g/mol
CAS-No. | EC-No. [ Index-No. [ Classification | Concentration

N-Benzylquininium chloride
67174-25-8 | - [ - [= [=

4. FIRST AID MEASURES

If inhaled
If breathed in, move person into fresh air. If not breathing, give artificial respiration.

In case of skin contact
Wash off with soap and plenty of water.

In case of eye contact
Flush eyes with water as a precaution.

If swallowed
Never give anything by mouth to an unconscious person. Rinse mouth with water.
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5. FIRE-FIGHTING MEASURES

Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.

Special protective equipment for fire-fighters
Wear self contained breathing apparatus for fire fighting if necessary.

6. ACCIDENTAL RELEASE MEASURES

Personal precautions
Avoid dust formation. Avoid breathing vapors, mist or gas.

Environmental precautions
Do not let product enter drains.

Methods and materials for containment and cleaning up
Sweep up and shovel. Keep in suitable, closed containers for disposal.

7. HANDLING AND STORAGE

Precautions for safe handling
Provide appropriate exhaust ventilation at places where dust is formed. Normal measures for preventive fire
protection.

Conditions for safe storage
Keep container tightly closed in a dry and well-ventilated place. Store in cool place.

8. EXPOSURE CONTROLS/PERSONAL PROTECTION
Personal protective equipment

Respiratory protection

Respiratory protection is not required. Where protection from nuisance levels of dusts are desired, use
type N95 (US) or type P1 (EN 143) dust masks. Use respirators and components tested and approved
under appropriate government standards such as NIOSH (US) or CEN (EU).

Hand protection

Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technique (without
touching glove's outer surface) to avoid skin contact with this product. Dispose of contaminated gloves
after use in accordance with applicable laws and good laboratory practices. Wash and dry hands.

The selected protective gloves have to satisfy the specifications of EU Directive 89/686/EEC and the
standard EN 374 derived from it.

Eye protection
Use equipment for eye protection tested and approved under appropriate government standards such as
NIOSH (US) or EN 166(EU).

Skin and body protection

Choose body protection in relation to its type, to the concentration and amount of dangerous substances,
and to the specific work-place., The type of protective equipment must be selected according to the
concentration and amount of the dangerous substance at the specific workplace.

Hygiene measures
General industrial hygiene practice.

9. PHYSICAL AND CHEMICAL PROPERTIES

Appearance
Form powder
Colour beige
Aldrich - 374482 Page 2 of 4
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Safety data

pH no data available
Melting point 200 - 205 °C - dec.
Boiling point no data available
Flash point no data available

Ignition temperature  no data available
Lower explosion limit no data available
Upper explosion limit no data available

Water solubility no data available

10. STABILITY AND REACTIVITY

Chemical stability
Stable under recommended storage conditions.

Conditions to avoid
no data available

Materials to avoid
Strong oxidizing agents

Hazardous decomposition products
Hazardous decomposition products formed under fire conditions. - Carbon oxides, nitrogen oxides (NOx),
Hydrogen chloride gas

11. TOXICOLOGICAL INFORMATION

Acute toxicity
no data available

Skin corrosionl/irritation
no data available

Serious eye damagel/eye irritation
no data available

Respiratory or skin sensitization
no data available

Germ cell mutagenicity
no data available

Carcinogenicity

IARC: No component of this product present at levels greater than or equal to 0.1% is identified as
probable, possible or confirmed human carcinogen by IARC.

Reproductive toxicity
no data available

Specific target organ toxicity - single exposure
no data available

Specific target organ toxicity - repeated exposure
no data available

Aspiration hazard
no data available

Potential health effects

Inhalation May be harmful if inhaled. May cause respiratory tract irritation.
Ingestion May be harmful if swallowed.
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Skin May be harmful if absorbed through skin. May cause skin irritation.
Eyes May cause eye irritation.

Signs and Symptoms of Exposure

To the best of our knowledge, the chemical, physical, and toxicological properties have not been thoroughly
investigated.

Additional Information
RTECS: Not available

12. ECOLOGICAL INFORMATION
Toxicity
no data available

Persistence and degradability
no data available

Bioaccumulative potential
no data available

Mobility in soil

no data available

PBT and vPvB assessment
no data available

Other adverse effects
no data available

13. DISPOSAL CONSIDERATIONS

Product
Offer surplus and non-recyclable solutions to a licensed disposal company.

Contaminated packaging
Dispose of as unused product.

14. TRANSPORT INFORMATION

ADR/RID
Not dangerous goods

IMDG
Not dangerous goods

IATA
Not dangerous goods

15. REGULATORY INFORMATION
This safety datasheet complies with the requirements of Regulation (EC) No. 1907/2006.

16. OTHER INFORMATION

Further information

Copyright 2010 Sigma-Aldrich Co. License granted to make unlimited paper copies for internal use only.
The above information is believed to be correct but does not purport to be all inclusive and shall be used
only as a guide. The information in this document is based on the present state of our knowledge and is
applicable to the product with regard to appropriate safety precautions. It does not represent any guarantee
of the properties of the product. Sigma-Aldrich Co., shall not be held liable for any damage resulting from
handling or from contact with the above product. See reverse side of invoice or packing slip for additional
terms and conditions of sale.

Aldrich - 374482 Page 4 of 4



6.4. Toluene

SIGMA-ALDRICH

sigma-aldrich.com

SAFETY DATA SHEET

according to Regulation (EC) No. 1907/2006

Version 5.1 Revision Date 09.01.2012

Print Date 21.06.2012

GENERIC EU MSDS - NO COUNTRY SPECIFIC DATA - NO OEL DATA

1. IDENTIFICATION OF THE SUBSTANCE/MIXTURE AND OF THE COMPANY/UNDERTAKING
11 Product identifiers
Product name : Toluene
Product Number : 244511
Brand : Sigma-Aldrich
Index-No. : 601-021-00-3
CAS-No. : 108-88-3
1.2 Relevant identified uses of the substance or mixture and uses advised against
Identified uses : Laboratory chemicals, Manufacture of substances
1.3 Details of the supplier of the safety data sheet
Company : Sigma-Aldrich S.r.L.
Via Gallarate 154
1-20151 MILANO
Telephone o +3902-3341-7310
Fax : +3902-3801-0737
E-mail address . eurtechserv@sial.com
1.4  Emergency telephone number
Emergency Phone # ;. +39 02-6610-1029 (Centro Antiveleni Niguarda
Ca' Granda - Milano)
HAZARDS IDENTIFICATION
21 Classification of the substance or mixture
Classification according to Regulation (EC) No 1272/2008 [EU-GHS/CLP]
Flammable liquids (Category 2)
Reproductive toxicity (Category 2)
Aspiration hazard (Category 1)
Specific target organ toxicity - repeated exposure (Category 2)
Skin irritation (Category 2)
Specific target organ toxicity - single exposure (Category 3)
Classification according to EU Directives 67/548/EEC or 1999/45/EC
Highly flammable. Possible risk of harm to the unborn child. Harmful: danger of serious damage to health
by prolonged exposure through inhalation. Harmful: may cause lung damage if swallowed. Irritating to skin.
Vapours may cause drowsiness and dizziness.
2.2 Label elements
Labelling according Regulation (EC) No 1272/2008 [CLP]
Pictogram @ @
Signal word Danger
Hazard statement(s)
H225 Highly flammable liquid and vapour.
H304 May be fatal if swallowed and enters airways.
H315 Causes skin irritation.
H336 May cause drowsiness or dizziness.
H361d Suspected of damaging the unborn child.
Sigma-Aldrich - 244511 Page1 of 7
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H373 May cause damage to organs through prolonged or repeated exposure.

Precautionary statement(s)

P210 Keep away from heat/sparks/open flames/hot surfaces. - No smoking.

P261 Avoid breathing dust/ fume/ gas/ mist/ vapours/ spray.

P281 Use personal protective equipment as required.

P301 + P310 IF SWALLOWED: Immediately call a POISON CENTER or doctor/
physician.

P331 Do NOT induce vomiting.

Supplemental Hazard none

Statements

According to European Directive 67/548/EEC as amended.

Hazard symbol(s) ﬁ x

R-phrase(s)

R11 Highly flammable.

R38 Irritating to skin.

R48/20 Harmful: danger of serious damage to health by prolonged exposure
through inhalation.

R63 Possible risk of harm to the unborn child.

R65 Harmful: may cause lung damage if swallowed.

R67 Vapours may cause drowsiness and dizziness.

S-phrase(s)

S36/37 Wear suitable protective clothing and gloves.

S46 If swallowed, seek medical advice immediately and show this container or
label.

S62 If swallowed, do not induce vomiting: seek medical advice immediately

and show this container or label.

2.3  Other hazards - none
COMPOSITION/INFORMATION ON INGREDIENTS
31 Substances
Formula : CyHg
Molecular Weight : 92,14 g/mol
Component | Concentration
Toluene
CAS-No. 108-88-3 -
EC-No. 203-625-9
Index-No. 601-021-00-3
4. FIRST AID MEASURES
4.1 Description of first aid measures
General advice
Consult a physician. Show this safety data sheet to the doctor in attendance.
If inhaled
If breathed in, move person into fresh air. If not breathing, give artificial respiration. Consult a physician.
In case of skin contact
Wash off with soap and plenty of water. Consult a physician.
In case of eye contact
Rinse thoroughly with plenty of water for at least 15 minutes and consult a physician.
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If swallowed
Do NOT induce vomiting. Never give anything by mouth to an unconscious person. Rinse mouth with
water. Consult a physician.

4.2 Most important symptoms and effects, both acute and delayed
Lung irritation, chest pain, pulmonary edema, Inhalation studies on toluene have demonstrated the
development of inflammatory and ulcerous lesions of the penis, prepuce, and scrotum in animals.
4.3 Indication of any immediate medical attention and special treatment needed
no data available
FIREFIGHTING MEASURES
5.1 Extinguishing media
Suitable extinguishing media
Use water spray, alcohol-resistant foam, dry chemical or carbon dioxide.
5.2 Special hazards arising from the substance or mixture
Carbon oxides
5.3  Advice for firefighters
Wear self contained breathing apparatus for fire fighting if necessary.
5.4  Further information
Use water spray to cool unopened containers.
ACCIDENTAL RELEASE MEASURES
6.1 Personal precautions, protective equipment and emergency procedures
Use personal protective equipment. Avoid breathing vapors, mist or gas. Ensure adequate ventilation.
Remove all sources of ignition. Evacuate personnel to safe areas. Beware of vapours accumulating to
form explosive concentrations. Vapours can accumulate in low areas.
6.2 Environmental precautions
Prevent further leakage or spillage if safe to do so. Do not let product enter drains. Discharge into the
environment must be avoided.
6.3 Methods and materials for containment and cleaning up
Contain spillage, and then collect with an electrically protected vacuum cleaner or by wet-brushing and
place in container for disposal according to local regulations (see section 13).
6.4 Reference to other sections
For disposal see section 13.
HANDLING AND STORAGE
71 Precautions for safe handling
Avoid contact with skin and eyes. Avoid inhalation of vapour or mist.
Keep away from sources of ignition - No smoking.Take measures to prevent the build up of electrostatic
charge.
7.2 Conditions for safe storage, including any incompatibilities
Store in cool place. Keep container tightly closed in a dry and well-ventilated place. Containers which are
opened must be carefully resealed and kept upright to prevent leakage.
Handle and store under inert gas.
7.3  Specific end uses
no data available
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EXPOSURE CONTROLS/PERSONAL PROTECTION
8.1 Control parameters

Components with workplace control parameters
8.2 Exposure controls

Appropriate engineering controls

Handle in accordance with gooed industrial hygiene and safety practice. Wash hands before breaks and

at the end of workday.
Personal protective equipment

Eye/face protection

Face shield and safety glasses Use equipment for eye protection tested and approved under

appropriate government standards such as NIOSH (US) or EN 166(EU).

Skin protection

Handle with gloves. Gloves must be inspected prior to use. Use proper glove removal technigue

(without touching glove's outer surface) to avoid skin contact with this product. Dispose of

contaminated gloves after use in accordance with applicable laws and good laboratory practices.

Wash and dry hands.

The selected protective gloves have to satisfy the specifications of EU Directive 89/686/EEC and

the standard EN 374 derived from it.
Body Protection

Complete suit protecting against chemicals, Flame retardant antistatic protective clothing, The type
of protective equipment must be selected according to the concentration and amount of the

dangerous substance at the specific workplace.

Respiratory protection

Where risk assessment shows air-purifying respirators are appropriate use a full-face respirator
with multi-purpose combination (US) or type ABEK (EN 14387) respirator cartridges as a backup
to engineering controls. If the respirator is the sole means of protection, use a full-face supplied air
respirator. Use respirators and components tested and approved under appropriate government

standards such as NIOSH (US) or CEN (EU).

PHYSICAL AND CHEMICAL PROPERTIES

9.1 Information on basic physical and chemical properties

a) Appearance Form: liquid
Colour: colourless
b) Odour no data available
c) Odour Threshold no data available
d) pH no data available

e) Melting point/freezing Melting point/range: -93 °C
paint

f)  Initial boiling point and 110-111°C
bailing range

g) Flash point 4,0 °C - closed cup
h) Evaporation rate no data available

i) Flammability (solid, gas) no data available

j) Upper/lower Upper explosion limit: 7 %(V)
flammability or Lower explosion limit: 1,2 %(V)
explosive limits

k) Vapour pressure 29,1 hPa at 20,0 °C

I)  Vapour density no data available
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m) Relative density 0,865 g/mL at 25 °C

n) Water solubility no data available
o) Partition coefficient: n-  no data available
octanol/water
p) Autoignition 535,0 °C
temperature
g) Decomposition no data available
temperature
r) Viscosity no data available
s) Explosive properties no data available
t) Oxidizing properties no data available
9.2  Other safety information
no data available
10. STABILITY AND REACTIVITY
10.1 Reactivity
no data available
10.2 Chemical stability
no data available
10.3 Possibility of hazardous reactions
no data available
10.4 Conditions to avoid
Heat, flames and sparks. Extremes of temperature and direct sunlight.
10.5 Incompatible materials
Strong oxidizing agents
10.6 Hazardous decomposition products
Other decomposition products - no data available
11. TOXICOLOGICAL INFORMATION
11.1 Information on toxicological effects

Acute toxicity
LD50 Oral - rat - > 5.580 mg/kg

LC50 Inhalation - rat - 4 h - 12.500 - 28.800 mg/m3
LD50 Dermal - rabbit - 12.196 mg/kg

Skin corrosion/irritation
Skin - rabbit - Skin irritation - 24 h

Serious eye damage/eye irritation
no data available

Respiratory or skin sensitization
no data available

Germ cell mutagenicity

Genotoxicity in vitro - rat - Liver
DNA damage

Carcinogenicity
IARC: 3 - Group 3: Not classifiable as to its carcinogenicity to humans (Toluene)

Reproductive toxicity
Damage to fetus possible
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Suspected human reproductive toxicant

Reproductive toxicity - rat - Inhalation
Paternal Effects: Spermatogenesis (including genetic material, sperm morphology,motility, and count).

Experiments have shown reproductive toxicity effects in male and female laboratory animals.

Developmental Toxicity - rat - Oral
Effects on Embryo or Fetus; Fetotoxicity (except death, e.g., stunted fetus).

Specific target organ toxicity - single exposure
no data available

Specific target organ toxicity - repeated exposure
no data available

Aspiration hazard
no data available

Potential health effects

Inhalation Harmful if inhaled. Causes respiratory tract irritation. Vapours may cause
drowsiness and dizziness.

Ingestion Harmful if swallowed. Aspiration hazard if swallowed - can enter lungs and
cause damage.

Skin Harmful if absorbed through skin. Causes skin irritation.

Eyes Causes serious eye irritation.

Signs and Symptoms of Exposure
Lung irritation, chest pain, pulmonary edema, Inhalation studies on toluene have demonstrated the
development of inflammatory and ulcerous lesions of the penis, prepuce, and scrotum in animals.

Additional Information
RTECS: X85250000

12. ECOLOGICAL INFORMATION
121 Toxicity
Toxicity to fish LC50 - Lepomis macrochirus (Bluegill) - 74,00 - 340,00 mg/l - 96 h
LC50 - Oncorhynchus mykiss (rainbow trout) - 7,63 mg/l - 96 h
NOEC - Pimephales promelas (fathead minnow) - 5,44 mg/l -7 d
LOEC - Pimephales promelas (fathead minnow) - 8,04 mg/l -7 d

Toxicity to daphnia and ECS50 - Daphnia magna (Water flea) - 8,00 mg/l - 24 h
other aquatic
invertebrates

Immobilization EC50 - Daphnia magna (Water flea) - 6 mg/l -48 h
Toxicity to algae ECS50 - Chlorella vulgaris (Fresh water algae) - 245,00 mg/l - 24 h
EC50 - Pseudokirchneriella subcapitata (green algae) - 10,00 mg/l - 24 h

12.2 Persistence and degradability
no data available

12.3 Bioaccumulative potential
no data available

12.4 Mobility in soil
no data available

12.5 Results of PBT and vPvB assessment
no data available

12.6 Other adverse effects
Toxic to aquatic life.
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13.
1341

DISPOSAL CONSIDERATIONS
Waste treatment methods

Product

Burn in a chemical incinerator equipped with an afterburner and scrubber but exert extra care in igniting
as this material is highly flammable. Offer surplus and non-recyclable solutions to a licensed disposal
company.

Contaminated packaging
Dispose of as unused product.

14.
14.1

14.2

14.3

14.4

14.5

14.6

TRANSPORT INFORMATION

UN number
ADR/RID: 1294 IMDG: 1294 IATA: 1294

UN proper shipping name
ADR/RID: TOLUENE
IMDG: TOLUENE
IATA: Toluene

Transport hazard class(es)
ADR/RID: 3 IMDG: 3 IATA: 3

Packaging group
ADR/RID: Il IMDG: Il IATA: I

Environmental hazards
ADR/RID: no IMDG Marine pollutant: no IATA: no

Special precautions for user
no data available

15.

151

15.2

REGULATORY INFORMATION
This safety datasheet complies with the requirements of Regulation (EC) No. 1907/2006.

Safety, health and environmental regulations/legislation specific for the substance or mixture
no data available

Chemical Safety Assessment
no data available

16.

OTHER INFORMATION

Further information

Copyright 2012 Sigma-Aldrich Co. License granted to make unlimited paper copies for internal use only.

The above information is believed to be correct but does not purport to be all inclusive and shall be
used only as a guide. The information in this document is based on the present state of our knowledge
and is applicable to the product with regard to appropriate safety precautions. It does not represent any
guarantee of the properties of the product. Sigma-Aldrich Co., shall not be held liable for any damage
resulting from handling or from contact with the above product. See reverse side of invoice or packing
slip for additional terms and conditions of sale.
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e piacevoli. Ho conosciuto tante persone e tantavanichimica, ho fatto tante belle

esperienze che in queste tre pagine non si posgEssuMere tutte.

Ringraziero sempre tantissimo i miei genitori Gia@nRoberto per avermi permesso di
studiare a Bologna e assieme a mia sorella Alessamdermi sempre dato il loro

supporto in tutte le cose che ho fatto in quesiige anni di studio.

Non so come ringraziare i miei relatori Mariafrasce Fochi e Luca Bernardi per tutto
'aiuto che mi hanno dato, sia durante lattivitalaboratorio che durante la scrittura
della tesi, piu che altro per aver assecondato i foile idea della tesi in inglese.
Durante questo lavoro di tesi, nel Laboratorio Diggartimento di Chimica Organica “A.
Mangini”, ho fatto la conoscenza di nuovi compaginiaboratorio, non posso non citare
“il dottorando* Lorenzo Caruana buon compagno dipeae Angelo Valente, l'altro
compagno di cappa, che hanno condiviso con meniipperiodi di tesi. Non posso
dimenticare il mio compagno di scrittura, Danielert@cchia, che sta condividendo con
me tutte le gioie e i dolori della laurea, e tuéescuse che ci inventavamo per fare una
pausa divertente con birra fresca assieme a LoreRawrazio tutti i compagni di
laboratorio Claudio, Valerio, Erica, Jay, Maria,dkea, per tutte le festicciole, le risate,

gli scherzi, le cene e le chiacchere, di cui coreseérsempre un bel ricordo.

Questi ultimi tre anni li ho trascorsi accanto apersona stupenda, la mia ragazza
Anna. Potrei scrive pagine e pagine su tutte l&ebedperienze, le gite e le “cenettine”
romantiche fatte assieme a lei, ma soprattuttdytts le sue buone qualita. In questi anni
mi ha sostenuto, mi ha aiutato in tanti momenti iehen dato tanti consigli oltre ad
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purtroppo ci ha lasciato, andando ad abitare ia,aas. che € sempre disponibile per una
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